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iiiElectromagnetic Testing

It was 1955 when the Board of Directors
resolved to begin work on the
Nondestructive Testing Handbook with
Robert C. McMaster serving as editor. The
first edition of the series began and was
published in 1959. A review of the credits
at the beginning of the first edition makes
it clear that this documentation of our
body of knowledge was a collaboration of
a large number of distinguished
volunteers. Since the beginning of this
society, volunteers have been our greatest
asset. They do not appear on the financial
balance sheet but they make this society
great.

At the time of publication of the first
edition, President Maurice J. Curtis wrote
that the NDT Handbook “will be
significantly revised in future editions to
keep pace with progress. Similarly, the
functions and services of the Society for
Nondestructive Testing will change as it
strives to provide the utmost service of its
membership to science, industry, and
mankind.”

In that spirit, the society published the
second edition in ten volumes and is in
the process of publishing the third
edition. Electromagnetic Testing is the fifth
volume to be published in this edition.
The corresponding volume in the second
edition was published in 1986. With the
changes in signal processing capabilities
and advances in science, this new volume
is necessary if we are to “keep pace with
progress,” as Curtis said.

The NDT Handbook continues to be one
of the finest examples of what society
volunteers can accomplish. We have the
support of a full time editor but the text is
provided and peer reviewed by volunteers.
The contributors and reviewers are listed
in the preface to this volume. We all owe
our appreciation these individuals for
volunteering their time, energy and
resources to document the science and
practice of electromagnetic testing.

Three individuals gave conspicuously
of their time and I would like to provide a
personal thanks on behalf of the Society
to Satish S. Udpa, technical editor; Mani
Mina, coordinator; and James E. Cox,
Electromagnetic Testing Committee chair.
Thank you for your efforts.

I challenge each nondestructive testing
professional to get involved in making
our professional organization better,
especially if you feel that important
information is missing from any society
publication. We each have a unique
knowledge. The volunteers who worked
on this NDT Handbook were willing to
share their knowledge. In the future, we
need your contribution to have
comprehensive volumes.

Again thanks to all who contributed.

Joseph L. Mackin
ASNT President, 2003-2004

President’s Foreword
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Aims of a Handbook
The volume you are holding in your hand
is the fifth in the third edition of the
Nondestructive Testing Handbook. In the
beginning of each volume, it has been
useful to state the purposes and nature of
the NDT Handbook series.

Handbooks exist in many disciplines of
science and technology, and certain
features set them apart from other
reference works. A handbook should
ideally give the basic knowledge necessary
for an understanding of the technology,
including both scientific principles and
means of application.

The typical reader may be assumed to
have completed three years of college
toward a degree in mechanical
engineering or materials science and
hence has the background of an
elementary physics or mechanics course.
Additionally, this volume provides a
positive reinforcement for the use of
computer based media that enhances its
educational value and enlightens all levels
of education and training.

Standards, specifications,
recommended practices and inspection
procedures may be discussed in a
handbook for instructional purposes, but
at a level of generalization that is
illustrative rather than comprehensive.
Standards writing bodies take great pains
to ensure that their documents are
definitive in wording and technical
accuracy. People writing contracts or
procedures should consult the actual
standards when appropriate.

Those who design qualifying
examinations or study for them draw on
handbooks as a quick and convenient way
of approximating the body of knowledge.
Committees and individuals who write or
anticipate questions are selective in what
they draw from any source. The parts of a
handbook that give scientific background,
for instance, may have little bearing on a
practical examination except to provide
the physical foundation to assist handling
of more challenging tasks. Other parts of
a handbook are specific to a certain
industry. This handbook provides a
collection of perspectives on its subject to
broaden its value and convenience to the
nondestructive testing community.

The present volume is a worthy
addition to the third edition. The editors,

technical editors, ASNT staff, many
contributors and reviewers worked
together to bring the project to
completion. For their scholarship and
dedication, I thank them all.

Gary L. Workman
Handbook Development Director

Foreword
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Electromagnetic nondestructive test
methods have come a long way since the
work reported by S.M. Saxby concerning
magnetic techniques for inspecting gun
barrels in 1868 and the early eddy current
experiments conducted by D.E. Hughes in
1879. The level of sophistication of these
methods has grown considerably with
time as has the diversity of applications.
Progress in the fields of electronics, sensor
technology and computer engineering has
facilitated the development of new and
interesting approaches for improving the
sensitivity and resolution of such
techniques. The ready availability of
microprocessors has contributed greatly to
improving both the quality and quantity
of information made available to the user.
The emergence of new techniques for
modeling has not only given insight into
the underlying physical process but also
given tools for the design of new sensors,
the prediction of test performance and
the development of new and improved
techniques. Major sections of this NDT
Handbook had to be rewritten to provide
readers with information about a number
of these exciting developments. The
resulting volume represents the collective
wisdom of many volunteers who have
chosen to share their expertise.

All electromagnetic test techniques are
described by Maxwell’s equations. These
elegant equations describe magnetic
particle testing just as effectively as eddy
current and microwave techniques. An
important factor that contributes to the
differences in the underlying physical
processes associated with each technique
is the excitation frequency. The excitation
frequency associated with magnetostatic
techniques such as magnetic particle
testing is either zero (direct current) or
very low. Eddy current techniques use
excitation frequencies in the quasistatic
range (100 Hz to 10 MHz). Microwave
testing uses much higher frequencies.
Thus, these electromagnetic methods can
be viewed as a continuum of techniques
governed by the common thread of
Maxwell’s equations, with the character of
the underlying physical process dictated
by the choice of excitation frequency.

Techniques for modeling magnetic
particle techniques, for example, have
much in common with techniques for
simulating other tests described in this
volume. We have therefore included some

discussion on magnetic particle testing
despite the fact that a separate NDT
Handbook volume covers that method.

A handbook, by definition, is a source
of fundamental information. Its readers
come from diverse backgrounds.
Practitioners who wish to seek additional
information about a technique are just as
welcome to use the book as a student
seeking basic information about a test
technique. Many readers may be
interested in knowing about advanced
modeling techniques; others are
interested in modern applications of
electromagnetic testing. This volume
covers both theory and practice. In some
ways, the coverage is different from that
in previous editions. The references at the
end of each chapter will also allow the
reader to explore this fascinating subject.

The volume represents the work of
many in the field. I am immensely
thankful to all the contributors. I am
equally grateful to all the reviewers who
took the time to review and comment on
material that was sent to them on short
notice. I am particularly thankful to Mani
Mina, of Iowa State University, who went
to extraordinary lengths to contact many
of the contributors, to John Bowler, also
of Iowa State University, who invested a
lot of time to make sure that technical
details presented in the book are correct
and to Patrick Moore at ASNT for making
this a labor of love. Finally, I would be
remiss if I did not acknowledge the help,
support and advice that I have received
over the years from William Lord. He was
instrumental in infecting me with the
love for the subject and helped shape
many of the ideas in the book.

Satish S. Udpa
Technical Editor

Preface



The first edition of the Nondestructive
Testing Handbook, published in 1959,
introduced eddy current testing to test
technicians in the United States and the
world.

The second edition started slowly. Two
drafts of the electromagnetic volume, in
the 1960s and 1970s, did not get into
print. With the help of ASNT staff, the
second edition volume was finally
published in 1986.

The second edition, like the first,
featured the analytical approach of
Friedrich Förster. In addition to its
extensive treatment of applications, the
second edition also featured sections on
magnetic flux leakage and microwave
testing.

In 1999, work on the third edition of
Electromagnetic Testing began in the
Technical and Education Council’s
Handbook Development Committee and
Electromagnetic Testing Committee.
Production began in 2001, when Satish
Udpa assumed the duties of technical
editor.

Since 1990, numerical techniques have
increasingly replaced analytical ones in
research and applications and are well
represented in this volume.

In this edition, an attempt is made to
standardize the ways that technology is
referred to. One is that conductivity
measurements are given in siemens per
meter in addition to the more familiar
percentages of the International Annealed
Copper Standard. Another is that,
wherever practical, alloys are referred to
by their numerical designations in the
Unified Numbering System. It is hoped
that these changes will help to harmonize
nondestructive testing with sister
disciplines and make the volume more
useful to posterity.

I would personally like to thank
members of ASNT staff who helped to
make this book better. Hollis Humphries
and Joy Grimm produced many excellent
graphics and laid out the chapters.

Senior Manager of Publications Paul
McIntire believed strongly in the value of
this book. He provided many valuable
suggestions, read every chapter in galley
and reviewed the book again before
publication. McIntire’s personal attention
prevented more than a few errors and has
helped readability throughout the

volume. He supported the project at every
stage of development and production.

People listed as contributors in the
acknowledgments below were also
reviewers but are listed once, as
contributors.

Patrick O. Moore
NDT Handbook Editor
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PART 1. Nondestructive Testing
Definition
Nondestructive testing (NDT) has been
defined as comprising those methods used
to test a part or material or system
without impairing its future usefulness.1
The term is generally applied to
nonmedical investigations of material
integrity.

Strictly speaking, this definition of
nondestructive testing includes
noninvasive medical diagnostics.
Ultrasound, X-rays and endoscopes are
used by both medical and industrial
nondestructive testing. Medical
nondestructive testing, however, has come
to be treated by a body of learning so
separate from industrial nondestructive
testing that today most physicians do not
use the word nondestructive.

Nondestructive testing is used to
investigate specifically the material
integrity or properties of the test object. A
number of other technologies — for
instance, radio astronomy, voltage and
amperage measurement and rheometry
(flow measurement) — are nondestructive
but are not used specifically to evaluate
material properties. Radar and sonar are
classified as nondestructive testing when
used to inspect dams, for instance, but
not when they are used to chart a river
bottom.

Nondestructive testing asks “Is there
something wrong with this material?” In
contrast, performance and proof tests ask
“Does this component work?” It is not
considered nondestructive testing when
an inspector checks a circuit by running
electric current through it. Hydrostatic
pressure testing is another form of proof
testing, one that sometimes destroys the
test object.

Another gray area that invites various
interpretations in defining nondestructive
testing is future usefulness. Some material
investigations involve taking a sample of
the tested part for a test that is inherently
destructive. A noncritical part of a
pressure vessel may be scraped or shaved
to get a sample for electron microscopy,
for example. Although future usefulness
of the vessel is not impaired by the loss of
material, the procedure is inherently
destructive and the shaving itself — in
one sense the true test object — has been
removed from service permanently.

MOVIE.
Need for
nondestructive
testing.
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The idea of future usefulness is relevant
to the quality control practice of
sampling. Sampling (that is, less than
100 percent testing to draw inferences
about the unsampled lots) is
nondestructive testing if the tested sample
is returned to service. If the steel is tested
to verify the alloy in some bolts that can
then be returned to service, then the test
is nondestructive. In contrast, even if
spectroscopy used in the chemical testing
of many fluids is inherently
nondestructive, the testing is destructive if
the samples are poured down the drain
after testing.

Nondestructive testing is not confined
to crack detection. Other discontinuities
include porosity, wall thinning from
corrosion and many sorts of disbonds.
Nondestructive material characterization
is a growing field concerned with material
properties including material
identification and microstructural
characteristics — such as resin curing, case
hardening and stress — that have a direct
influence on the service life of the test
object.

Methods and Techniques
Nondestructive testing has also been
defined by listing or classifying the
various techniques.1-3 This sense of
nondestructive testing is practical in that it
typically highlights methods in use by
industry.

In the Nondestructive Testing Handbook,
the word method is used for a group of test
techniques that share a form of probing
energy. Ultrasonic test methods, for
example, use acoustic waves faster than
sound. Infrared and thermal testing and
radiographic testing both use
electromagnetic radiation, each in a
defined wavelength range. A technique, in
contrast, has features that adapt the
method to the application.
Through-transmission immersion testing
is a technique of the ultrasonic method,
for example.

Purposes of
Nondestructive Testing
Since the 1920s, the art of testing without
destroying the test object has developed



FIGURE 2. Boilers operate with high internal steam pressure.
Material discontinuities can lead to sudden, violent failure
with possible injury to people and property.
from a laboratory curiosity to an
indispensable tool of fabrication,
construction, manufacturing and
maintenance processes. No longer is
visual testing of materials, parts and
complete products the principal means of
determining adequate quality.
Nondestructive tests in great variety are in
worldwide use to detect variations in
structure, minute changes in surface
finish, the presence of cracks or other
physical discontinuities, to measure the
thickness of materials and coatings and to
determine other characteristics of
industrial products. Scientists and
engineers of many countries have
contributed greatly to nondestructive test
development and applications.

The various nondestructive testing
methods are covered in detail in the
literature but it is always wise to consider
objectives before details. How is
nondestructive testing useful? Why do
thousands of industrial concerns buy the
testing equipment, pay the subsequent
operating costs of the testing and even
reshape manufacturing processes to fit the
needs and findings of nondestructive
testing?

Modern nondestructive tests are used
by manufacturers (1) to ensure product
integrity and in turn reliability, (2) to
avoid failures, prevent accidents and save
human life (see Figs. 1 and 2), (3) to make
a profit for the user, (4) to ensure
customer satisfaction and maintain the
manufacturer’s reputation, (5) to aid in
better product design, (6) to control
manufacturing processes, (7) to lower
manufacturing costs, (8) to maintain
uniform quality level and (9) to ensure
operational readiness.

These reasons for widespread and
profitable nondestructive testing are
sufficient in themselves but parallel
FIGURE 1. Fatigue cracks contributed to damage to aircraft
fuselage in flight (April 1988).
developments have contributed to its
growth and acceptance.

Increased Demand on Machines
In the interest of greater performance and
reduced cost for materials, the design
engineer is often under pressure to reduce
weight. This can sometimes be done by
substituting aluminum alloys, magnesium
alloys or composite materials for steel or
iron but such light parts may not be the
same size or design as those they replace.
The tendency is also to reduce the size.
These pressures on the designer have
subjected parts of all sorts to increased
stress levels. Even such commonplace
objects as sewing machines, sauce pans
and luggage are also lighter and more
heavily loaded than ever before. The stress
to be supported is seldom static. It often
fluctuates and reverses at low or high
frequencies. Frequency of stress reversals
increases with the speeds of modern
machines and thus parts tend to fatigue
and fail more rapidly.

Another cause of increased stress on
modern products is a reduction in the
safety factor. An engineer designs with
certain known loads in mind. On the
supposition that materials and
workmanship are never perfect, a safety
factor of 2, 3, 5 or 10 is applied. However,
a lower factor is often used that depends
on considerations such as cost or weight.

New demands on machinery have also
stimulated the development and use of
new materials whose operating
characteristics and performance are not
completely known. These new materials
3Introduction to Electromagnetic Testing



could create greater and potentially
dangerous problems. For example, an
aircraft part was built from an alloy whose
work hardening, notch resistance and
fatigue life were not well known. After
relatively short periods of service, some of
the aircraft using these parts suffered
disastrous failures. Sufficient and proper
nondestructive tests could have saved
many lives.

As technology improves and as service
requirements increase, machines are
subjected to greater variations and to
wider extremes of all kinds of stress,
creating an increasing demand for
stronger or more damage tolerant
materials.

Engineering Demands for Sounder
Materials
Another justification for nondestructive
tests is the designer’s demand for sounder
materials. As size and weight decrease and
the factor of safety is lowered, more
emphasis is placed on better raw material
control and higher quality of materials,
manufacturing processes and
workmanship.

An interesting fact is that a producer of
raw material or of a finished product
sometimes does not improve quality or
performance until that improvement is
demanded by the customer. The pressure
of the customer is transferred to
implementation of improved design or
manufacturing. Nondestructive testing is
frequently called on to deliver this new
quality level.

Public Demands for Greater Safety
The demands and expectations of the
public for greater safety are apparent
everywhere. Review the record of the
courts in granting high awards to injured
persons. Consider the outcry for greater
automobile safety, as evidenced by the
required automotive safety belts and the
demand for air bags, blowout proof tires
and antilock braking systems. The
publicly supported activities of the
National Safety Council, Underwriters
Laboratories, the Occupational Safety and
Health Administration and the Federal
Aviation Administration in the United
States, as well as the work of similar
agencies abroad, are only a few of the
ways in which this demand for safety is
expressed. It has been expressed directly
by passengers who cancel reservations
following a serious aircraft accident. This
demand for personal safety has been
another strong force in the development
of nondestructive tests.
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Rising Costs of Failure
Aside from awards to the injured or to
estates of the deceased and aside from
costs to the public (because of evacuation
occasioned by chemical leaks) consider
briefly other factors in the rising costs of
mechanical failure. These costs are
increasing for many reasons. Some
important ones are (1) greater costs of
materials and labor, (2) greater costs of
complex parts, (3) greater costs because of
the complexity of assemblies, (4) greater
probability that failure of one part will
cause failure of others because of
overloads, (5) trend to lower factors of
safety, (6) probability that the failure of
one part will damage other parts of high
value and (7) part failure in an integrated
automatic production machine, shutting
down an entire high speed production
line. When production was carried out on
many separate machines, the broken one
could be bypassed until repaired. Today
one machine is tied into the production
of several others. Loss of such production
is one of the greatest losses resulting from
part failure.

Applications of
Nondestructive Testing
Nondestructive testing is a branch of the
materials sciences that is concerned with
all aspects of the uniformity, quality and
serviceability of materials and structures.
The science of nondestructive testing
incorporates all the technology for
detection and measurement of significant
properties, including discontinuities, in
items ranging from research specimens to
finished hardware and products in service.
By definition nondestructive test methods
provide a means for examining materials
and structures without disruption or
impairment of serviceability.
Nondestructive testing makes it possible
for internal properties or hidden
discontinuities to be revealed or inferred.

Nondestructive testing is becoming
increasingly vital in the effective conduct
of research, development, design and
manufacturing programs. Only with
appropriate nondestructive testing
methods can the benefits of advanced
materials science be fully realized. The
information required for appreciating the
broad scope of nondestructive testing is
available in many publications and
reports.

Classification of Methods
The National Materials Advisory Board
(NMAB) Ad Hoc Committee on
Nondestructive Evaluation adopted a



system that classified techniques into six
major method categories: visual,
penetrating radiation, magnetic-electrical,
mechanical vibration, thermal and
chemical/electrochemical.3 A modified
version is presented in Table 1.1

Each method can be completely
characterized in terms of five principal
factors: (1) energy source or medium used
to probe the object (such as X-rays,
ultrasonic waves or thermal radiation);
(2) nature of the signals, image or
signature resulting from interaction with
the object (attenuation of X-rays or
reflection of ultrasound, for example);
(3) means of detecting or sensing
resultant signals (photoemulsion,
piezoelectric crystal or inductance coil);
(4) means of indicating or recording
signals (meter deflection, oscilloscope
trace or radiograph); and (5) basis for
interpreting the results (direct or indirect
indication, qualitative or quantitative and
pertinent dependencies).

The objective of each method is to
provide information about one or more of
the following material parameters:
(1) discontinuities and separations (cracks,
voids, inclusions, delaminations and
others); (2) structure or malstructure
(crystalline structure, grain size,
segregation, misalignment and others);
(3) dimensions and metrology (thickness,
diameter, gap size, discontinuity size and
TABLE 1. Nondestructive testing method categories.

Categories

Basic Categories

Mechanical and optical color, cracks, dimensions, film thic
finish, surface flaws, through-cra

Penetrating radiation cracks; density and chemistry varia
misalignment; missing parts; seg

Electromagnetic and electronic alloy content; anisotropy; cavities;
corrosion; cracks; crack depth; c
hot tears; inclusions; ion concen
polarization; seams; segregation

Sonic and ultrasonic crack initiation and propagation; c
degree of sintering; delaminatio
mechanical degradation; misalig
surface stress; tensile, shear and 

Infrared and thermal anisotropy, bonding; composition;
stress; thermal conductivity; thic
moisture; corrosion

Chemical and analytical alloy identification; composition; c
macrostructure; porosity; segreg

Auxiliary Categories

Image generation dimensional variations; dynamic p
distribution; anomaly propagatio

Signal image analysis data selection, processing and disp
enhancement; separation of mu
others); (4) physical and mechanical
properties (reflectivity, conductivity,
elastic modulus, sonic velocity and
others); (5) composition and chemical
analysis (alloy identification, impurities,
elemental distributions and others);
(6) stress and dynamic response (residual
stress, crack growth, wear, vibration and
others); (7) signature analysis (image
content, frequency spectrum, field
configuration and others); and
(8) abnormal sources of heat.

Material characteristics in Table 1 are
further defined in Table 2 with respect to
specific objectives and specific attributes
to be measured, detected and defined.

The limitations of a method include
conditions to be met for method
application (access, physical contact,
preparation and others) and requirements
to adapt the probe or probe medium to
the object examined. Other factors limit
the detection or characterization of
discontinuities, properties and other
attributes and limit interpretation of
signals or images generated.

Classification Relative to Test
Object
Nondestructive testing techniques may be
classified according to how they detect
indications relative to the surface of a test
object. Surface methods include liquid
5Introduction to Electromagnetic Testing

Objectives

kness, gaging, reflectivity, strain distribution and magnitude, surface
cks

tions; elemental distribution; foreign objects; inclusions; microporosity;
regation; service degradation; shrinkage; thickness; voids

 cold work; local strain, hardness; composition; contamination;
rystal structure; electrical conductivities; flakes; heat treatment;
trations; laps; lattice strain; layer thickness; moisture content;
; shrinkage; state of cure; tensile strength; thickness; disbonds; voids

racks, voids; damping factor; degree of cure; degree of impregnation;
ns; density; dimensions; elastic moduli; grain size; inclusions;
nment; porosity; radiation degradation; structure of composites;
compressive strength; disbonds; wear

 emissivity; heat contours; plating thickness; porosity; reflectivity;
kness; voids; cracks; delaminations; heat treatment; state of cure;

racks; elemental analysis and distribution; grain size; inclusions;
ation; surface anomalies

erformance; anomaly characterization and definition; anomaly
n; magnetic field configurations

lay; anomaly mapping, correlation and identification; image
ltiple variables; signature analysis



penetrant testing, visual testing, grid
testing and moiré testing.
Surface/near-surface methods include tap,
potential drop, holographic,
shearographic, magnetic particle and
electromagnetic testing. When surface or
near-surface methods are applied during
intermediate manufacturing processes,
they provide preliminary assurance that
6 Electromagnetic Testing

TABLE 2. Objectives of nondestructive testing methods.

Objectives Attributes 

Discontinuities and Separations

Surface anomalies roughness, scratches, gouges, crazing
Surface connected anomalies cracks, porosity, pinholes, laps, seams,
Internal anomalies cracks, separations, hot tears, cold shu

disbonds, poor bonds, inclusions, se

Structure

Microstructure molecular structure; crystalline structu
deformation

Matrix structure grain structure, size, orientation and p
distribution; anisotropy; heterogene

Small structural anomalies leaks (lack of seal or through-holes), p
Gross structural anomalies assembly errors; misalignment; poor s

Dimensions and Metrology

Displacement; position linear measurement; separation; gap s
Dimensional variations unevenness; nonuniformity; eccentrici
Thickness; density film, coating, layer, plating, wall and s

Physical and Mechanical Properties

Electrical properties resistivity; conductivity; dielectric cons
Magnetic properties polarization; permeability; ferromagne
Thermal properties conductivity; thermal time constant an
Mechanical properties compressive, shear and tensile strengt

and embrittlement
Surface properties color, reflectivity, refraction index, em

Chemical Composition and Analysis

Elemental analysis detection, identification, distribution a
Impurity concentrations contamination, depletion, doping and
Metallurgical content variation; alloy identification, verificati
Physiochemical state moisture content; degree of cure; ion 

Stress and Dynamic Response

Stress, strain, fatigue heat treatment, annealing and cold w
Mechanical damage wear, spalling, erosion, friction effects
Chemical damage corrosion, stress corrosion, phase tran
Other damage radiation damage and high frequency
Dynamic performance crack initiation, crack propagation, pla

timing of events, any anomalous be

Signature Analysis

Electromagnetic field potential; intensity; field distribution a
Thermal field isotherms, heat contours, temperature
Acoustic signature noise, vibration characteristics, freque

emissions, ultrasonic emissions
Radioactive signature distribution and diffusion of isotopes a
Signal or image analysis image enhancement and quantization

and correlation; discontinuity identi
discontinuity mapping and display
volumetric methods performed on the
completed object or component will
reveal few rejectable discontinuities.
Volumetric methods include radiography,
ultrasonic testing, acoustic emission
testing and less widely used methods such
as acoustoultrasonic testing and magnetic
resonance imaging. Through-boundary
techniques include leak testing, some
Measured or Detected

, pitting, imbedded foreign material
 folds, inclusions
ts, shrinkage, voids, lack of fusion, pores, cavities, delaminations,
gregations

re and/or strain; lattice structure; strain; dislocation; vacancy;

hase; sinter and porosity; impregnation; filler and/or reinforcement
ity; segregation
oor fit, poor contact, loose parts, loose particles, foreign objects
pacing or ordering; deformation; malformation; missing parts

ize; discontinuity size, depth, location and orientation
ty; shape and contour; size and mass variations
heet thickness; density or thickness variations

tant and dissipation factor
tism; cohesive force, susceptibility
d thermoelectric potential; diffusivity; effusivity; specific heat

h (and moduli); Poisson’s ratio; sonic velocity; hardness; temper

issivity

nd/or profile
 diffusants
on and sorting
concentrations and corrosion; reaction products

ork effects; stress and strain; fatigue damage and life (residual)

sformation
 voltage breakdown
stic deformation, creep, excessive motion, vibration, damping,
havior

nd pattern
s, heat flow, temperature distribution, heat leaks, hot spots, contrast

ncy amplitude, harmonic spectrum, harmonic analysis, sonic

nd tracers
; pattern recognition; densitometry; signal classification, separation;
fication, definition (size and shape) and distribution analysis;



FIGURE 3. Electromagnetic testing: (a) representative setup
for eddy current test; (b) in-service detection of
discontinuities.
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infrared thermographic techniques,
airborne ultrasonic testing and certain
techniques of acoustic emission testing.
Other less easily classified methods are
material identification, vibration analysis
and strain gaging.

No one nondestructive testing method
is all revealing. In some cases, one
method or technique may be adequate for
testing a specific object or component.
However, in most cases, it takes a series of
test methods to do a complete
nondestructive test of an object or
component. For example, if surface cracks
must be detected and eliminated and if
the object or component is made of
ferromagnetic material, then magnetic
particle testing would be the appropriate
choice. If the material is aluminum or
titanium, then the choice would be liquid
penetrant or electromagnetic testing.
However, if internal discontinuities are to
be detected, then ultrasonic testing or
radiography would be the selection. The
exact technique in each case would
depend on the thickness and nature of
the material and the types of
discontinuities that must be detected.

Value of Nondestructive
Testing
The contribution of nondestructive
testing to profits has been acknowledged
in the medical field and computer and
aerospace industries. However, in
industries such as heavy metals, although
nondestructive testing may be reluctantly
accepted, its contribution to profits may
not be obvious to management.
Nondestructive testing is sometimes
thought of only as a cost item and can be
curtailed by industry downsizing. When a
company cuts costs, two vulnerable areas
are quality and safety. When bidding
contract work, companies add profit
margin to all cost items, including
nondestructive testing, so a profit should
be made on the nondestructive testing.
The attitude toward nondestructive
testing is positive when management
understands its value.

Nondestructive testing should be used
as a control mechanism to ensure that
manufacturing processes are within design
performance requirements. When used
properly, nondestructive testing saves
money for the manufacturer. Rather than
costing the manufacturer money,
nondestructive testing should add profits
to the manufacturing process.
Overview of Other
Nondestructive Testing
Methods
To optimize the use of nondestructive
testing it is necessary first to understand
the principles and applications of all the
methods. This volume features
electromagnetic testing (Fig. 3) — only
one of the nondestructive test methods.
The following section briefly describes
several other methods and the
applications associated with them.
7Introduction to Electromagnetic Testing



FIGURE 5.  Liquid penetrant indication of
cracking.
Visual Testing
Principles. Visual testing (Fig. 4) is the
observation of a test object, either directly
with the eyes or indirectly using optical
instruments, by an inspector to evaluate
the presence of surface anomalies and the
object’s conformance to specification.
Visual testing should be the first
nondestructive testing method applied to
an item. The test procedure is to clean the
surface, provide adequate illumination
and observe. A prerequisite necessary for
competent visual testing of an object is
knowledge of the manufacturing processes
by which it was made, of its service
history and of its potential failure modes,
as well as related industry experience.
Applications. Visual testing provides a
means of detecting and examining a
variety of surface discontinuities. It is the
most widely used method for detecting
and examining for surface discontinuities
associated with various structural failure
mechanisms. Even when other
nondestructive tests are performed, visual
tests often provide a useful supplement.
When the eddy current testing of process
tubing is performed, for example, visual
testing is often performed to verify and
more closely examine the surface
condition. The following discontinuities
may be detected by a simple visual test:
surface discontinuities, cracks,
misalignment, warping, corrosion, wear
and physical damage.

Liquid Penetrant Testing
Principles. Liquid penetrant testing (Fig. 5)
reveals discontinuities open to the
surfaces of solid and nonporous materials.
Indications of a wide variety of
discontinuity sizes can be found regardless
of the configuration of the work piece and
regardless of discontinuity orientations.
Liquid penetrants seep into various types
8 Electromagnetic Testing

FIGURE 4. Visual test using borescope to
view interior of cylinder.
of minute surface openings by capillary
action. The cavities of interest can be very
small, often invisible to the unaided eye.
The ability of a given liquid to flow over a
surface and enter surface cavities depends
principally on the following: cleanliness
of the surface, surface tension of the
liquid, configuration of the cavity, contact
angle of the liquid, ability of the liquid to
wet the surface, cleanliness of the cavity
and size of surface opening of the cavity.
Applications. The principal industrial uses
of liquid penetrant testing include
postfabrication testing, receiving testing,
in-process testing and quality control,
maintenance and overhaul in the
transportation industries, in-plant and
machinery maintenance and in testing of
large components. The following are some
of the typically detected discontinuities:
surface discontinuities, seams, cracks, laps,
porosity and leak paths.

Magnetic Particle Testing
Principles. Magnetic particle testing
(Fig. 6) is a method of locating surface
and slightly subsurface discontinuities in
ferromagnetic materials. It depends on the
fact that when the material or part under
FIGURE 6. In magnetic particle testing, particles gather where
lines of magnetic force leak from discontinuity.
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test is magnetized, discontinuities that lie
in a direction generally transverse to the
direction of the magnetic field will cause a
leakage field to be formed at and above
the surface of the part. The presence of
this leakage field and therefore the
presence of the discontinuity is detected
with fine ferromagnetic particles applied
over the surface, with some of the
particles being gathered and held to form
an outline of the discontinuity. This
generally indicates its location, size, shape
and extent. Magnetic particles are applied
over a surface as dry particles or as wet
particles in a liquid carrier such as water
or oil.
Applications. The principal industrial uses
of magnetic particle testing include final,
receiving and in-process testing; for
quality control; for maintenance and
overhaul in the transportation industries;
for plant and machinery maintenance;
and for testing of large components. Some
of the typically detected discontinuities
are surface discontinuities, seams, cracks
and laps.

Radiographic Testing
Principles. Radiographic testing (Fig. 7) is
based on the differential absorption of
penetrating radiation — either
electromagnetic radiation of very short
wavelength or particulate radiation
(X-rays, gamma rays and neutron rays) —
by the part or object being tested.
Different portions of an object absorb
different amounts of penetrating radiation
because of differences in density and
variations in thickness of the part or
differences in absorption characteristics
FIGURE 7. Representative setup for radiographic testing.
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caused by variation in composition. These
variations in the absorption of the
penetrating radiation can be monitored
by detecting the unabsorbed radiation
that passes through the object. This
monitoring may be in different forms.
The traditional form is through radiation
sensitive film. Radioscopic sensors provide
digital images. X-ray computed
tomography is a radiographic technique.
Applications. The principal industrial uses
of radiographic testing involve testing of
castings and weldments, particularly
where there is a critical need to ensure
freedom from internal discontinuities. For
example radiography is often specified for
thick wall castings and weldments for
steam power equipment (boiler and
turbine components and assemblies).
Radiography can also be used on forgings
and mechanical assemblies, although with
mechanical assemblies radiography is
usually limited to testing for conditions
and proper placement of components.
Typically detected discontinuities and
conditions include inclusions, lack of
fusion, cracks, corrosion, porosity, leak
paths, missing or incomplete components
and debris.

Ultrasonic Testing
Principles. Ultrasonic testing (Fig. 8) is a
nondestructive method in which beams of
sound waves at a frequency too high to
hear are introduced into materials for the
detection of surface and subsurface
discontinuities in the material. These
acoustic waves travel through the material
with some attendant loss of energy
(attenuation) and are reflected at
interfaces. The echoes are then analyzed
to define the presence and locations of
discontinuities.
Applications. Ultrasonic testing of metals
is widely used, principally for the
detection of discontinuities. This method
can be used to detect internal
discontinuities in most engineering
metals and alloys. Bonds produced by
welding, brazing, soldering and adhesives
can also be ultrasonically examined.
Inline techniques have been developed for
monitoring and classifying materials as
acceptable, salvageable or scrap and for
process control. Other applications
include testing of piping and pressure
vessels, nuclear systems, motor vehicles,
machinery, structures, railroad rolling
stock and bridges and thickness
measurement.

Leak Testing
Principles. Leak testing is concerned with
the flow of liquids or gases from
pressurized or into evacuated
components. The principles of leak testing
9Introduction to Electromagnetic Testing



involve the physics of fluid (liquids or
gases) flowing through a barrier where a
pressure differential or capillary action
exists. Leaking fluids (liquid or gas) can
propagate from inside a component or
assembly to the outside, or vice versa, as a
result of a pressure differential between
the two regions or as a result of
permeation through a barrier. 

Leak testing encompasses procedures
that fall into these basic functions: leak
location, leakage measurement and
leakage monitoring. There are several
10 Electromagnetic Testing

FIGURE 8. Classic setups for ultrasonic testing:
(a) longitudinal wave technique; (b) shear wave technique.
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subsidiary methods of leak testing,
entailing tracer gas detection (Fig. 9),
pressure change measurement,
observation of bubble formation and
other means.
Applications. Like other forms of
nondestructive testing leak testing has an
impact on the safety and performance of
a product. Reliable leak testing decreases
costs by reducing the number of reworked
products, warranty repairs and liability
claims. The most common reasons for
performing a leak test are to prevent the
loss of costly materials or energy; to
prevent contamination of the
environment; to ensure component or
system reliability; and to prevent the
potential for an explosion or fire.

Acoustic Emission Testing
Principles. Acoustic emissions are
mechanical waves produced by sudden
movement in stressed materials. The
classic sources of acoustic emission are
discontinuity related deformation
processes such as crack growth and plastic
deformation. Sudden movement at the
source produces a stress wave that radiates
out into the structure and excites a
sensitive piezoelectric sensor. As the stress
in the material is raised, emissions are
generated. The signals from one or more
sensors are amplified and measured to
produce data for display and
interpretation.
FIGURE 9.  Leakage measurement dynamic leak testing using
vacuum pumping: (a) pressurized system mode for leak
testing of smaller components; (b) pressurized envelope
mode for leak testing of larger volume systems.
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The source of acoustic emission energy
is the elastic stress field in the material.
Without stress there is no emission.
Therefore, an acoustic emission test
(Fig. 10) is usually carried out during a
controlled loading of the structure. This
can be a proof load before service; a
controlled variation of load while the
structure is in service; a fatigue, pressure
or creep test; or a complex loading
program. Often a structure is going to be
loaded hydrostatically anyway during
service and acoustic emission testing is
used because it gives valuable additional
information about the expected
performance of the structure under load.
Other times, acoustic emission testing is
selected for reasons of economy or safety
and a special loading procedure is
arranged to meet the needs of the acoustic
emission test.
Applications. Acoustic emission is a
natural phenomenon occurring in a wide
range of materials, structures and
processes. The largest scale events
observed with acoustic emission testing
are seismic and the smallest are small
dislocations in stressed metals.

The equipment used is highly sensitive
to any kind of movement in its operating
frequency (typically 20 to 1200 kHz). The
equipment can detect not only crack
growth and material deformation but also
FIGURE 10. Acoustic emission testing setup in which eight
sensors permit computer to calculate location of crack
propagation.

Computer

Preamplifier

Test
object

Acoustic
event

Sensor

Preamplifier
such processes as solidification, friction,
impact, flow and phase transformations.
Therefore acoustic emission testing is also
used for in-process weld monitoring;
detecting tool contact and tool wear
during automatic machining; detecting
wear and loss of lubrication in rotating
equipment; detecting loose parts and
loose particles; detecting and monitoring
leaks, cavitation and flow; preservice
proof testing; inservice weld monitoring;
and leak testing.

Infrared and Thermal Testing
Principles. Conduction and convection
are the primary mechanisms of heat
transfer in an object or system. However,
electromagnetic radiation is emitted from
a heated body when electrons in that
body change to a lower energy state.
Thermal testing involves the
measurement or mapping of surface
temperatures when heat flows from, to or
through a test object. Temperature
differentials on a surface, or changes in
surface temperature with time, are related
to heat flow patterns and can be used to
detect discontinuities or to determine the
heat transfer characteristics of an object.
For example, during the operation of an
electrical breaker, a hot spot detected at
an electrical termination may be caused
by a loose or corroded connection
(Fig. 11). The resistance to electrical flow
11Introduction to Electromagnetic Testing

FIGURE 11. Infrared thermography of
automatic transfer switches of emergency
diesel generator. Hot spots appear bright in
thermogram (inset).



through the connection produces an
increase in surface temperature of the
connection.
Applications. There are two basic
categories of infrared and thermal test
applications: electrical and mechanical.
The specific applications within these two
categories are numerous. Electrical
applications include transmission and
distribution lines, transformers,
disconnects, switches, fuses, relays,
breakers, motor windings, capacitor
banks, cable trays, bus taps and other
components and subsystems. Mechanical
applications include insulation (in boilers,
furnaces, kilns, piping, ducts, vessels,
refrigerated trucks and systems, tank cars
and elsewhere), friction in rotating
equipment (bearings, couplings, gears,
gearboxes, conveyor belts, pumps,
compressors and other components) and
fluid flow (steam lines; heat exchangers;
tank fluid levels; exothermic reactions;
heating, ventilation and air conditioning
systems; leaks above and below ground;
cooling and heating; tube blockages;
environmental assessment of thermal
discharge; boiler or furnace air leakage;
condenser or turbine system leakage;
pumps; compressors; and other system
applications).

Other Methods
There are many other methods of
nondestructive testing, including optical
methods such as holography,
shearography and moiré imaging; material
identification methods such as chemical
spot testing, spark testing and
spectroscopy; strain gaging; and acoustic
methods such as vibration analysis and
tapping.
12 Electromagnetic Testing



PART 2. Management of Electromagnetic Testing
Selection of
Electromagnetic Testing4

Electromagnetic tests are an important
and widely used method within the broad
field of nondestructive materials testing.
The electromagnetic test method includes
several subsidiary methods, sometimes
called submethods or techniques: eddy
current testing, remote field testing, flux
leakage testing, alternating current field
measurement testing and microwave
testing. Of these several submethods,
conventional eddy current testing is the
most widely used. Magnetic particle
testing is an electromagnetic test that
industry administers as a separate
method.

Applications of eddy current tests in
industry are numerous and widespread.
The total number of test measurements
made annually by this nondestructive test
method may exceed that of all other
methods combined. Eddy current testing
is used for the following:

1. noncontacting measurement of the
thickness of metallic foils, sheets,
plates, tube walls and machined parts
from one side only;

2. measurement of the thickness of
coatings over base materials where the
coating and base material have
significantly different electrical or
magnetic properties;

3. identifying or separating materials by
composition or structure;

4. detecting material discontinuities that
lie in planes transverse to the eddy
currents, such as cracks, seams, laps,
score marks or plug cuts, drilled and
other holes and laminations at cut
edges of sheet or plate;

5. identifying and controlling heat
treatment conditions and evaluation
of fire damage to metallic structures;

6. determining depths of case hardening
of steels and some ferrous alloys;

7. locating hidden metallic objects such
as underground pipes, buried bombs
or ore bodies, or metallic objects
accidentally packaged in foodstuffs;

8. timing or locating the motions of
hidden parts of mechanisms, counting
metallic objects on conveyor lines or
detecting metallic missiles in flight;
and
9. precise dimensional measurement of
symmetric, machined or ground and
polished metallic parts, such as
bearings and bearing races, small
mechanism components and others.

Advantages of Electromagnetic
Testing
Modern eddy current and electromagnetic
test techniques offer low cost means for
high speed, large scale testing of metallic
materials such as those used in nuclear,
aerospace, marine, high pressure, high
temperature and high speed engineering
systems where premature failures could
represent economic disasters or the
endangering of human life. The method’s
special suitability for testing of
automobiles, engines, machine parts and
consumer products has long been
recognized.

Like other nondestructive methods,
eddy current tests permit measurements
of material properties and dimensions and
detection of discontinuities. In general,
electromagnetic tests provide nearly
instantaneous measurements. The test
speed and modern signal analysis permit
such analysis to be performed in real
time. Consequently, the method can be
used in production lines to test swiftly
moving bars, tubes, sheets, plates, welds
and other symmetric parts. These parts
either pass through test coils or are
scanned by moving test probes. The
automation of eddy current testing and
test data evaluation permits mass testing
of similar parts at high rates, with
economies not attainable by other
commonly used nondestructive tests. The
results can be optimized for automation
of test systems, for sorting of test parts,
for control of manufacturing processes
and for automatic documentation for
process control and statistical quality
control.

Small, portable forms of eddy current
test instrumentation provide simple and
rapid means for (1) manual quality tests
by individual operators and
(2) mechanized test systems to sort mixed
lots of materials, to follow deterioration of
materials and equipment in service and to
verify process quality.
13Introduction to Electromagnetic Testing



Limitations of Eddy Current Tests
Limitations of eddy current tests are a
direct consequence of the specific nature
of the test and of the response of
electrically conductive test materials to
the externally applied, time varying
magnetic fields used to excite eddy
current flow. In general, eddy current tests
are applicable only to test materials with
significant electrical conductivity, such as
metals and alloys and composites with
conducting layers or reinforcing fibers.
They can be used, however, to measure
thicknesses of nonconducting layers on
the surface of conducting metallic
materials by the liftoff effect in which the
coating separates the test probe from the
conducting material by the thickness of
the nonconductive coating or sheet
material.

Eddy current tests provide maximum
test sensitivity for the surface and near
surface layers of the test material adjacent
to the source of excitation. In some cases
it may be difficult or impossible to
penetrate to the center of thick specimens
because of skin effect and attenuation of
the electromagnetic field at certain depths
below the surface. Eddy current tests tend
to be insensitive to laminar
discontinuities, which lie parallel to the
induced eddy currents. They do tend to
respond, however, to discontinuities that
lie transverse to the flow of eddy currents
within test materials, where these
discontinuities interrupt, lengthen or
distort the current flow paths.

Management of
Electromagnetic Testing
Programs
Management of an electromagnetic
testing program will require consideration
of many items before a program can
produce the desired results. Six basic
questions must be answered before a true
direction can be charted. They are as
follows.

1. Are regulatory requirements in place
that mandate program characteristics?

2. What is the magnitude of the program
that will provide desired results?

3. What provisions must be made for
personnel safety and for compliance
with environmental regulations?

4. What is the performance date for a
program to be fully implemented?

5. Is there a cost benefit of
electromagnetic testing?

6. What are the available resources in
personnel and money?

Once these questions are answered, then a
recommendation can be made to
determine the best path forward. Three
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primary paths are (1) service companies,
(2) consultants and (3) in-house programs.

Although these are the primary paths,
some programs may, routinely or as
needed, require support personnel from a
combination of two or more of these
sources. Before a final decision is made,
advantages and disadvantages of each
path must be considered. Therefore the
following details must be considered.

Service Companies

1. Who will identify the components
within the facility to be examined?

2. Will the contract be for time and
materials or have a specific scope of
work?

3. If a time and materials contract is
awarded, who will monitor the time
and materials charged?

4. If a scope of work is required, who is
technically qualified to develop and
approve it?

5. What products or documents (test
reports, trending, recommendations,
root cause analysis and others) will be
provided once the tests are completed?

6. Who will evaluate and accept the
product (test reports, trending,
recommendations, root cause analysis
and others) within the service
company?

7. Do the service company workers
possess qualifications and
certifications required by contract and
by applicable regulations?

8. Do the service company workers
require site specific training (confined
space entry, electrical safety, hazardous
materials and others) or clearance to
enter and work in the facility?

9. Does the service company retain any
liability for test results?

Consultants

1. Will the contract be for time and
materials or have a specific scope of
work?

2. If a scope of work is required, who is
technically qualified to develop and
approve it?

3. Who will identify the required
qualifications of the consultant?

4. Is the purpose of the consultant to
develop or update a program or is it to
oversee and evaluate the performance
of an existing program?

5 Will the consultant have oversight
responsibility for tests performed?

6. What products (trending,
recommendations, root cause analysis
and others) are provided once the tests
are completed?



7. Who will evaluate the consultant’s
performance (test reports, trending,
recommendations, root cause analysis
and other functions) within the
sponsoring company?

8. Does the consultant possess
qualifications and certifications
required by contract and by applicable
regulations?

9. Does the consultant require site
specific training (confined space entry,
electrical safety, hazardous materials
and others) or clearance to enter and
work in the facility?

10. Does the consultant retain any
liability for test results?

In-House Programs

1. Who will determine the scope of the
program, such as which techniques
will be used (eddy current, flux
leakage and others)?

2. What are the regulatory requirements
(codes and standards) associated with
program development and
implementation?

3. Who will develop a cost benefit
analysis for the program?

4. How much time and resources are
available to establish the program?

5. What are the qualification
requirements (education, training,
experience and others) for personnel?

6. Do program personnel require
additional training (safety, confined
space entry or others) or
qualifications?

7. Are subject matter experts required to
provide technical guidance during
personnel development?

8. Are procedures required to perform
work in the facility?

9. If procedures are required, who will
develop, review and approve them?

10. Who will determine the technical
specifications for test equipment?

Test Procedures for
Electromagnetic Testing
The conduct of facility operations
(in-house or contracted) should be
performed in accordance with specific
instructions from an expert. This is
typically accomplished using written
instructions in the form of a technical
procedure. In many cases, codes and
specifications will require a technical
procedure to perform required tests.

The procedure process can take many
forms, including general instructions that
address only major aspects of test
techniques. Or a procedure may be
written as a step-by-step process requiring
a supervisor’s initial or signature after
each step. The following is a typical
format for an industrial procedure.

1. The purpose identifies the intent of the
procedure.

2. The scope establishes the latitude of
items, tests and techniques covered
and not covered by the procedure.

3. References are specific documents from
which criteria are extracted or
documents satisfied by
implementation of the procedure.

4. Definitions are needed for terms and
abbreviations that are not common
knowledge to people who will read the
procedure.

5. Statements about personnel requirements
address specific requirements to
perform tasks in accordance with the
procedure — issues such as personnel
qualification, certification, access
clearance and others.

6. Equipment characteristics, calibration
requirements and model numbers of
qualified equipment must be specified.

7. The test procedure provides a sequential
process to be used to conduct test
activities.

8. Acceptance criteria establish component
characteristics that will identify the
items suitable for service.

9. Reports (records) provide the means to
document specific test techniques,
equipment used, personnel performing
activity, date performed and test
results.

10. Attachments may include (if required)
items such as report forms, instrument
calibration forms, qualified equipment
matrix, schedules and others.

Once the procedure is completed,
typically an expert in the subject matter
evaluates it. If the procedure is judged to
meet identified requirements, the expert
will approve it for use. Some codes and
standards also require the procedure to be
qualified — that is, demonstrated to the
satisfaction of a representative of a
regulatory body or jurisdictional
authority.

Test Specifications for
Electromagnetic Testing4

An electromagnetic specification must
anticipate a number of issues that arise
during testing.

Means of Induction and Detection
of Magnetic Fields
Electromagnetic nondestructive test
methods use either static or time varying
electromagnetic fields as a probing
medium (1) to explore the properties of
test materials, (2) to locate discontinuities
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or (3) to detect variations in geometry and
dimensions of test materials. The
magnitudes, time lags, phase angles and
flow patterns of the resulting fields are
sensed by using probes such as sensing
coils or solid state magnetic field detectors
(such as hall effect devices).

Eddy Current Test Frequencies
A single electromagnetic test system can
be used for many different measurements
through the selection of test frequencies.
These frequencies are those of the
excitation current applied to the coils of
the electromagnetic test probes.
Frequency is measured in hertz (Hz),
where 1 Hz = 1 cycle per second. Most
industrial electromagnetic tests are made
in the frequency range between 5 Hz and
10 MHz.

Most types of electromagnetic test
equipment provide either variable
frequency oscillators or several fixed
frequency steps. Thus, appropriate test
frequencies can be readily selected by the
user to meet special test requirements.
Low excitation frequencies are used to
penetrate deeper within a conducting test
material. High test frequencies can be
used for selective examination of near
surface regions, testing of thin materials
and for testing of materials that have low
electrical conductivities.

Interpretation
Interpretation may be complex, especially
before a procedure has been established.
The interpreter must have a knowledge of
the following: (1) the underlying physical
process, (2) techniques and equipment
used to obtain the data and displays,
(3) details about the item being examined
(configuration, material characteristics,
fabrication process, potential
discontinuities and intended service
conditions) and (4) acceptance criteria.

Ensuring Reliability of Test
Results
When a test is performed, there are four
possible outcomes: (1) a rejectable
discontinuity can be found when one is
present; (2) a rejectable discontinuity can
be missed even when one is present; (3) a
rejectable discontinuity can be indicated
when none is present and (4) no
rejectable discontinuity is found when
none is present. A reliable testing process
and a qualified inspector should find all
discontinuities of concern with no
discontinuities missed (no errors as in
case 2 above) and no false calls (case 3
above).
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To achieve this goal, the probability of
finding a rejectable discontinuity must be
high and the inspector must be both
proficient in the testing process and
motivated to perform with maximum
efficiency. A reckless inspector may accept
parts that contain discontinuities, with
the result of possible inservice part failure.
A conservative inspector may reject parts
that contain rejectable discontinuities but
the inspector also may reject parts that do
not contain rejectable discontinuities,
with the result of unnecessary scrap and
repair. Neither scenario is desirable.

Electromagnetic Testing
Standards
Traditionally, the purpose of specifications
and standards has been to define the
requirements that goods or services must
meet. As such, they are intended to be
incorporated into contracts so that both
the buyer and provider have a well
defined description of what one will
receive and the other will provide.

Standards have undergone a process of
peer review in industry and can be
invoked with the force of law by contract
or by government regulation. In contrast,
a specification represents an employer’s
instructions to employees and is specific
to a contract or work place. Specifications
may form the basis of standards through a
review process. Standards and
specifications exist in three basic areas:
equipment, processes and personnel.

1. Standards for equipment include
criteria that address probes, artificial
discontinuities and test results.
Reference standards are work pieces
that contain artificial discontinuities
for instrument calibration and test
procedure verification.

2. ASTM International and other
organizations publish standards for
test techniques. Some other standards
are for quality assurance procedures
and are not specific to a test method
or even to testing in general. Tables 3
and 4 list some standards used in
electromagnetic testing. The United
States Department of Defense has
replaced most military specifications
and standards with industry consensus
specifications and standards. A source
for nondestructive testing standards is
the Annual Book of ASTM Standards.5

3. Qualification and certification of test
personnel are discussed below with
specific reference to recommendations
of ASNT Recommended Practice
No. SNT-TC-1A.6
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Personnel Qualification
and Certification
One of the most critical aspects of the test
process is the qualification of test
personnel. Nondestructive testing is
sometimes referred to as a special process.
The term simply means that it is very
difficult to determine the adequacy of a
test by merely observing the process or
the documentation generated at its
conclusion. The quality of the test is

largely dependent on the skills and
knowledge of the inspector.

The American Society for
Nondestructive Testing (ASNT) has been a
world leader in the qualification and
certification of nondestructive testing
personnel for many years. By 1999, the
American Society for Nondestructive
Testing had instituted three major
programs for the qualification and
certification of nondestructive testing
personnel.
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Electromagnetic testing standards published by ASTM International.

eous
andard Practice for Agencies Performing Nondestructive Testing
tandard Practice for Determining Electrical Conductivity Using the Electromagnetic (Eddy-Current) Method
tandard Practice for Electromagnetic (Eddy-Current) Examination of Ferromagnetic Cylindrical Bar Product above the Curie Temperature
tandard Terminology for Nondestructive Examinations: Section C, Electromagnetic Testing
tandard Practice for Electromagnetic Examination of Ferromagnetic Steel Wire Rope
tandard Practice for Electromagnetic (Eddy-Current) Examination of Copper Redraw Rod for Electrical Purposes
tandard Practice for Determining the Impedance of Absolute Eddy Current Probes
andard Test Methods for Measuring Resistivity of Semiconductor Slices or Sheet Resistance of Semiconductor Films with a Noncontact 
dy-Current Gage

Thickness
andard Test Method for Measurement of Thickness of Anodic Coatings on Aluminum and of Other Nonconductive Coatings on Nonmagnetic
sis Metals with Eddy-Current Instruments
andard Test Method for Measurement of Coating Thicknesses by the Magnetic Method: Nonmagnetic Coatings on Magnetic Basis Metals
andard Guide for Measuring Thickness of Metallic and Inorganic Coatings
andard Practice for Measuring Coating Thickness by Magnetic-Field or Eddy-Current (Electromagnetic) Test Methods

ical Measurements
Standard Test Method for Determining the Thickness of Bound Pavement Layers Using Short-Pulse Radar
Standard Guide for Selecting Surface Geophysical Methods
Standard Guide for Using the Surface Ground Penetrating Radar Method for Subsurface Investigation
Standard Test Method for Determination of Water (Moisture) Content of Soil by the Time-Domain Reflectometry (TDR) Method 
Standard Guide for Using the Frequency Domain Electromagnetic Method for Subsurface Investigations
Standard Guide for Conducting Borehole Geophysical Logging — Electromagnetic Induction

 Identification
andard Practice for Electromagnetic (Eddy-Current) Sorting of Ferrous Metals
andard Practice for Electromagnetic (Eddy-Current) Sorting of Non-Ferrous Metals
tandard Guide for Metals Identification, Grade Verification, and Sorting

Products
andard Specification for Electric-Resistance-Welded Steel Pipe
andard Practice for Standardizing Equipment for Electromagnetic Examination of Seamless Aluminum-Alloy Tube
andard Practice for Electromagnetic (Eddy-Current) Examination of Copper-Alloy Tubes
andard Practice for Eddy-Current Examination of Steel Tubular Products Using Magnetic Saturation
andard Practice for Electromagnetic (Eddy-Current) Examination of Seamless and Welded Tubular Products, Austenitic Stainless Steel and

ilar Alloys
andard Practice for Flux Leakage Examination of Ferromagnetic Steel Tubular Products
andard Practice for Electromagnetic (Eddy-Current) Examination of Nickel and Nickel-Alloy Tubular Products
andard Practice for In Situ Electromagnetic (Eddy-Current) Examination of Nonmagnetic Heat Exchanger Tubes
tandard Practice for Electromagnetic (Eddy-Current) Examination of Type F — Continuously Welded (CW) Ferromagnetic Pipe and Tubing
ove the Curie temperature
tandard Practice for In Situ Examination of Ferromagnetic Heat-Exchanger Tubes Using Remote Field Testing
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1. Recommended Practice No. SNT-TC-1A
provides guidelines for personnel
qualification and certification in
nondestructive testing. This
recommended practice identifies the
specific attributes that should be
considered when qualifying
nondestructive testing personnel. It
requires the employer to develop and
implement a written practice
(procedure) that details the specific
process and any limitation in the
qualification and certification of
nondestructive testing personnel.6

2. ANSI/ASNT CP-189, Standard for
Qualification and Certification of
Nondestructive Testing Personnel
resembles SNT-TC-1A but also
establishes specific attributes for the
qualification and certification of
nondestructive testing personnel.
However, CP-189 is a consensus
standard as defined by the American
National Standards Institute (ANSI). It
is recognized as the American standard
for nondestructive testing. It is not
considered a recommended practice; it is
a national standard.7
ectromagnetic Testing

ome standards for electromagnetic testing.

uing Organization Representative Standards and Related Documents

 National Standards Institute ANSI B3.1, Rolling Element Bearings — Aircraft Engine, Engine Gearbox, and Accessory
Applications — Eddy Current Inspection

 Petroleum Institute API 510, Pressure Vessel Inspection Code: Maintenance Inspection, Rating, Repair and Alteration
API 570, Piping Inspection Code: Inspection, Repair, Alteration, and Rerating of In-Service Piping

Systems
API 650, Welded Steel Tanks for Oil Storage
API 1104, Welding, Pipelines and Related Facilities

 Society for Nondestructive Testing ASNT Recommended Practice No. SNT-TC-1A
ANSI/ASNT CP-189, ASNT Standard for Qualification and Certification of Nondestructive Testing

Personnel
 Society of Mechanical Engineers ANSI/ASME B31.1, Power Piping

ANSI/ASME B31.3, Process Piping
ASME Boiler and Pressure Vessel Code: Section V — Power Boilers: Article 8, Eddy Current

Examination of Tubular Products
ASME Boiler and Pressure Vessel Code: Section XI — Inservice Inspection of Nuclear Vessels.

N-553-1, Eddy Current Surface Examination Section XI, Division 1 
ASME PTC 19-1, Performance Test Codes, Supplement on Instruction and Apparatus

 Welding Society AWS D1.1, Structural Welding Code — Steel
rnational See Table 3

 General Standards Board CAN/CGSB-48.9712, Non-Destructive Testing — Qualification and Certification of Personnel
48.14-M86-CAN/CGSB, Advanced Manual for: Eddy Current Test Method Amendment No. 1

May 1997 R(1997)
ational Standards Z8005100, General Rules for Eddy Current Testing
Institut für Normung DIN 54141-3, Non-Destructive Testing; Eddy Current Testing of Pipes and Tubes; Procedure
 Association of Aerospace Industries AECMA PREN 2002-20, Aerospace Series Test Methods for Metallic Materials: Part 20: Eddy

Current Testing of Circular Cross-Section Tubes, Edition P 1 
 Committee for Standardization EN 12084, Non-Destructive Testing — Eddy Current Testing — General Principles and Guidelines
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TABLE 5. Recommended training and experience for
electromagnetic testing personnel according to
Recommended Practice No. SNT-TC-1A.6

Level I Level II

High school graduatea 40 h 40 h
Two years of collegeb 24 h 40 h
Work experiencec 210 h 630 h

a. Or equivalent.
b. Completion with a passing grade of at least two years of engineering or

science study in a university, college or technical school.
c. Minimum work experience per level. Note: for Level II certification, the

experience shall consist of time as Level I or equivalent. If a person is
being qualified directly to Level II with no time at Level I, the required
experience shall consist of the sum of the times required for Level I and
Level II and the required training shall consist of the sum of the hours
required for Level I and Level II.
3. The ASNT Central Certification Program
(ACCP), unlike SNT-TC-1A and CP-189,
is a third party certification process
that identifies qualification and
certification attributes for Level II and
Level III nondestructive testing
personnel. The American Society for
Nondestructive Testing certifies that
the individual has the skills and
knowledge for many nondestructive
test method applications. It does not
remove the responsibility for the final
determination of personnel
qualifications from the employer. The
employer evaluates an individual’s
skills and knowledge for application of
company procedures using designated
techniques and equipment identified
for specific tests.8

Selections from Recommended
Practice No. SNT-TC-1A
To give a general idea of the contents of
these documents, the following items are
specified in the 2001 edition of
Recommended Practice No. SNT-TC-1A. (The
following text has been excerpted and
adapted. The original text is arranged in
outline format and includes
recommendations that are not specific to
electromagnetic testing.)

Scope. This recommended practice has been
prepared to establish guidelines for the
qualification and certification of
nondestructive test personnel whose specific
jobs require appropriate knowledge of the
technical principles underlying the
nondestructive tests they perform, witness,
monitor or evaluate. This document
provides guidelines for the establishment of
a qualification and certification program.

Written Practice. The employer shall
establish a written practice for the control
and administration of nondestructive
testing personnel training, examination and
certification. The employer’s written practice
should describe the responsibility of each
level of certification for determining the
acceptability of materials or components in
accordance with the applicable codes,
standards, specifications and procedures.

Education, Training, Experience
Requirements for Initial Qualification.
Candidates for certification in
nondestructive testing should have
sufficient education, training and
experience to ensure qualification in those
nondestructive testing methods for which
they are being considered for certification.
Table 6.3.1A [Table 5 in this volume, for
electromagnetic testing] lists the
recommended training and experience
factors to be considered by the employer in
establishing written practices for initial
qualification of Level I and II individuals.
Training Programs. Personnel being
considered for initial certification should
complete sufficient organized training to
become thoroughly familiar with the
principles and practices of the specified
nondestructive test method related to the
level of certification desired and applicable
to the processes to be used and the products
to be tested.

Examinations. For Level I and II personnel, a
composite grade should be determined by
simple averaging of the results of the
general, specific and practical examinations
described below. Examinations administered
for qualification should result in a passing
composite grade of at least 80 percent, with
no individual examination having a passing
grade less than 70 percent. The examination
for near vision acuity should ensure natural
or corrected near distance acuity in at least
one eye such that the applicant can read a
minimum of jaeger size 2 or equivalent type
and size letter at a distance of not less than
305 mm (12 in.) on a standard jaeger test
chart. This test should be administered
annually.

Practical Examination for NDT Level I and II.
The candidate should demonstrate ability to
operate the necessary nondestructive test
equipment and to record and analyze the
resultant information to the degree
required. At least one selected specimen
should be tested and the results of the
nondestructive test analyzed by the
candidate.

Certification. Certification of all levels of
nondestructive test personnel is the
responsibility of the employer. Certification
of nondestructive test personnel shall be
based on demonstration of satisfactory
qualification [in accordance with sections
on education, training, experience and
examinations] as described in the
employer’s written practice. Personnel
certification records shall be maintained on
file by the employer.
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Recertification. All levels of nondestructive
testing personnel shall be recertified
periodically in accordance with the
following: evidence of continuing
satisfactory performance; and reexamination
in those portions of the examination
deemed necessary by the employer’s NDT
Level III. Recommended maximum
recertification intervals are three years for
Level I and II and five years for Level III.

The minimum number of questions
that should be administered in the
written examination for eddy current test
personnel is as follows: 40 questions in
the general examination and 20 questions
in the specific examination. The number
of questions is the same for Level I and
Level II personnel.

These recommendations from
Recommended Practice No. SNT-TC-1A are
cited only to provide a general idea of the
specific items that must be considered in
the development of an in-house
nondestructive testing program. Because
the items are paraphrased, those
developing a personnel qualification
program should consult the complete text
of SNT-TC-1A and other applicable
procedures and practices. If an outside
agency is contracted for electromagnetic
test services, then the contractor must
have a qualification and certification
program to satisfy most codes and
standards.

Central Certification
Another standard that may be a source for
compliance is contained in the
requirements of the International
Organization for Standardization (ISO).
The work of preparing international
standards is normally carried out through
technical committees of the International
Organization for Standardization, a
worldwide federation of national
standards bodies. Each ISO member body
interested in a subject for which a
technical committee has been established
has the right to be represented on that
committee. International organizations,
governmental and nongovernmental, in
liaison with the International
Organization for Standardization, also
take part in the work.

Technical Committee ISO/TC 135,
Non-Destructive Testing Subcommittee
SC 7, Personnel Qualification, prepared
international standard ISO 9712,
Nondestructive Testing – Qualification and
Certification of Personnel.9 In its statement
of scope, ISO 9712 states that it
“establishes a system for the qualification
and certification, by a certification body,
of personnel to perform industrial
nondestructive testing (NDT) using any of
the following methods: (a) eddy current
testing; (b) liquid penetrant testing;
(c) magnetic particle testing;
20 Electromagnetic Testing
(d) radiographic testing; (e) ultrasonic
testing” and that the “system described in
this International Standard may also
apply to visual testing (VT), leak testing
(LT), neutron radiography (NR), acoustic
emission (AE) and other nondestructive
test methods where independent
certification programs exist.” The
applicability of ISO 9712 to
electromagnetic testing therefore depends
on activity of the national certifying body.

Safety in Electromagnetic
Testing
To manage an electromagnetic testing
program, as with any testing program, the
first obligation is to ensure safe working
conditions. The following are components
of a safety program that may be required
or at least deserve serious consideration.

1. Before work is to begin, identify the
safety and operational rules and codes
applicable to the areas, equipment and
systems to be tested.

2. Provide proper safety equipment
(protective barriers, hard hat, safety
harnesses, steel toed shoes, hearing
protection and others).

3. Before the test, perform a thorough
visual survey to determine all the
hazards and to identify necessary
safeguards to protect test personnel
and equipment.

4. Notify operative personnel to identify
the location and specific material,
equipment or systems to be tested. In
addition, it must be determined
whether signs or locks restrict access
by personnel. Be aware of equipment
that may be operated remotely or may
be started by time delay.

5. Be aware of any potentially explosive
atmosphere. Determine whether it is
safe to take test equipment into the
area.

6. Do not enter any roped off or no entry
areas without permission and
approval.

7. When working on or around moving
or electrical equipment, the inspector
should remove pens, watches, rings or
objects in pockets that may touch (or
fall into) energized equipment.

8. Know interplant communication and
evacuation systems.

9. Never let unqualified personnel
operate equipment independently
from qualified supervision.



10. Keep a safe distance between the
inspector and any energized
equipment. In the United States, these
distances can be found in documents
from the Occupational Safety and
Health Administration, the National
Fire Prevention Association (National
Electric Code),10 the Institute of
Electrical and Electronics Engineers
(National Electrical Safety Code)11 and
other organizations.

11. Be aware of the personnel
responsibilities before entering a
confined space. All such areas must be
tested satisfactorily for gas and oxygen
levels before entry and periodically
thereafter. If odors are noticed or if
unusual sensations such as ear aches,
dizziness or difficulty in breathing are
experienced, leave the area
immediately.

Most facilities in the United States are
required by law to follow the
requirements in the applicable standard.
Two Occupational Safety and Health
Standards in the United States that should
be reviewed are Occupational Safety and
Health Standards for general industry12 and
the Occupational Safety and Health
Standards for the Construction Industry.13

Personnel safety is always the first
consideration for every job.
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PART 3. Units of Measure for Electromagnetic
Testing

TABLE 6. SI base units.

Quantity Unit Symbol

Length meter m
Mass kilogram kg
Time second s
Electric current ampere A
Temperature kelvin K
Amount of substance mole mol
Luminous intensity candela cd

TABLE 7. SI derived units with special names.a

Relation
to Other

Quantity Units Symbol SI Unitsb

Capacitance farad F C·V–1

Catalytic activity katal kat s–1·mol
Conductance siemens S A·V–1

Energy joule J N·m
Frequency (periodic) hertz Hz 1·s–1

Force newton N kg·m·s–2

Inductance henry H Wb·A–1

Illuminance lux lx lm·m–2

Luminous flux lumen lm cd·sr
Electric charge coulomb C A·s
Electric potentialc volt V W·A–1

Electric resistance ohm Ω V·A–1

Magnetic flux weber Wb V·s
Magnetic flux density tesla T Wb·m–2

Plane angle radian rad 1
Power watt W J·s–1

Pressure (stress) pascal Pa N·m–2

Radiation absorbed dose gray Gy J·kg–1

Radiation dose equivalent sievert Sv J·kg–1

Radioactivity becquerel Bq 1·s–1

Solid angle steradian sr 1
Temperature, celsius degree celsius °C K
Timea hour h 3600 s
Volumea liter L dm3

a. Hour and liter are not SI units but are accepted for use with the SI.
b. Number one (1) expresses dimensionless relationship.
c. Electromotive force.
Origin and Use of SI
System
In 1960, the General Conference on
Weights and Measures established the
International System of Units. Le Systéme
International d’Unités (SI) was designed so
that a single set of measurement units
could be used by all branches of science,
engineering and the general public.
Without SI, this Nondestructive Testing
Handbook volume could have contained a
confusing mix of obsolete
centimeter-gram-second (CGS) units,
imperial units and the units preferred by
certain localities or scientific specialties.

SI is the modern version of the metric
system and ends the division between
metric units used by scientists and metric
units used by engineers and the public.
Scientists have given up their units based
on centimeter and gram and engineers
made a fundamental change in
abandoning the kilogram-force in favor of
the newton. Electrical engineers have
retained their ampere, volt and ohm but
changed all units related to magnetism.

Table 6 lists the seven SI base units.
Table 7 lists derived units with special
names. Table 8 gives examples of
conversions to SI units. In SI, the unit of
time is the second (s) but hour (h) is
recognized for use with SI.

For more information, the reader is
referred to the information available
through national standards organizations
and specialized information compiled by
technical organizations.14-17

Multipliers
In science and engineering, very large or
very small numbers with units are
expressed by using the SI multipliers,
prefixes of 103 intervals (Table 9). The
multiplier becomes a property of the SI
unit. For example a millimeter (mm) is
0.001 meter (m). The volume unit cubic
centimeter (cm3) is (0.01 m)3 or 10–6 m3.
Unit submultiples such as the centimeter,
decimeter, dekameter (or decameter) and
hectometer are often avoided in scientific
and technical uses of SI because of their
variance from the 103 interval. However,
dm3 and cm3 are commonly used. Note
that 1 cm3 is not equal to 0.01 m3.
Nevertheless, in equations, submultiples
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TABLE 8. Examples of conversions to SI units.

Quantity Measurement in Non-SI Unit Multiply by To Get Measurement in SI Unit

Angle minute (min) 2.908 882 × 10–4 radian (rad)
degree (deg) 1.745 329 × 10–2 radian (rad)

Area square inch (in.2) 645 square millimeter (mm2)
Distance angstrom (Å) 0.1 nanometer (nm)

inch (in.) 25.4 millimeter (mm)
Energy British thermal unit (BTU) 1.055 kilojoule (kJ)

calorie (cal), thermochemical 4.184 joule (J)
Power British thermal unit per hour (BTU·h–1) 0.293 watt (W)
Specific heat British thermal unit per pound 4.19 kilojoule per kilogram per kelvin (kJ·kg–1·K–1)

degree fahrenheit (BTU·lbm
–1·°F–1)

Force (torque, couple) foot-pound (ft-lbf) 1.36 joule (J)
Pressure pound force per square inch (lbf·in.–2) 6.89 kilopascal (kPa)
Frequency (cycle) cycle per minute 60–1 hertz (Hz)
Illuminance footcandle (ftc) 10.76 lux (lx)

phot (ph) 10 000 lux (lx)
Luminance candela per square foot (cd·ft–2) 10.76 candela per square meter (cd·m–2)

candela per square inch (cd·in.–2) 1 550 candela per square meter (cd·m–2)
footlambert (ftl) 3.426 candela per square meter (cd·m–2)
lambert 3 183 (= 10 000/π) candela per square meter (cd·m–2)
nit (nt) 1 candela per square meter (cd·m–2)
stilb (sb) 10 000 candela per square meter (cd·m–2)

Radioactivity curie (Ci) 37 gigabecquerel (GBq)
Ionizing radiation exposure roentgen (R) 0.258 millicoulomb per kilogram (mC·kg–1)
Mass pound (lbm) 0.454 kilogram (kg)
Temperature (difference) degree fahrenheit (°F) 0.556 kelvin (K) or degree celsius (°C)
Temperature (scale) degree fahrenheit (°F) (°F – 32)/1.8 degree celsius (°C)
Temperature (scale) degree fahrenheit (°F) (°F – 32)/1.8) + 273.15 kelvin (K)

TABLE 9. SI prefixes and multipliers.

Prefix Symbol Multiplier

yotta Y 1024

zetta Z 1021

exa E 1018

peta P 1015

tera T 1012

giga G 109

mega M 106

kilo k 103

hectoa h 102

deka (or deca)a da 10
decia d 10–1

centia c 10–2

milli m 10–3

micro µ 10–6

nano n 10–9

pico p 10–12

femto f 10–15

atto a 10–18

zepto z 10–21

yocto y 10–24

a. Avoid these prefixes (except in dm3 and cm3) for
science and engineering.

MOVIE.
Radian of circle.
such as centimeter (cm) or decimeter (dm)
are often avoided because they disturb the
convenient 103 or 10–3 intervals that
make equations easy to manipulate.

In SI, the distinction between upper
and lower case letters is meaningful and
should be observed. For example, the
meanings of the prefix m (milli) and the
prefix M (mega) differ by nine orders of
magnitude.

SI Units for
Electromagnetic Testing

CGS Units
Table 10 gives examples of
centimeter-gram-second (CGS) units.
These units are not accepted for use with
the SI. Furthermore, no other units of the
various CGS systems of units, which
includes the CGS electrostatic, CGS
electromagnetic and CGS gaussian
systems, are accepted for use with SI
except such units as the centimeter (cm),
gram (g) and second (s) that are also
defined in SI.

The oersted, gauss and maxwell are
part of the electromagnetic
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TABLE 10. Units from the centimeter-gram-second (CGS) system of units and not accepted for use with SI. Factor to
convert each CGS unit to SI unit is given.

Physical Quantity CGS Unit Multiply by SI Unit SI Symbol

Basic CGS Units
Magnetic field intensity oersted (Oe) 103·(4π)–1 ampere per meter A·m–1

Magnetic flux maxwell (Mx) 10–8 weber Wb
Magnetic flux density gauss (G) 10–4 tesla T
Magnetic potential difference gilbert (Gb) 10·(4π)–1 ampere A

Electromagnetic CGS Units
Capacitance abfarad 109 farad F
Charge abcoulomb 10 coulomb C
Conductance abmho 109 siemens S
Current abampere 10 ampere A
Inductance abhenry 10–9 henry H
Magnetic field intensity abampere per centimeter 103 ampere per meter A·m–1

Potential abvolt 10–8 volt V
Resistance abohm 10–9 ohm Ω

Electrostatic CGS Units
Capacitance statfarad 1.112 650 × 10–12 farad F
Charge statcoulomb 3.3356 × 10–10 coulomb C
Conductance statmho 1.112 65 × 10–12 siemens S
Current statampere 3.335 641 × 10–11 ampere A
Inductance stathenry 8.987 552 × 1011 henry H
Potential statvolt 2.997 925 × 102 volt V
Resistance statohm 8.987 55 × 1011 ohm Ω

TABLE 11. Conversion of Units for
Conductivity σσ and Resistivity ρρ.

From Unit Operation To Get Unit

Conductivity Unit to Conductivity Unita

S·m–1 (S·m–1) × 10–6 MS·m–1

S·m–1 (S·m–1) × (1.724 × 10–6) %IACS
MS·m–1 (MS·m–1) × 106 S·m–1

MS·m–1 (MS·m–1) × 1.724 %IACS
%IACS %IACS × (5.800 × 105) S·m–1

%IACS %IACS × 0.580 MS·m–1

Conductivity Unita to Resistivity Unit
S·m–1 1 ÷ (S·m–1) Ω·m
S·m–1 (1 × 108) ÷ (S·m–1) µΩ·cm
MS·m–1 (1 × 10–6) ÷ (MS·m–1) Ω·m
MS·m–1 (1 × 102) ÷ (MS·m–1) µΩ·cm
%IACS (1.724 × 10–6) ÷ %IACS Ω·m
%IACS 172.4 ÷ %IACS µΩ·cm

Resistivity Unit to Conductivity Unita

Ω·m 1 ÷ (Ω·m) S·m–1

Ω·m (1 × 10–6) ÷ (Ω·m) MS·m–1

Ω·m (1.724 × 10–6) ÷ (Ω·m) %IACS
µΩ·cm (1 × 108) ÷ (µΩ·cm) S·m–1

µΩ·cm (1 × 102) ÷ (µΩ·cm) MS·m–1

µΩ·cm 172.4 ÷ (µΩ·cm) %IACSa

Resistivity Unit to Resistivity Unit
Ω·m (Ω·m) × 108 µΩ·cm
µΩ·m (µΩ·m) × 10–8 Ω·m

a. %IACS: percentage of International Annealed Copper
Standard.18
three-dimensional CGS system. When
only mechanical and electric quantities
are considered, these three units cannot
strictly speaking be compared each to the
corresponding unit of SI, which has four
dimensions.
Ampere per Meter Replaces Oersted. One
ampere per meter (A·m–1) equals about
one eightieth of an oersted (Oe). The
relationship is 1 Oe = 1000·(4π)–1 A·m–1 =
79.57747 A·m–1.
Tesla Replaces Gauss. One tesla (T) equals
ten thousand gauss (G). 1 G = 10–4 T =
0.1 mT.
Weber Replaces Maxwell. One weber (Wb)
equals 108 maxwell (Mx). 1 Mx = 10–8 Wb
= 0.01 µWb = 10 nWb.

Conductivity and Resistivity
In the twentieth century, the conductivity
of a given metal was conventionally
expressed as a percentage of pure copper’s
conductivity with reference to the
International Annealed Copper Standard
(IACS).18 In SI, conductivity is expressed
in siemens per meter (S·m–1). The
conductivity of pure copper (100 percent
IACS) is 58 MS·m–1.

Resistivity is the inverse of
conductivity and is expressed in ohm
meter. Table 11 gives the formulas for
conversion to and from units for
conductivity and resistivity.
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PART 1. Electromagnetic Theory

FIGURE 1. James Clerk Maxwell.
This chapter previously appeared as an
article by Robert McMaster and in the
second edition of the Nondestructive
Testing Handbook.1,2 This chapter covers
electromagnetic induction developments
before 1960 and closes with a brief
discussion of microwave testing
before 1980.

Early Observations of
Magnetic Attraction
It is probable that no other form of
nondestructive testing has a history of
scientific creativity and practical
development that compares with
electromagnetic induction and eddy
current testing.

Electromagnetic testing has the most
ancient name of all nondestructive testing
methods. Thales of Miletus (sixth
century B.C.) first recorded that rubbing
amber induced a state in which the amber
would attract other light objects. The
Greek word for amber is electron. Thales
also mentioned the remarkable powers of
the lodestone (iron oxide), also known as
magnetite from the place where it was
found: Magnesia in Thessaly.3

Democritus (about 400 B.C.) provided
concepts of an atomic structure of matter.
His six principles were listed by John
Tyndall and quoted by Robert A. Millikan.
The fifth principle states that the
“varieties of all things depend upon the
varieties of their atoms, in number, size
and aggregation.”3 Many electromagnetic
tests are intended to identify the specific
atoms in materials under test and the
discontinuities that occur in structures
when needed atoms are missing or
separated from their neighbors.

By A.D. 1200, the use of the magnetic
compass was reported in China. At about
the same time, Alexander Neckam, an
Englishman, also reported the use of the
compass in navigation.4 In the year 1600,
William Gilbert, physician to England’s
Queen Elizabeth I, wrote in his book
De Magnete a comprehensive description
of his 18 years of experiments and his
theory of magnetism.5

Benjamin Franklin
Robert A. Millikan, in his Early Views of
Electricity, states that there were “no
28 Electromagnetic Testing
electrical theories of any kind” before
Benjamin Franklin, who around 1747
observed that “electrical matter consists of
particles extremely subtle, since it can
permeate common matter, even the
densest, with such freedom and ease as
not to receive any appreciable
resistance.”3

Franklin “recognized two kinds of
electrification and introduced the terms
positive and negative to distinguish them.
He arbitrarily called any body positively
electrified if it was repelled by a glass rod
that had been rubbed with silk and
negatively electrified if it was repelled by
sealing wax that had been rubbed with
cat’s fur. These are today our definitions
of positive and negative electrical
charges.”3

19th Century
Development of Induced
Currents
Electromagnetic induction was not
observed and explained before the 19th
century. James Clerk Maxwell (see Fig. 1)
in his remarkable two-volume work



A Treatise on Electricity and Magnetism6

summarized the first 50 years of this
development.

Örsted Discovers Electric Current’s
Magnetic Field
Maxwell explains that “conjectures of
various kinds had been made as to the
relation between magnetism and
electricity, but the laws of these
phenomena, and the form of these
relations, remained entirely unknown till
Hans Christian Örsted [Fig. 2a], at a
private lecture to a few advanced students
at Copenhagen, observed that a wire
connecting the ends of a voltaic battery
FIGURE 2. Hans Christian Örsted: (a) with students Örsted
discovers electric current’s magnetic effect on compass when
circuit is completed; (b) Örsted’s observation that compass
needle near electric current moves to position perpendicular
to direction of current.

(a)

(b)
affected a magnet in its vicinity.” Örsted’s
published account in 1820 observes that
“the current itself ... was the cause of the
action, and that the ‘electric conflict acts
in a revolving manner,’ that is, that a
magnet placed near a wire transmitting an
electric current tends to set itself
perpendicular to the wire, and with the
same end always pointing forwards as the
magnet is moved round the wire. ... The
space in which these forces act may
therefore be considered as a magnetic
field” (Fig. 2b). Örsted’s discovery meant
that the “lines of magnetic force are
everywhere at right angles to planes
drawn through the wire, and are therefore
circles each in a plane perpendicular to
the wire” passing through the plane’s
center.6

Ampere’s Experiments
In his first experiment, André Marie
Ampere (Fig. 3a) showed that two
equivalent currents close together and
flowing in opposite directions neutralize
each other (Fig. 3b). Maxwell explains
that an insulated wire may be looped back
on itself so as to have no effect on the
astatic balance: “This principle is of great
importance in the construction of electric
apparatus, as it affords the means of
conveying the current to and from any
galvanometer or other instrument in such
a way that no electromagnetic effect is
produced by the current on its passage to
and from the instrument.”6 Techniques
like this are commonly used to connect
instruments to sensing coils or
semiconductor detectors for detecting
eddy current magnetic field test signals.
At higher frequencies, shielding by
concentric conductors, usually grounded
at one end, aids in avoidance of
interfering signals from ambient
electromagnetic fields or moving
ferromagnetic machine parts or test
objects.

Ampere’s second experiment concerned
crooked paths of currents. Maxwell
explains that “one of the wires is bent and
crooked with a number of small
sinuosities, but so that in every part of its
course it remains very near the straight
wire. ... A current flowing through the
crooked wire and back again through the
straight wire, is found to be without
influence on the astatic balance. This
proves that the effect of the current
running through any crooked part of the
wire is equivalent to the same current
running in the straight line joining its
extremities, provided the crooked line is
in no part of its course far from the
straight one. Hence any small element of
a circuit is equivalent to two or more
component elements, the relation
between the component elements and the
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resultant element being the same as that
between component and resultant
displacements or velocities.”6 This basic
principle has been generally ignored with
respect to its significance in detection of
very small discontinuities that locally
distort eddy current flow paths. A circular
test coil, for example, produces a mirror
image circular flow path of eddy currents
in the adjacent test material. Small
diversions and excursions of eddy currents
from a truly circular path will have little
effect on relatively large pickup coils but
small semiconductor detectors can have
far greater sensitivity to small distortions
of the eddy current magnetic field.

Ampere’s third experiment
demonstrated that external currents or
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FIGURE 3. André Marie Ampere: (a) portrait;
(b) Maxwell’s sketch illustrating Ampere’s
basic test arrangement with astatic balance
coil arrangement.

(a)

(b)
magnets had no tendency to move a
straight current carrying conductor in the
direction of its length. The fourth
experiment showed that the force acting
between two adjacent current carrying
loops varies as the square of the distance
between the two loops.6

Faraday’s Law of Electromagnetic
Induction
In 1831, both Joseph Henry in the United
States and Michael Faraday (Fig. 4) in
England discovered electromagnetic
induction. Maxwell notes that “Faraday,
who had been for some time endeavoring
to produce electric currents by magnetic
or electric action, discovered the
conditions of magnetoelectric induction.
The method that Faraday used in his
researches consisted of a constant appeal
to experiment as a means of testing the
truth of his ideas, and a constant
cultivation of ideas under the direct
influence of experiment.” Because Faraday
discusses “his unsuccessful as well as his
successful experiments, and his crude
ideas as well as his developed ones,” the
reader may feel “sympathy even more
than admiration, and is tempted to
believe that, if he had the opportunity, he
too would be a discoverer. Every student
... should study Faraday for the cultivation
of a scientific spirit, by means of the
action and reaction which will take place
between the newly discovered facts as
introduced to him by Faraday and the
nascent ideas of his own mind.”6
FIGURE 4. Michael Faraday, evidently holding
bar magnet.



The method of Faraday seems to be
intimately related to the method of partial
differential equations and integrations
throughout all space. “He never considers
bodies as existing with nothing between
them but their distance, and acting on
one another according to some function
of that distance. He conceives all space as
a field of force, the lines of force being in
general curved, and those due to any
body extending from it on all sides, their
directions being modified by the presence
of other bodies. He even speaks of the
lines of force belonging to a body as in
some sense part of itself, so that in its
action on distant bodies it cannot be said
to act where it is not. This, however, is
not a dominant idea with Faraday. He
would probably have said that the field of
space is full of lines of force, whose
arrangement depends on that of the
bodies in the field, and that the
mechanical and electrical action on each
body is determined by the lines which
abut on it.”6

Maxwell describes the first form of
Faraday’s law: “The primary circuit is
connected with a voltaic battery by which
the primary current may be produced,
maintained, stopped, or reversed. The
secondary circuit includes a
galvanometer,” which is placed so that
the primary current does not affect it.
Parts of the primary and secondary
currents are straight wires placed parallel
and near to each other.

When a current is suddenly sent
through the primary circuit, Maxwell
explains, “the galvanometer of the
secondary circuit indicates a current in
the secondary straight wire in the opposite
direction. This is called the induced
current. If the primary current is
maintained constant, the induced current
soon disappears, and the primary current
appears to produce no effect on the
secondary circuit. If now the primary
current is stopped, a secondary current is
observed, which is in the same direction
as the primary current. Every variation of
the primary current produces
electromotive force in the secondary
circuit. When the primary current
increases, the electromotive force is in the
opposite direction to the current. When it
diminishes, the electromotive force is in
the same direction as the current. ... These
effects of induction are increased by
bringing the two wires nearer together.
They are also increased by forming them
into two circular or spiral coils placed
close together, and still more by placing
an iron rod or a bundle of iron wires
inside the coils.”6

This experiment demonstrates the
fundamental principles for using
magnetizing coils in eddy current testing.
The need for a time varying primary

MOVIE.
Electromagnetic
induction.
current is clearly indicated. The advantage
of close coupling or spacing between the
magnetizing coil and test metal surface is
also shown. This translates into control of
liftoff of probe coils and preference for
high coil fill factors with encircling coil
eddy current tests. The need for pulsating
or alternating primary current is also now
evident. Finally, the advantages of using
ferrite or iron cores in eddy current probe
coils are suggested. Eddy current test
systems at the beginning of the
twenty-first century make full use of each
of these principles, enunciated clearly by
Faraday in 1831.

Induction by Moving the Circuits
Faraday found that, by moving the
primary circuit toward the secondary
circuit, current could be induced in the
secondary current in a direction opposite
to the primary current. Similarly, Faraday
found that moving the secondary circuit
toward the primary induces a current
opposite to the primary current. Also,
moving the secondary circuit away from
the primary induces a current in the same
direction as the primary current. Maxwell
explains that “the direction of the
secondary current is such that the
mechanical action between the two
conductors is opposite to the direction of
motion, being a repulsion when the wires
are approaching, and an attraction when
they are receding.”6 This electromotive
force was observed by Faraday but was
given more systematic treatment by
H.F. Lenz (see below).

Three principles are implied by the
concept of induction by motion of the
primary circuit. The first is that polarized
and directional secondary currents can be
induced by moving a straight line primary
current over a conducting test surface.
Secondly, alternating current could be
induced in a conducting secondary circuit
or test material when a constant current
primary coil is moved cyclically up and
down or side to side over a secondary coil
or conducting test surface. A third
concept implied by the technique of
induction from a moving primary circuit
would be that of using direct current
magnetic field detectors to measure the
magnitude of secondary current or eddy
currents in a conducting material, under
or lagging behind the moving primary
coil.

A practical example of testing by
moving the secondary circuit would be
the rapid movement of conductive test
material, such as sheet metal in a rolling
mill, past a stationary direct current test
coil, inducing a flow of current in
material both approaching and leaving
the area of this local magnetization.
Detectors of the eddy current field in
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either location can respond to local
discontinuities or material property
variations that influence the amplitude
and distribution of the eddy currents.

Faraday also found that current could
be induced by the relative motion of a
magnet and the secondary circuit.
Maxwell explains that “if we substitute for
the primary circuit a magnetic shell,
whose edge coincides with the circuit,
whose strength is numerically equal to
that of the current in the circuit, and
whose austral face corresponds to the
positive face of the circuit, then the
phenomena produced by the relative
motion of this shell and the secondary
circuit are the same as those observed in
the case of the primary circuit.”6 The coil
of the preceding examples can be replaced
by a permanent magnet when relative
motion exists between the magnet and
test material in eddy current tests,
provided that adequate secondary current
magnitude and speed of motion can be
attained.

Faraday’s Legacy
Maxwell finally states the “true law of
magneto-electric induction” in the
following terms: “The total electromotive
force acting around a circuit at any
instant is measured by the rate of decrease
of the number of lines of magnetic force
which pass through it. ... The time
integral of the total electromotive force
acting round any circuit, together with
the number of lines of magnetic force
which pass through the circuit, is a
constant quantity.” This quantity “may
even be called the fundamental quantity
in the theory of electromagnetism.”
Faraday recognized “in the secondary
circuit, when in the electromagnetic field,
a ‘peculiar electrical condition of matter,’
to which he gave the name of the
Electrotonic State.”6 This quantity appears
to be similar to the concept of flux
linkage, measured by the product of the
number of winding turns and the total
magnetic flux enclosed in the winding.

Michael Faraday’s two-volume work
Experimental Researches in Electricity
influenced numerous investigators and
inventors in Europe and the United States
from the 1830s to the end of the
nineteenth century. This led many others
to experiment with electromagnetic
effects and to develop many basic
inventions such as Morse’s telegraph,
Bell’s telephone and Edison’s many
improvements on telegraphic, telephonic,
fire alarm and stock ticker
communication systems. In 1831, Faraday
also showed before the Royal Society a
homopolar generator (a disk rotating
between the poles of a large horseshoe
32 Electromagnetic Testing
magnet) for converting mechanical energy
into electric energy.

Faraday’s influence on inventors with
little or no scientific training was very
great, for Faraday’s accounts of his
experiments did not use any complicated
mathematical formulas. To inventors like
Thomas Edison, Faraday appeared to be
the master experimenter, whose
laboratory notes communicated the
highest intellectual excitement — and
hope as well. Faraday’s explanations were
simple, steeped in the spirit of
truthfulness and humility before Nature.
For Faraday, the natural laws were
revealed through experiment. To
American inventors, Faraday, poor and
self-educated, indifferent to money or
titles, exemplified the ethics of a true man
of science, whom others could emulate.
Thus, during the period from 1831 to
about 1875, the inventions made on the
basis of Faraday’s research were often
developed by trial and error, empirically
and step by step.

Lenz, Neumann and Helmholtz
In 1834, Heinrich Friedrich Lenz described
electromotive force — the relationship, in
Maxwell’s words, “between the
phenomena of mechanical action of
electric currents, as defined by Ampere’s
formula, and the induction of electric
currents by the relative motion of
conductors.”6 More generally, Lenz’s law
states that the electromagnetic field will
act so as to oppose or resist any effort
made to change its intensity or
configuration. Where mechanical motion
causes the change, mechanical force
developed within the system will oppose
the change. If mechanical motion is
absent, electromotive forces will be
induced that tend to maintain the status
quo, namely to maintain the total flux
linkages in the system.

On the basis of Lenz’s law, Franz E.
Neumann in 1845 formulated his
mathematical theory of induction, in
effect, as Maxwell says, “completing for
the induction of currents the
mathematical treatment which Ampere
had applied to their mechanical action.”

In Maxwell’s opinion, “a step of still
greater scientific importance” was
Hermann L. von Helmholtz’s derivation
in 1847 of the laws of induction from the
laws of conservation of energy. He and
William Thompson, working
independently, showed “that the
induction of electric currents discovered
by Faraday could be mathematically
deduced from the electromagnetic actions
discovered by Örsted and Ampere by the
application of the principle of the
Conservation of Energy.”6



Maxwell’s Equations
James Clerk Maxwell conceived and
published the comprehensive group of
relations for the electromagnetic field
known as Maxwell’s equations,6 which
mathematically represent almost the
entire present knowledge of this subject.
Maxwell’s remarkable achievement of
integrating the available knowledge
concerning electromagnetic circuits and
fields provides the basis for analysis of all
basic eddy current and electromagnetic
induction problems — and for most of
modern electromagnetic theory.

These simple equations in both integral
and differential form were derived by the
methods of Lagrange, using relationships
from the calculus of variations. Solutions
for alternating fields are also available for
many configurations of the fields. It is of
interest that simpler techniques using an
operational map have been devised for
presenting these types of equations and
their derivations in simple form for use by
second-year engineering students. The
equations are available in nearly all basic
textbooks on the electromagnetic field.
Kelvin devised the solutions of Bessel’s
equation for the cases of probe coils and
provided the kelvin functions from which
simple cases can be readily calculated by
hand or with computer.

Since 1900, physicists and researchers
in electricity and magnetism have
occupied themselves with applications of
Maxwell’s theory. However, no one has
conceived any significant new law to be
added to Maxwell’s principles, with the
possible exception of Einstein’s theory of
relativity, which extends the theory of the
three-dimensional electromagnetic field to
a four-dimensional framework, including
time.
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PART 2. Industrial Development of
Electromagnetic Tests

FIGURE 5. Alexander Graham Bell and assistant look for bullet
in President James A. Garfield.
Electromagnetic testing since 1880 has
evolved from relatively simple devices for
metal characterization to microwave
testing and sophisticated systems with
quadrature phase analysis. Much of this
development has been chronicled in
patents and summarized elsewhere.7

In 1868, a British engineering
publication reported that discontinuities
were being located in gun barrels by using
a magnetic compass to register the flux.8

Hughes’ Eddy Current Test
Alexander Graham Bell invented and
patented the first practical telephone in
1876. In 1879, David E. Hughes used the
telephone as an indicating device to
detect imbalance between two pairs of
induction coils with which he performed
eddy current comparison tests of coins. In
his demonstration and report to the
Physical Society, he stated that “if we
introduce into one pair of induction coils
any conducting body ... there are set up
in these bodies electric currents which
react both upon the primary and
secondary coils, producing extra currents
whose forces will be proportional to the
mass and its specific conducting power.”
Two identical shillings “will be completely
balanced” if one is put in the center of
each of the coils. “If, however, these
shillings are in the slightest degree worn,
or have a different temperature, we at
once perceive this difference.” Hughes
called his apparatus “a rapid and perfect
coin-detector” that could “test any alloy,
giving instantly its electrical value.”9

Hughes then measured the electrical
conductivity of different metals, using
copper as a reference value of 100,
producing a series of values like the
conductivity values expressed in the late
twentieth century as percentages of the
International Annealed Copper Standard
(IACS). He also made tests on
ferromagnetic materials that differentiated
between soft iron and hard steel. Finally,
Hughes provided curves showing the
effects of varying percentages of alloying
elements (silver-gold, copper-tin and tin-
lead). He thus established the basic
principles of testing and of interpretation
of modern eddy current and magnetic
induction tests.
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Bell’s Electromagnetic
Induction Metal Detector
After consultation with Hughes, Bell used
an induction sensing device to look for a
bullet in United States President
James A. Garfield after he was shot in
1881 (Fig. 5). The attempt was a failure,
probably because signals from bedsprings
interfered with the test.10

Early Tests for Eddy
Current and Hysteresis
Losses in Electrical Steel
Sheets
Active practical interest in
electromagnetic techniques for sorting
metals and detecting discontinuities did
not result in many useful test devices
before the twentieth century. However,
numerous developments (including
alternating current electric power systems,
transformers and other induction
machines) provided a base of practical
design and a need to investigate the losses
occurring in magnetic core materials used
in these devices. From 1890 to 1925,
much effort was devoted to reducing eddy
current and magnetic hysteresis losses in
laminated steel sheets, particularly (1) by



FIGURE 6. Charles Proteus Steinmetz: (a) portrait;
(b) Steinmetz and Thomas Alva Edison examine porcelain
insulators broken by current from Steinmetz’s high voltage
generator.

(a)

(b)
addition of silicon and other alloying
elements that lowered their electrical
conductivity and (2) by using purer iron
alloys with, in some cases, directional
rolling to attain maximum permeability
and minimum hysteresis losses.

To a first approximation, in cores
formed of thin magnetic laminations, it
was shown that eddy current losses
tended to increase in proportion with the
square of the frequency and that
hysteresis losses tended to increase in
accordance with the 1.6th power of the
frequency of alternation of the magnetic
field intensity. Numerous laboratories,
including those of electrical equipment
manufacturers (such as Westinghouse and
the General Electric Company) and
electrical steel sheet manufacturers (such
as Allegheny Ludlum and Armco Steel
Company) established measurement
laboratories to monitor properties of
production steel sheets and ensure
specified electromagnetic loss factors for
electrical steel sheets. The Epstein test and
many others were used for these material
tests.

Many improvements resulted,
including (1) thinner sheets, (2) oriented
steel sheets and (3) insulating coatings
between sheets to limit eddy current flow
paths. Also discovered during these
magnetic core improvements were the
undesirable effects of mechanical
clamping stresses and stresses resulting
from punching and shearing of
laminations, which tended to increase
core losses under alternating current
excitation. Hydrogen annealing and other
techniques, such as those developed by
Trigvie Yensen of Westinghouse Research
Laboratories, led to magnetic sheet alloys
with superior properties. Control of other
alloying elements, additions of up to
50 percent nickel and orientation of grain
structures and magnetic domains were
used to develop special steels with
rectangular hysteresis loops. These steels
are used in magnetic switching of
electrical currents, saturable reactors,
magnetic amplifiers and many novel
electromagnetic devices.

These developments illustrated the
variations in electrical conductivity,
magnetic permeability, grain orientation,
anisotropy, mechanical stresses, alloy
contents and impurity contents that, in
turn, influenced the electromagnetic
response of ferromagnetic materials and
changed the apparent inductance and
resistive losses measured by their
magnetizing coils. Direct current bias to
adjust the apparent inductance in
saturable reactors and transductors for
power control purposes also illustrated a
means for reducing magnetic permeability
and incremental inductance or inductive
reactance. It was also observed that many
magnetic core materials introduced odd
harmonics into the magnetizing currents
or voltages across inductances of their
magnetizing coils (or into unloaded
secondary windings on the cores). The
high sensitivity of the harmonic signals to
material conditions and mechanical
stressing were known and purposely
avoided where possible.
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These various effects, well known to
electrical designers at the turn of the
century, have since become possible
techniques for control or readout of eddy
current nondestructive test signals. In
general, however, the highly permeable
electrical steel sheets now commercially
available are not ideal for eddy current
tests because their eddy current losses are
so low. For their evaluation,
electromagnetic induction tests responsive
primarily to hysteresis effects, including
higher harmonic effects, may prove more
useful.

Steinmetz’s Vectors
By the 1890s, Charles Proteus Steinmetz
had come to the United States and begun
work for General Electric (Fig. 6).
Steinmetz had a colorful, outspoken
character and was a hard working
industrial researcher in the modern sense.

In the late 19th century, the sinusoidal
oscillations of alternating current electric
power system voltages and currents
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FIGURE 7. Charles W. Burrows’ eddy current test 
patent filed in 1923 (United States Patent 1 686
Objects).12

Legend
1. Primary coil to energize reference circuit.
2. Primary coil to energize test specimen circuit.
3. Primary circuit.
4. Closed secondary circuit.
5. Standard reference specimen.
6. Test specimen.
7. Dynamometer.
8. Core.
9. Stationary coil.

10. Moving coil.
11. Pointer.
12. Scale or dial.
13. Test coil for reference circuit.
14. Test coil for test specimen circuit.
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introduced new complexities in analysis
of circuit performance, as compared with
analyses for Thomas A. Edison’s earlier
direct current electric power systems.
Detailed solutions of Maxwell’s equations
required vector calculus.

Steinmetz developed much simplified
techniques of analysis using rotating line
segments that he called vectors (later
called sinors) to represent sinusoidal
quantities. As such line segments rotated
about one end (at the origin of
coordinates), their vertical projections
mapped out the ordinates of the
sinusoidal waves when these vertical
projections were plotted as functions of
time. Together with the technique of
representing impedances on a complex
plane, these phasor quantities reduced the
solutions for steady state alternating
current to simple algebra and
trigonometry rather than to integral
calculus.

Later, after World War II, these
techniques of signal analysis on the
complex plane were to become widely
used in analysis of eddy current tests
arrangement with comparator circuit from
679, Apparatus for Testing Magnetizable

3
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1413
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FIGURE 8. Cecil Farrow (right) watches
operation of system for electromagnetic
testing of longitudinally welded steel tubes.
following their clear enunciation by
Friedrich Förster.11 The corresponding
impedance diagrams on the complex
plane and oscilloscope displays provide
direct means for interpreting many of the
changes observed in eddy current
nondestructive testing. These
two-dimensional impedance diagrams,
with the inductive reactance as the
ordinate and resistive (energy loss) values
as the abscissa, permit mapping of
numerous different test conditions and
prediction of various effects observed in
single-frequency alternating current
electromagnetic tests by technicians and
test operators who do not know calculus.

Early Industrial
Development of
Electromagnetic Induction
Comparators
Numerous electromagnetic induction or
eddy current comparators were patented
in the United States in the period from
1925 until the end of World War II in
1945. Innumerable examples of
comparator tests were reported in the
literature and in patents. Many provided
simple comparator coils into which round
bars or other test objects were placed,
producing simple changes in amplitudes
of test signals or unbalancing simple
bridge circuits (see Fig. 7). 7,8,12

In nearly all cases, particularly where
ferromagnetic test materials were
involved, no quantitative analyses of test
object dimensions, properties or
discontinuities were possible with such
instruments. Often, difficulties were
encountered in reproducing test results:
some test circuits were adjusted or
balanced to optimize signal differences
between a known sound test object and a
known anomalous test object for each
group of objects to be tested. Little or no
correlation could then be obtained
between various types of specimens, each
type having been compared to an
arbitrarily selected specimen of the same
specific type.

Many simple comparators operated at
60 Hz from 110 V alternating current
circuits, using conventional instruments
such as volt meters, ampere meters, watt
meters and occasionally phase meters.
Such meters typically absorbed energy
from the test circuits and had accuracies
and reproducibilities often of only one or
two percent of full scale readings. In other
cases, wheatstone bridge circuits were
used to balance comparison test
arrangements and to provide greater
sensitivity to signal differences. For the
most part, many of these early
comparator systems were short lived and
received little acceptance in industry. By
comparison, a few such developments,
sponsored by major industries or
persistent creative inventors who sought
support and formed their own companies,
survived and have been used in
modernized form by industry in the
United States.

American Developments of
Electromagnetic Tests for
Steel Products
Development continued for
electromagnetic induction tests for round
bars, tubes, billets and other products of
the steel industry in the United States.
Advances at Magnetic Analysis
Corporation and at Republic Steel and
Tubes were based on the continuing
efforts of a few dedicated individuals who
passed their skills and enthusiasm along
to successors in the same organizations.
Charles W. Burrows (Fig. 7), Carl Kinsley
and Theodore W. Zuschlag were among
the pioneers at Magnetic Analysis
Corporation.7,8,12,13 Horace G. Knerr, Cecil
Farrow and Alfred R. Sharples received
basic patents for Republic Steel and Tubes
(Fig. 8). Their developments were
extended and continued in the
Electromechanical Research Center of
Republic Steel (later to become LTV Steel),
Cleveland, Ohio, by Cecil Farrow, William
Archibald Black, William C. Harmon and
I.G. Orellana.7,8,14 Automated
electromagnetic testing was applied to the
large scale, automated, production line
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testing of tubes, bars and billets. Other
companies had early inventors and
developers of electromagnetic tests but in
many cases management did not support
their developments long enough to
achieve practical applications.

Within the General Electric Company,
an early sequence of inventive
development was pioneered by
James A. Sams, Charles D. Moriarty and
H.D. Roop.7,8 Ross Gunn of the United
States Naval Research Laboratory designed
a new form of probe coil magnetizing
system with two small diameter pickup
coils displaced symmetrically along a
diameter of the magnetizing coil. This was
an early example of using one coil size for
magnetization and much differently sized
pickup coils in nonconcentric positions.

Developments in
Electromagnetic Induction
Tests
Rapid technological developments in
many fields before and during World
War II (1939 to 1945) contributed both to
the demand for nondestructive testing
and to the development of advanced test
techniques. Radar and sonar systems
made acceptable the viewing of test data
on the screens of cathode ray tubes and
oscilloscopes. Developments in electronic
instrumentation, and in magnetic sensors
used both for degaussing ships and for
actuating magnetic mines, brought a
resurgence of activity. After the war,
developments such as Floyd Firestone’s
Supersonic Reflectoscope for ultrasonic
testing and Förster’s advanced eddy
current and magnetometer systems
became available as industrial
nondestructive test systems. These
systems offered new dimensions for
nondestructive measurement of material
properties, the locations and the relative
sizes of discontinuities. The ten-year lag
(from 1945 to about 1955) in industry’s
acceptance of novel developments was
uniquely short in the case of these
instruments.

Electronic instrumentation based on
vacuum and gas filled electron tubes was
approaching the peak of its development.
These developments permitted easy
construction of variable frequency
oscillators and power supplies for the
magnetizing coils of eddy current test
systems. They also permitted minute
voltage or current signals to be amplified
linearly to levels adequate for display
systems, graphic and permanent recording
systems and for operation of sorting gates,
automation of scanning and
mechanization of materials handling
during tests.
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The aerospace and nuclear power
industries were developing rapidly and
made unique demands for sensitivity and
consistency of instruments used in
materials evaluation and inservice
reliability assessment. These industries
(and government agencies related to
them) were the primary sponsors of
research to advance all forms of
nondestructive testing. However,
governmental support of eddy current
instrumentation remained significantly
less than for other fields of nondestructive
testing until Friedrich Förster’s technology
was introduced to this country.

Friedrich Förster
The introduction by Förster of
sophisticated, stable quantitative test
equipment and of practical techniques for
analysis of quantitative test signals on the
complex plane were important factors
contributing to the rapid development
and acceptance of electromagnetic
induction and eddy current tests from
1950 to 1965 in the United States.

Förster’s experience before World
War II included advanced university
education in physics and, in German
research institutes, a significant
introduction to electromagnetic
measurements related to the metallurgy
and structure of steels and nonferrous
metals. During World War II, his
knowledge was used in naval warfare,
particularly with respect to magnetic
mines. At the conclusion of the war, after
a period of imprisonment by the French,
Förster retrieved his technical reports and,
“with the aid of a screwdriver and a
technician,” began further development
of electromagnetic test instruments in the
upper story of an old inn just a few
kilometers from Reutlingen — the place
where he later established the
Institut Dr. Förster.

By 1950, he had developed a precise
theory for many basic types of eddy
current tests, including both absolute and
differential or comparator test systems
and probe or fork coil systems used with
thin sheets and extended surfaces.11

Painstaking calibration tests were made
with these coil systems and with mercury
models (in which discontinuities could be
simulated by insertion of small pieces of
insulators). Each test was confirmed by
precise solution of Maxwell’s differential
equations for the various boundary
conditions involved with coils and test
objects, at least for symmetrical cases such
as round bars, tubes and flat sheets where
such mathematical integrations were
feasible.

Further studies were made of the
nonlinear response characteristics of
ferromagnetic test objects. Techniques



using very low test frequencies (5 Hz),
harmonic signal analysis, comparators at
various levels of magnetization and
precise bridge circuits were developed. In
most instances, Förster replaced
measurements of the inductance or
impedance of magnetizing coils with the
more precise technique of measuring
response with unloaded secondary coils
coupled to the test materials (the
secondary coil’s coupling with the test
material is almost identical to that of the
magnetizing coils).

The extent and depth of these scientific
studies were not matched by any United
States laboratory, either government
sponsored or operated independently. By
extensive publications (not initially in the
form of United States patents but in the
open literature), Förster made the results
of this research available to the world of
technical personnel. His contribution of
almost the entire theory and technology
of electromagnetic induction and eddy
current test techniques in the first edition
of the Nondestructive Testing Handbook of
the American Society for Nondestructive
Testing (ASNT) provided the means for
educating thousands of nondestructive
test personnel in the theory, techniques,
equipment and interpretation of eddy
current tests.15 This integrated
presentation was then used throughout
the world to update eddy current test
technology.

The unique developments in Förster’s
new laboratory in Reutlingen, Federal
Republic of Germany, were made known
in the United States not only by those
who read his German publications before
1950 but also through missions in which
American personnel were sent to Förster’s
laboratory for education and experience
with these new forms of test
instrumentation. Richard Hochschild, for
example, made a visit of perhaps six
months to Reutlingen. Upon his return,
he prepared summary reports that were
distributed by the Atomic Energy
Commission, the sponsors of his visit.16

In the United States, numerous
facilities began research to test these new
concepts and instrumentation, including
significant efforts at Oak Ridge, Hanford
and other facilities. The creative work of
Hugo L. Libby at Hanford and others at
Oak Ridge may well have been sponsored
in response to the original work done by
Förster.

Even more significant was the transfer
of Förster’s technology to American firms
manufacturing and distributing
nondestructive test equipment since 1952.
Förster made his first presentation before
an ASNT audience in the early 1950s after
learning a very little English aboard ship.
Agreements for licensing under Förster
patents were later concluded. The
nondestructive testing staff at Battelle
Memorial Institute in Columbus, Ohio,
modified the basic Förster instruments for
use with United States components and
electron tubes.

During the next few years, increasing
amounts of Förster’s technology were
transferred to Magnaflux, whose staff
under Glenn L. McClurg became qualified
in design and production of Förster’s
various instruments and then marketed
these electromagnetic induction test
systems throughout the United States. The
collaboration between Förster and the
Magnaflux Corporation lasted perhaps ten
years, during which rapid progress was
made both in the German laboratory and
in the United States.

Proliferation of Eddy
Current Equipment
Upon termination in the 1960s of the
arrangement with Magnaflux, Förster
marketed his instruments through the
Foerster-Hoover organization in Ann
Arbor, Michigan. Rudolf G. Hentschel,
who was trained in Reutlingen at Institut
Dr. Förster, transferred information to this
new organization. After a few years, the
licensing of Foerster instruments to
Automation Industries resulted in further
transfer of advanced technology and
marketing through a new organization. A
later arrangement with Krautkramer
Branson repeated this unique educational
process.

Organizations manufacturing many
types of nondestructive test equipment
and marketing their services widely in the
United States made advances in test
technologies and broadened the range of
applications. Most of these instruments
have been updated to semiconductor
circuit elements and integrated circuits.
Many instruments in the twenty-first
century operate with absolute or
differential probe coils, encircling coils,
internal bobbin coils and various special
coil and circuit arrangements — many of
which Förster described in the first edition
of the Nondestructive Testing Handbook.

Self-balancing or self-adjusting
instruments, which establish reference
points by placing probes on standard test
materials or specimens, are available in
several cases, using developments by
Hugo Libby and other innovators. Designs
of probes based on digital computer
analyses of eddy current distributions in
single-layer or multiple-layer sheet
materials have been made feasible
through the pioneering work at Oak Ridge
National Laboratory. Special probes with
split coils, internal magnetic shields and
other complexities have also been
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developed for crack detection and special
applications. Digital displays of test
signals are also being used.

Microwave Nondestructive
Testing
At very high frequencies, electromagnetic
fields can be concentrated into beams and
propagated through space. When such a
beam pulse strikes a conducting metallic
surface, for example, it is reflected and
may return as an echo to the site of the
original pulse transmitter, or to other
detectors, as in radar detection. In
dielectric materials, microwaves can be
subject to rotations and phase shifts, as
well as to attenuation due to dielectric
hysteresis losses. In many ways,
microwave nondestructive test systems are
analogous in performance applications to
immersion ultrasonic test systems. By
Maxwell’s theory of the electromagnetic
field, microwaves are reflected like light
waves by eddy currents induced in the
surface layers of highly conducting
metallic materials. Thus, microwaves
appear to have the capacity to apply high
frequency eddy current tests to a metallic
surface from a distance and perhaps to
scan such surfaces to detect
discontinuities that change the pulse
reflection patterns.

When his eddy current systems were
sold to the Budd Company, Richard
Hochschild turned his attention to
formation and development of Microwave
Instruments Company, Corona del Mar,
California. Soon a series of instrument
systems had been developed and the long
task of educating industrial and scientific
users in the capabilities and applications
of electromagnetic tests had to be done all
over again for these new higher
frequencies.

The theory and design of microwave
generators, horns, antennas, detectors and
display systems had been developed for
long distance ranging in radar. Many
textbooks presented the electromagnetic
theory of microwaves in terms readily
used by electrical engineers. Microwave
system components and electron tubes
were commercially available. However,
electrical engineers were rarely aware of
the needs of nondestructive testing
engineers, and nondestructive testing
engineers had little familiarity with
microwaves. In fact, many nondestructive
test personnel were still just beginning to
use and understand eddy current testing
at the lower frequencies.

After several years of diligent
development, continued application
research and marketing efforts by Richard
Hochschild with the assistance of Ronald
40 Electromagnetic Testing
Botsko, the pioneer organization
Microwave Instruments Company was
sold and its proprietor moved to the area
of medical services. A few other
organizations built simple microwave test
systems but the development of industrial
microwave nondestructive testing
languished during the 1970s. Limited
research sponsored by government
agencies resulted in possibilities for crack
detection from a distance.

The theory of microwave antennas and
of time domain reflectometry of
microwaves in tubes, passing along wires
and reflecting and refracting in dielectric
layers, promises the possibility of valuable
nondestructive testing applications.
Because microwaves can be focused,
microwave systems could be designed to
operate in a manner analogous to optical
instruments and ultrasonic systems.

A large scale example of microwave
exploration of test objects at great
distances is occurring in radio astronomy
laboratories throughout the world. Many
radio signals from objects billions of
kilometers away have been confirmed by
films from optical telescopes and the
locations of others have been predicted.
Emissions are detected from galaxies,
black holes and other astronomical
features. J.D. Kraus has recognized this as
a form of nondestructive testing of outer
space and has written a biographical book
called The Big Ear,17 which clearly and
simply summarizes a lifetime of study and
applications of Maxwell’s theory of
electromagnetic fields.
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PART 1. Introduction to Principles of
Electromagnetic Testing
The electromagnetic test method of
nondestructive testing, like other
nondestructive test methods, involves the
application of electromagnetic energy to
evaluate the condition of test objects. The
energy interacts with the material and a
snapshot of the interaction process is
analyzed to ascertain the condition of the
material. Although electromagnetic
methods, in principle, cover a wide range
of techniques, the term electromagnetic
testing is generally used to denote several
techniques, including magnetic flux
leakage testing, eddy current testing and
microwave testing. Radiation methods
such as infrared and thermal testing and
radiographic testing are often not thought
of as electromagnetic methods even
though they are governed by the same
physical laws.

Although all electromagnetic methods
are governed by Maxwell’s equations, the
distinctive nature of each method stems
from differences in excitation frequencies,
the nature of the transducers used and the
signal analysis techniques for
characterizing the state of the test object.
As an example, magnetic flux leakage
techniques typically use excitation
frequencies near 0 Hz whereas eddy
current techniques use excitation
frequencies from about 100 Hz to about
10 MHz. Microwave testing uses
excitation sources usually in excess of
100 MHz.

As the excitation frequency increases
from zero, the underlying physical process
gradually changes. Below about 10 MHz,
the field is said to be quasistatic, which
means that displacement current is
negligible. As the frequency finally
increases beyond quasistatic values, the
energy propagates in the form of waves
into the tested material. Differences in the
underlying processes associated with each
frequency make it possible for
electromagnetic techniques to test a wide
range of materials.

The principles underlying three
techniques correspond to the three
frequency ranges discussed below:
(1) magnetic flux leakage testing (low
frequency), (2) eddy current testing
(middle frequency) and (3) microwave
testing (high frequency).
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PART 2. Magnetic Flux Leakage Testing

FIGURE 2. Physics of permanent magnets:
(a) random orientation of domains in
unmagnetized state; (b) domains aligned in
direction of applied field; (c) relaxation of
parallel alignment of domains when
magnetic field is removed;
(d) self-demagnetization of material after
magnetic field is removed; (e) reversion of
domains to random orientation when gap is
removed.3 See Fig. 3 for characteristic
curve.
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Magnetic flux leakage testing is used
extensively in industry for testing
ferromagnetic parts and components. The
magnetic flux leakage technique involves
magnetization of the test object by a
permanent magnet or by passing an
excitation current directly through an
electromagnet. The presence of a
discontinuity on or near the surface of the
sample disturbs the magnetic flux lines
and results in a local leakage field around
the discontinuity. The magnetic flux
leakage field can be detected using a
variety of techniques. In magnetic particle
testing, the leakage field is imaged by
dusting the surface of the test object with
magnetic particles coated with fluorescent
dye.1 Force exerted by the magnetic
leakage field around a crack attracts the
particles to line up along surface cracks.
The magnetic flux leakage field can also
be detected using noncontact sensors such
as a hall effect probe or a simple
induction coil. A hall probe using an
element oriented parallel to the sample
surface is sensitive to the normal
component of the magnetic flux leakage
field and generates a typical signal, as
shown in Fig. 1 for a rectangular notch.2

To understand the operation of
magnetic flux leakage, it is useful to
consider the physics of permanent
magnets. A permanent magnet can be
considered an agglomeration of domains
that can be thought of as elementary
magnets obtained as a result of the fact
that the dipole moments of
uncompensated electron spins contained
within the domain are held parallel.3 In
the demagnetized state, the domains
orient themselves randomly (Fig. 2a) so
that closed paths for the magnetic flux
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FIGURE 1. Typical leakage field signal.2
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exist in the material. The magnetostatic
energy under this condition is a
minimum. This state is indicated by point
0 on the characteristic curve of magnetic
flux density B versus magnetic field
intensity H (Fig. 3). When an external
magnetic field is applied, the domains
tend to align with the direction of the
applied field, thereby increasing B. The
operating point now moves into region
0A in Fig. 3. The size and orientation of
the domains are affected by the potential
energy (1) arising out of the interaction
between neighboring atoms, (2) associated
with the anisotropy energy and
(3) associated with the external field
energy.

As the external magnetic field is
increased, the operating point moves into
region AB of Fig. 3. The domain walls
start shifting and ultimately reach a state
when each crystal represents a single
domain. Further increases in the magnetic
field intensity result in magnetic
saturation, a state in which the domains
rotate against the forces of anisotropy
until all the domains get aligned in the
direction of the applied field (Fig. 2b).3
This state is represented by the region BC
on the curve of B versus H (Fig. 3).

If the applied magnetic field is then
withdrawn, the domains relax. As a result,
the parallel alignment of the domains is
disturbed (Fig. 2c). The residual flux Br
represents a new minimum energy, at
point D where magnetization H = 0.

If a gap is then introduced as shown in
Fig. 2d, the material self-demagnetizes.
The imbalance created by the gap results
in a realignment of the domains closest to
the gap.
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FIGURE 3. Typical characteristic curve of magnetic flux density
B versus magnetic field intensity H.3
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These domains take up orientations
that are 180 degrees from the original
orientation. The mechanical energy
injected into the system to introduce the
gaps is used to transfer the operating
point from D to E. If the air gap is then
reduced to zero as shown in Fig. 2e, the
operating point moves along the minor or
recoil loop to F and the domains revert
back very nearly to the same orientation
as before. If the gap is once again restored,
the operating point then moves toward
point E along the recoil loop FGE.
Repeated cycles of opening and closing
the gap cause the minor recoil loop to be
traced.

The presence of a discontinuity causes
a reduction in the cross sectional area of
the test object, thereby resulting in a local
increase in the magnetic flux density.4,5 A
reduction in the permeability together
with an increase in the magnetic flux
density would cause the flux to leak into
the surrounding medium. Magnetic
leakage fields can be subdivided further
into active or residual leakage fields. To
understand the origin of the leakage fields
and choice of initial magnetization for the
active leakage field technique, consider an
unmagnetized steel billet with a surface
discontinuity, as shown in Fig. 4a. Let A
represent the cross sectional area of the
billet and let a represent the cross
sectional area of the discontinuity. The
cross sectional area of the sound portion
of the billet in the vicinity of the
discontinuity is reduced to (A – a) units
(Fig. 4b).

Magnetic field H is a vector quantity
because it has both magnitude and
direction. In the characteristic curve of
Figs. 2 and 3, for isotropic materials, H is
the magnitude component and so is a
scalar quantity.

Then, place the billet in a uniform
magnetic field H and represent the
induced flux density in the sound portion
of the billet by B1 (weber per square
meter). This magnetic flux density
corresponds to a point P to the right of
µmax on the permeability curve of the
material, as illustrated in Fig. 4c. The
corresponding point on the initial
magnetization curve in Fig. 4c is point Q.
The magnetic flux density passing
through the sound part of the billet is B1
(tesla). Now, if it is assumed that this
same magnetic flux is to pass through the
reduced billet area in the vicinity of the
discontinuity, then the flux density
present in this section is greater than B1
and is equal to B1A·(A–a)–1, namely B2.

This local increase of magnetic flux
density results in a change of the
operating point on the magnetization
curve from Q to Q´ and a corresponding
decrease of local permeability from P to
P´. However, this results in conflicting



FIGU
mate

(a)

(b)
demands in the vicinity of the
discontinuity. The magnetic flux density
must increase with a reduction of cross
sectional area but this change drives the
permeability in the restricted region of
the billet to a value less than that present
in the sound regions. Consequently, some
of the flux leaks into the surrounding
medium near the discontinuity and is
called a leakage field (Fig. 4d). The
detection of this leakage field is the basis
of magnetic flux leakage testing.

Subsurface Discontinuities
If a discontinuity is farther below the
surface, the difficulty of detecting these
magnetic leakage fields is much greater.
The reason for this difficulty is that the
surrounding material tends to smooth out
the field distortion due to the subsurface
discontinuity, thus resulting in a small

field disturbance on the surface of the
billet.4 Because most detectors used to
monitor the magnetic leakage fields rely
on a sharp change of field gradient to
record the presence of the field, it is
naturally difficult to sense the location of
subsurface discontinuities, as illustrated in
Fig. 5.

Degree of Initial
Magnetization
The initial operating point on the
permeability characteristic of the material
is very important.4 For example, if this
point should lie to the left of µmax, as
illustrated by the point T in Fig. 4c, an
increase of magnetic flux density with an
area reduction due to a discontinuity
would drive the local permeability higher
than the permeability of a material free of
discontinuities. Thus, there is a possibility
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RE 4. Billet with discontinuity: (a) view of billet; (b) cross section through discontinuity; (c) magnetic characteristics of billet
rial; (d) billet in magnetic field, showing discontinuity leakage field.4
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that the discontinuity may go undetected
in these circumstances.

Moreover, if the initial magnetization
of the material should locate the
operating point near saturation, then the
difference between the magnetic flux
density in the material and the leakage
magnetic field in the surrounding
medium decreases with increasing
discontinuity cross sectional area.
Therefore, the problem of quantitatively
detecting the discontinuities is magnified
because it becomes increasingly more
difficult to discriminate between the
severity of the various heterogeneities.

Also, because the degree of
magnetization is so great, the surface
roughness is easily mistaken for actual
discontinuities and results in unwarranted
rejection of test objects.

Therefore, there exists an upper and
lower limit of magnetization to which a
test object should be subjected if the
magnetic leakage field technique of
nondestructive testing is to be most
successful. Magnetization of the test
object lies on the linear part of the
magnetization curve in such a way that
the material permeability is maximum.
Magnetization should not approach
saturation but should have a value of flux
density that locates the initial operating
point of the material on the steepest part
of the initial induction curve.

If the degree of magnetization is too
low, discontinuities may go unnoticed
and, if the magnetization level is too
high, a lack of discontinuity
discrimination may result in false
indications.
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FIGURE 5. Billet with subsurface discontinuity, showing
resultant leakage field.4
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PART 3. Eddy Current Testing

FIGURE 7. Impedance plane trajectories of
coil over specimens: (a) over
nonferromagnetic specimen; (b) over
ferromagnetic specimen. Changes are
exaggerated for clarity.7,8
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Eddy current techniques of
nondestructive testing rely on the
principles of magnetic induction to
interrogate the materials under test. A
complete understanding of the underlying
physical process can only be gained
through Maxwell’s equations. However,
the physical basis of the technique can
also be understood qualitatively. Eddy
current testing is based on the fact that,
when a coil excited by an alternating
current is brought close to a material, the
terminal impedance of the coil changes.6
The change is associated with the fact that
the primary field set up by the eddy
current coil induces eddy currents within
the electrically conducting specimen.

In conformity with Lenz’s law, the
direction of the induced eddy currents
and consequently the secondary field
generated by these currents oppose the
change in the primary field (Fig. 6).7,8 If
the test object is nonferromagnetic, the
magnetic flux leakage associated with the
coil decreases because of the opposing
nature of the primary and secondary
fields. Because the self-inductance of the
coil is defined as flux linkages per ampere,
the inductance of the coil decreases.
Accompanying the decrease in inductance
is an increase in resistance, owing to the
fact that the eddy current losses incurred
within the specimen have to be met by
the source of primary excitation. This loss
manifests itself as a change in coil
resistance.

The presence of a discontinuity or
heterogeneity in the test object causes a
reduction as well as a redistribution of the
eddy currents. Consequently, the changes
in the inductance and resistance of the
excitation coil are correspondingly less.
Figure 7a shows how the impedance of a
FIGURE 6. Alternating current coil over conducting test object,
showing opposite direction of primary and induced
currents.7

H primary Coil

Direction of
primary current

H induced

Conducting
test object

Direction of
induced current
coil changes as it comes in contact with
nonferromagnetic conducting specimens
with and without discontinuities. It
should be noted that Fig. 7 greatly
exaggerates these changes.7,8

The underlying process is more
complicated when the test object is
ferromagnetic. Counteracting the decrease
in inductance (due to the influence of
eddy currents induced in the test object)
is an increase in inductance attributable
to the higher permeability of the material.
The latter effect generally predominates,
51Principles of Electromagnetic Testing

Legend
1. Coil in air.
2. Coil over specimen with discontinuity.
3. Coil over specimen without discontinuity.
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FIGURE 9. Alternating current bridge for measuring changes
in impedance.

Impedance 1 Impedance 2

Imbalance signal

Coil 1 Coil 2

FIGURE 10. Narrow axisymmetric outside
diameter groove having width less than
spacing of differential coil: (a) diagram;
(b) impedance plane trajectory obtained for
groove.7

(a)

(b)
X

A

so the inductance of the coil increases
when the coil comes in contact with a
ferromagnetic specimen (Fig. 7). The
change in inductance is also accompanied
by an increase in resistance attributable to
the eddy current and hysteresis losses.7-9

The variations in coil impedance
caused by discontinuities in the test
object are often very small in comparison
with the quiescent value of the coil
impedance. Detection and measurement
of these small changes is often
accomplished using bridge circuits.

In this regard, there is a useful
distinction between two kinds of probe
coils: (1) absolute coils and (2) differential
coils. An absolute coil responds to the
electromagnetic properties of the test
object in the magnetic field of the coil
without comparison to the response of a
second coil. Differential coils are two or
more coils connected in such a way that
electromagnetic differences in the regions
beneath the coils will cause an imbalance
between them to be signaled.

A problem of the absolute eddy current
probe is the difficulty of detecting small
changes in impedance, which are
superimposed over the value in air. In
addition, changes in the coil parameters
because of environmental factors and
liftoff can often mask changes due to
discontinuities, making signal
interpretation very difficult.

An alternative to the absolute eddy
current probe is the differential eddy
current probe. Figure 8 shows a
differential eddy current probe designed
for testing tubes.9 The probe consists of
two identical coils mounted on the same
axis as the tube but spaced apart by a
small distance. The two coils form two
arms of a bridge circuit as illustrated in
Fig. 9.9 The bridge imbalance signal is the
voltage difference across the impedance of
two coils. When the probe is moved past
a discontinuity, the change in impedance
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FIGURE 8. Differential eddy current probe for
inspecting tubes from the inside.7
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Differential eddy
current probe
of the leading coil when it scans a
discontinuity results in an imbalance
voltage. The differential impedance traces
a trajectory 0A0 in the impedance plane
shown in Fig. 10.8 Similarly, when the
trailing coil scans the discontinuity, the
differential impedance traces the
0
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Legend
R = resistance (relative scale)
X = reactance (relative scale)



trajectory 0B0 in the opposite direction.
The shape of the impedance plane
trajectory is a function of the nature of
the discontinuity. This information is
used in inverting the measured eddy
current probe signal to determine the
shape and size of the discontinuity.

Electrical Conductivity and
Resistivity
In eddy current testing, instead of
describing conductivity in absolute terms,
an arbitrary unit has been widely adopted.
Because the relative conductivities of
metals and alloys vary over a wide range,
a conductivity benchmark has been
widely used. In 1913, the International
Electrochemical Commission established
that a specified grade of high purity
copper, fully annealed — measuring 1 m
long, having a uniform section of 1 mm2

and having a resistance of 17.241 mΩ at
20 °C — would be arbitrarily considered
100 percent conductive. The symbol for
conductivity is σ and the unit is siemens
per meter. Conductivity is also often
expressed as a percentage of the
International Annealed Copper Standard
(IACS).10
TABLE 1. Electrical resistivity and conductivity 

Condu_______________
Metal MS·m–1 (

Aluminum, pure 35.38
Aluminum (99.99 percent) 37.67
Antimony 2.55
Bronze, commercial annealed 25.52
Cadmium 14.62
Calcium 28.25
Chromium 5.10
Cobalt 16.01
Copper 58.00
Gold 40.60
Iron, pure 10.44
Iron ingot (99.9 percent) 9.05
Magnesium, pure 22.39
Molybdenum 19.14
Nickel 14.62
Selenium 8.35
Silver, tin solder 9.63
Steel, high alloy 1.68
Tin, pure 8.70
Tin foil 2.44
Tungsten 18.21
Zinc, commercial rolled 16.24

a. International Annealed Copper Standard.
Table 1 lists the conductivity σ and the
resistivity ρ of selected materials. Note
that conductance and resistance are direct
reciprocals: a good conductor is a poor
resistor. Resistivity ρ is expressed in
absolute terms of ohm meter or of
microohm centimeter. To convert, simply
follow Eq. 1:

(1)

The impedance of a test coil varies with
the conductivity of a nearby material.
Figure 11 shows how the magnitude of
impedance decreases with increasing
conductivity.

The coil’s inductive reactance is plotted
on the Y axis; coil resistance is plotted on
the X axis. The 0 percent conductivity
point, or air point, is when the coil’s
empty reactance is maximum.

Conductivity is influenced by many
factors. Figure 11 represents a measured
conductivity locus. Table 1 lists
conductivities of materials with different
chemical compositions.11-13
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of selected metals.11

ctivity Resistivity______________ __________________________
percent IACSa) Ω·m (µΩ·cm)

(61.00) 2.83 × 10–8 (2.83)
(64.94) 2.65 × 10–8 (2.65)
(4.40) 3.92 × 10–7 (39.18)

(44.00) 3.92 × 10–8 (3.92)
(25.20) 6.84 × 10–8 (6.84)
(48.70) 3.54 × 10–8 (3.54)

(8.80) 1.96 × 10–7 (19.59)
(27.60) 6.25 × 10–8 (6.25)

(100.00) 1.72 × 10–8 (1.72)
(70.00) 2.46 × 10–8 (2.46)
(18.00) 9.58 × 10–8 (9.58)
(15.60) 1.11 × 10–7 (11.05)
(38.60) 4.47 × 10–8 (4.47)
(33.00) 5.22 × 10–8 (5.22)
(25.20) 6.84 × 10–8 (6.84)
(14.40) 1.20 × 10–7 (11.97)
(16.60) 1.04 × 10–7 (10.39)
(2.90) 5.94 × 10–7 (59.45)

(15.00) 1.15 × 10–7 (11.49)
(4.20) 4.10 × 10–7 (41.05)

(31.40) 5.49 × 10–8 (5.49)
(28.00) 6.16 × 10–8 (6.16)
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FIGURE 12. Effect of frequency change: (a) prima
(b) primary impedance with secondary circuit.6,1

(a)

Legend
B, C, D, E, F = loci for selected values of ZP

G = secondary conductance
ZP = primary impedance
ω = angular frequency = 2πf where f = frequency

ωLS = secondary reactance
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FIGURE 11. Measured conductivity locus,
with conductivity expressed in siemens per
meter (percentages of International
Annealed Copper Standard).6,10,12

Re
ac

ta
nc

e 
X

(r
el

at
iv

e 
sc

al
e)

air, 0 (0)

Conductivity

1.2 (2)

2.9 (5)

5.8 (10)

58 (100)

Resistance R (relative scale)
Impedance
The vector sum of the reactive and
resistive components is impedance.
Impedance is a quantity with magnitude
and direction directly proportional to
frequency. To construct a universal
impedance diagram valid for all
frequencies, the impedance must be
normalized.6 Figure 12 shows a typical
normalized impedance diagram.6

Primary impedance ZP is affected by
changes in frequency (ω = 2πf). Figure 12a
represents primary impedance without a
secondary circuit or test object.

Figure 12b illustrates the effect of
frequency on primary impedance with a
secondary circuit or test object present.
The primary resistance R1 shown in
Fig. 12a has been omitted from Fig. 12b
because resistance has a relatively small
effect on frequency. The term ωLSG in
Fig. 12b represents a reference quantity
for the secondary impedance, where G is
ry impedance without secondary circuit;
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secondary conductance (siemens) and ωLS
is secondary reactance (ohm).

Further normalization is accomplished
by dividing the reactive and resistive
components by the primary inductive
reactance ωL0 without a secondary circuit
present. In Fig. 13, the terms ωL·(ωL0)–1

and R·(ωL0)–1 represent the relative
impedance of the test coil as affected by
the test object.

Signals generated by changes in ωL or
R caused by test object conditions such as
surface and subsurface discontinuities (as
well as variations in liftoff, material
thickness and conductivity) may be noted
by ∆(ωL) or ∆R to indicate a change in the
impedance.
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FIGURE 13. Normalized impedance diagram for long coil
encircling solid cylindrical nonferromagnetic bar and for thin
wall tube. Coil fill factor = 1.0.12,13

Legend
k = √(ωµσ) = electromagnetic wave propagation constant for 

conducting material
r = radius of conducting cylinder (m)
µ = magnetic permeability of bar (4π × 10–7 H·m–1 if bar is 

nonmagnetic)
σ = electrical conductivity of bar (S·m–1)
ω = angular frequency = 2πf where f = frequency (Hz)

√(ωL0G) = equivalent of √(ωµσ) for simplified electrical circuits, 
where G = conductance (S) and L0 = inductance in air (H)
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PART 4. Microwave Testing
Microwave Radiation14

The term microwave is used to denote all
electromagnetic radiation waves whose
frequencies lie between 0.3 and 300 GHz.
These frequencies correspond to a range
of free space wavelengths in vacuum from
about 1 m (39 in.) to 1 mm (0.04 in.). In
vacuum or air, microwaves travel at the
velocity of light, about 2.998 × 108 m·s–1

(671 million mi·h–1).
Microwaves in the frequency range

above about 40 GHz are generally referred
to as millimeter waves because their
wavelengths in free space are
conveniently measured in millimeters.

As seen in Fig. 14, microwaves occupy
that portion of the electromagnetic
spectrum between radio waves and
infrared radiation.14,15 Microwaves are
common in daily life. The public first
became familiar with them as the form of
energy used for radar. Microwave ovens
are commonly used both to cook and to
dry foods. Telephone and communication
circuits use microwave relay stations to
transmit signals over distances of many
miles. Television signals are often
transmitted by means of microwaves and
are sent and received by dish antennas,
which are used in larger sizes for space
communications and for radio astronomy.
Guidance, tracking and control of
spacecraft are made possible by
microwaves. Microwaves are also used for
nondestructive testing and spectroscopy.
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Microwaves

FIGURE 14. Electromagnetic spectrum wavelengt
infrared and radio waves.14
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Basic Experimental
Approach
Microwaves propagate readily through
most nonmetallic materials. In contrast,
microwaves reflect almost completely
from metal surfaces, penetrating only
microscopic distances below the surface.

Figure 15 illustrates a typical
experimental setup for the microwave
transmission technique.16 The basic idea
is that a nonmetallic (dielectric) test
object is irradiated by microwave energy
from a transmitting horn antenna; the
signal then travels through the sample
and is received by a receiving horn
antenna. The phase difference between
the incident and the received signals is
directly related to the slab thickness and
its relative permittivity εr, which in
general is a complex parameter:

(2)

Relative dielectric permittivity εŕ´ is
related to the attenuation experienced by
the signal while traveling through the
slab. (Absolute permittivity is measured in
farad per meter; relative permittivity is a
ratio, nondimensional.)

A microwave sweep oscillator is used to
generate a swept frequency signal, which
is passed through an isolator and is then
split into a test signal and a reference

ε ε εr r r= ′ − ′′j
hs and frequencies. Microwaves are between
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FIGURE 16. Open ended coaxial aperture for microwave
reflection technique for evaluation of surface cracks in
metals: (a) side view; (b) axial view.16
signal. The reference signal becomes the
input signal to the reference channel of a
microwave network analyzer. The test
signal is fed through another isolator,
which prevents reflections from
corrupting the reference signal. After
passing through a frequency meter, the
signal irradiates the sample under test
through a small transmitting horn
antenna. The signal that propagates
through the sample is then picked up by a
small receiving horn antenna and is
subsequently directed to the test channel
of the network analyzer. The network
analyzer compares the amplitude and the
phase of the test signal with those of the
reference signal.

A lossless dielectric material (εŕ´ = 0)
has a relative permittivity εr that is real
and greater than 1. The wavelength λ
(meter) and the phase constant β (radian
per meter) for an electromagnetic wave
propagating in such a dielectric are:

(3)

and:

(4)

where:

(5)

and where c is the speed of light (about
2.998 × 108 m·s–1) and f is frequency
(hertz). It is evident that the wavelength λ
in a dielectric material is shorter than
wavelength λ0 in free space. Hence, a
dielectric slab has a longer electrical

λ0 = c
f

β π
λ

= 2

λ λ
ε

= 0

r

FIGURE 15. Measurement apparatus for transmission
technique of microwave testing.15
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length than a column of air of equal
thickness. The electrical length is defined
as the number of wavelengths between
two points. This reduction in wavelength
causes a greater phase shift per unit
length for a wave propagating in the
dielectric, which is used to determine
both the relative permittivity and the
thickness of dielectric slabs.

Figure 16 shows the side and axial
section views of an open ended coaxial
aperture for the microwave reflection
technique.17 This technique is used for
evaluation of surface cracks in metals.

The dominant mode of operation for
coaxial lines is the transverse
electromagnetic mode. The word
transverse refers to the fact that the
directions of the electric (radial) lines and
magnetic field (concentric) lines are
orthogonal to each other and both are
orthogonal to the direction of energy
propagation (along the coaxial line), as
shown in Fig. 17.

When a coaxial line is cut at one end
and is terminated by a metal plate, it is
said to be short circuited. As a result, the
electric field at the plate (the short circuit)
is totally reflected with a phase shift of
180 degrees. When a crack is introduced
in the metal plate, nearly all of the
incident signal is reflected. However, the
phase of the reflected signal depends on
the frequency of operation, coaxial
aperture dimensions, the dimensions of
the crack and its location in the open
ended coaxial aperture. The length of the
crack exposed to the probing aperture
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changes as a function of the scanning
distance, as can be seen in Fig. 17.

One may use a vector network analyzer
and measure the change in the magnitude
and phase of the reflection coefficient.
However, a relatively small, simple and
inexpensive reflectometer or phase
detector may be designed and constructed
using discrete microwave components. In
this way, a direct current voltage
proportional to the magnitude or phase of
the reflection coefficient can be measured
and recorded to indicate the presence and
the properties of a crack.

FIGURE 17. Field distributions and relative
crack geometry at coaxial probe aperture,
illustrating arrangement of transverse
electromagnetic mode.16
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Local crack length
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PART 1. Modeling of Phenomena for
Electromagnetic Testing
Introduction
Mathematical models are used to simulate
the eddy current phenomenon and its
applications in nondestructive testing.
Models typically simulate an eddy current
test and predict the probe signal
associated with a specific discontinuity (a
region where conductivity or permeability
changes abruptly) under different
experimental conditions. Results of such
parametric studies are useful in designing
probes, visualizing the interaction of the
field with discontinuities, optimizing the
test setup and generating discontinuity
signatures that can be used to develop
signal interpretation algorithms.
Simulation models are relatively
inexpensive compared to data acquired
experimentally from artificial
discontinuities.

All electromagnetic phenomena,
including those relating magnetic flux
leakage and eddy current testing, are
governed by differential equations.1

Basic Differential
Equations for
Electromagnetic Fields2

The differential equations governing
general, time varying electromagnetic
fields at low frequencies, in regions that
include magnetic and conducting
materials and applied current densities,
are derived from Maxwell’s equations:1

(1)

(2)

(3)

(4)

where B is magnetic flux density (tesla),
D is electric flux density (coulomb per
meter squared), E is electric field intensity
(volt per meter), H is magnetic field
intensity (ampere per meter), J is current
density (ampere per square meter), t is

∇ ⋅ =D ρ

∇ ⋅ =B 0

∇ × =H J

∇ × = − ∂
∂

E
B
t
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time (second) and ρ is charge density
(coulomb per cubic meter).

Equation 2 depends on the quasistatic
approximation, which neglects
displacement current. The microwave
technique needs the displacement current
but its omission is justifiable in the eddy
current technique because the highest
frequencies encountered are only on the
order of a few megahertz. At such
frequencies the conduction current in
metals is typically many orders of
magnitude greater than the displacement
current. Charge can accumulate on
discontinuity boundaries and on the
surface of conductors, giving rise to a
jump in the normal component of the
electric field. However, Eq. 2 implies that
∇·J = 0, which means for example that the
current normal to a surface that acquires a
charge is negligible. Although the
charging current can be neglected, the
effect of the charge on the electric field
cannot be ignored. If the boundary is not
abrupt, the incident charge is distributed
over a volume.

Note that by setting all time derivatives
to zero, these equations can be used to
describe magnetic flux leakage
phenomena. The same numerical model
used for eddy current testing can be
applied to magnetic flux leakage testing
by equating the frequency of the source
current to zero.

In addition to Maxwell’s equations, the
following relations describe linear,
isotropic media:

(5)

(6)

(7)

The permittivity or dielectric constant ε
(farad per meter), the magnetic
permeability µ (henry per meter) and the
electric conductivity σ (siemens per
meter) are treated here as scalar constants.
In anisotropic media, each becomes a
3 × 3 tensor. Nonlinear behavior for any
of the three properties may exist in a
given situation. Although nonlinearity in
conductivity and permittivity are rarely
encountered in eddy current problems,
nonlinearity of magnetic materials is

J E= σ

D E= ε

B H= µ



common and is expressed as the field
dependence of the permeability. For
practical eddy current applications, the
excitation levels are usually low enough
to justify the linearity assumption for
magnetic materials.

Using this assumption and substituting
Eq. 5, Eq. 2 becomes:

(8)

This, however, is not sufficient to
completely specify the fields within the
solution region because the current
density J contains two different sources.
The first and most obvious is the applied
current density Js. A second component is
the induced eddy current density Je.

Thus, Eq. 8 becomes:

(9)

At this point, it is useful to introduce
the magnetic vector potential A, which is
defined as follows:

(10)

Substituting this in Eq. 8 and Eq. 1
results in Eqs. 11 and 12 for a source free
region:

(11)

(12)

The electric field in Eq. 12 is:

(13)

Equation 13 shows that the electric
field can be partitioned into a magnetic
vector potential term and a contribution
written as the gradient of a scalar
potential φ. The gradient of the potential
is included to express the electric field as a
general form that satisfies Eq. 12. The
scalar potential is eliminated when Eq. 13
is substituted into Eq. 1 because the curl
of the gradient is identically zero.

Therefore, the electromagnetic field is
defined for any particular physical
problem but A and φ are not yet defined.
For example, a different potential gradient
could be added to the vector potential
term instead of the original ∇φ and A
could be adjusted to give the correct
electric field. The resulting expression
would satisfy Eq. 12 and yield the same
magnetic flux from Eq. 1. Therefore, there

E
A= − ∂

∂
− ∇

t
φ

∇ × = − ∇ × ∂
∂

E
A
t

1
µ

σ∇ × ∇ ×( ) =A E

B A= ∇ ×

1
µ

∇ × = +B J Js e

1
µ

∇ × =B J
is flexibility in the choice of A and φ. To
ensure that the potentials are uniquely
defined, the partition of the field must be
fixed in some way. This is usually done by
completing the definition of A.

A vector field may be defined, apart
from an arbitrary constant, by specifying
its curl and its divergence. In the case of
the magnetic vector potential, the curl is
given by Eq. 10. It is necessary only to
decide on the divergence to have it fully
specified. The specification of the
divergence is called the gage condition.

Substituting Eq. 13 into Eq. 12 gives:

(14)

Expanding the left side with the vector
identity ∇ × ∇ × = ∇∇ – ∇ gives:

(15)

The divergence of A is commonly defined
as zero (coulomb gage) but this would
not, in general, separate the scalar and
vector potentials. Instead, the gage
condition is chosen:

(16)

which eliminates the last two terms in
Eq. 15 to give:

(17)

Equation 17 resembles the diffusion
equation for heat flow and has similar
time domain solutions.

Most eddy current testing, however, is
performed with alternating current, for
which time dependence is simply a
harmonic oscillation in time. The
harmonic oscillation is characterized by
an amplitude and a phase, which can be
conveniently represented in phasor form:
A(r,t) = ℜ{A(r) ejωt }, where A(r) is a
complex vector representing the
amplitude and phase of the components
of the magnetic vector potential and
where j = √(–1), ℜ denotes the operation
of taking the real part and ω is angular
frequency (radian per second). Note that
the same symbol is used here to represent
both the time dependent, real quantity
A(r,t) and the complex quantity A(r) but
they are distinguished by their arguments.
Elsewhere, the arguments will not be
given and the distinction between the two

1 2

µ
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∂
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must be recognized by the context. The
time derivative gives:

(18)

Hence, for time harmonic theory, jω is
substituted for ∂·(∂t)–1 in Eq. 17 and the
vector potential can be viewed as a
complex phasor. In this way, Eq. 17
becomes Eq. 19:

(19)

Analytical and Numerical Models
There are different kinds of models. Some
kinds are analytical and some are
numerical. Analytical models are more
computationally efficient than numerical
models. However, numerical models are
far more flexible and can be used to
model complex discontinuity geometries,
material nonlinearity and other
complexities associated with real test
scenarios.

Described below are analytical models
that characterize eddy current behavior in
homogeneous conducting media free
from discontinuities, particularly the
model proposed by Dodd and Deeds10 and
its extensions. Analytical and integral
solutions, numerical techniques that
cover discontinuities in materials, are also
described below, as well as numerical
techniques based on finite difference and
finite element analysis techniques.

1 2

µ
ωσ∇ = − +A AJ js

∂ ( )
∂

= ℜ ( ){ }A r
A r

,t

t
j e j tω ω
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PART 2. Modeling of Homogeneous Conducting
Media
Background
Model based quantitative eddy current
testing has evolved steadily with
improvements in computing power. A
focus on accurate modeling has led to a
thorough understanding of eddy current
testing and to full automation of field
tests.2-7 Modeling is performed by solving
Maxwell’s equations and the solutions can
be expressed either analytically or
numerically. Analytical solutions provide
closed form expressions for the
parameters of interest in eddy current
testing and are the subject of the present
discussion.

Eddy current testing models can be
used for coil design, test frequency
selection and interpretation of test data.
Important quantities to be calculated are
the eddy current distribution induced in
the specimen undergoing testing, as well
as the resulting impedance change of the
coil. Calculation and visualization of the
eddy current flow pattern can be used to
assess the true depth of penetration into
the material and the interaction with
particular discontinuities. In this way, the
coil configuration can be optimized to
ensure maximum interaction with given
discontinuity types, properly taking into
account frequency and material
parameters. Calculation and visualization
of impedance plane loci can be used for
comparison with actual test signals. This
comparison provides a better
understanding of impedance variations
from known discontinuities of particular
size and orientation as well as from
particular material and spatial features of
the test object.

Problems concerning eddy current
induction are formulated by means of
differential equations, which determine
the magnetic field and related quantities
at a certain point in terms of an existing
source current density. The flow of eddy
currents is calculated by using the
diffusion differential equation, which is
conveniently expressed in terms of the
magnetic vector potential. There are two
ways of solving this differential equation:
analytical techniques and numerical ones.

Analytically, the equation is solved by
the technique of separation of variables
within a region of the geometry. The
influence of sources outside the region is
accounted for by imposing appropriate
boundary conditions. Analytical solutions
may handle two-dimensional problems,
axisymmetric problems and in certain
cases three-dimensional ones, as long as
the corresponding equations are linear
and the geometry of boundaries and
sources are relatively simple. Because the
class of geometries that can be treated is
usually restricted to problems with
canonical boundaries (planar, cylindrical
and spherical regions), these techniques
allow only for an approximation to
problems with noncanonical boundaries
or discontinuities. The solutions from
analytical techniques are general and
exact and they provide deeper insight into
the problem. They are obtained normally
in the form of a mathematical
relationship, which can then be used for
analysis, parametric studies and
calibration of test systems. An important
aspect of analytical models is that closed
form expressions are easily coded, either
with higher programming languages or
with commercial mathematical packages,
and therefore require minimal effort by
the developer. When the solutions are
coded, they are much faster than
numerical techniques, which require
significantly longer computing times.

Analytical solutions are also used for
validation of solutions from more
complex numerical techniques. The latter
produce numerical results rather than
closed form expressions and their
accuracy can be confirmed independently
by analytical models, which provide an
inexpensive alternative to experimental
verification of numerical results.

Models for problems having canonical
boundaries are described below, beginning
with the well established models
developed by Dodd and Deeds. Extensions
of these models as well as
three-dimensional models and
semianalytical models for problems
involving canonical boundaries are
presented. Approximate solutions with
application to discontinuity modeling are
presented elsewhere, below.

Analytical Models
In the case of a two-dimensional
axisymmetric geometry with rotational
symmetry about the Z axis, Eq. 17 in a
source free region becomes:
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FIGURE 1. Test object geometries for models
of Dodd and Deeds: (a) layered half space;
(b) layered bore hole; (c) layered sphere.
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Coil
(20)

The above equation is solved by
adopting the technique of separation of
variables. Although many applications
can be modeled with an axisymmetric
geometry, many applications are described
by a three-dimensional geometry that
exhibits special difficulties. These
difficulties arise when using curvilinear
coordinates for the description of the
problem because the components of A
(Eq. 17) are coupled together in the
resulting scalar differential equations. In
this case, the technique of separating
variables cannot be applied. The
inconvenience is avoided by using the
second order vector potential W, which
was introduced by Smythe.8 For the case
of a solenoidal A, having a zero
divergence as in Eq. 17, W is defined as:

(21)

where u is a fixed unit vector and Wa and
Wb are two orthogonal scalar functions
satisfying the scalar equation:

(22)

Because the above equation is separable
in a number of coordinate systems,
formulations based on W can be used
effectively for the separation of the vector
differential equation of Eq. 17.

Analytical models suitable for eddy
current testing have been developed over
the years by workers in nondestructive
testing and in geophysics and by
designers of magnets, motors and
accelerators. Initially, the basic problem
studied was that of a filamentary current
source beside a conducting test object. A
review and a list of solutions are
presented by Tegopoulos and Kriezis9 for a
variety of configurations with regard to
the shape of the sources and the geometry
of the conducting media. The
two-dimensional problems are studied by
using the magnetic vector potential A,
whereas the three-dimensional problems
are treated by using the second order
vector potential W.

Dodd and Deeds Models
In the theory of eddy current testing, the
work of Dodd and Deeds10 has provided
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the basis for one of the most popular
models. Building on a range of earlier
work, they presented solutions for eddy
current distributions, in the form of
fourier-bessel integrals, for a number of
axisymmetric coil configurations often
encountered in eddy current test
applications. These solutions have been
applied to the calculation of eddy currents
produced by cylindrical coils in planar
and cylindrical conductors, in the analysis
of coil impedance changes caused by the
presence of such conductors and in the
prediction of impedance changes caused
by subsurface discontinuities.11,12 An



FIGURE 2. Coil above metal plate: (a) geometric
configuration; (b) normalized impedance plane display.
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essential feature of Dodd and Deeds3

analysis is that at typical eddy current
frequencies, a multiple-turn coil wound
with round insulated wire can be
approximated by a current sheet,
obtaining the electromagnetic field by
superposition.

The differential equation solved was
Eq. 20 and the impedance of the coil was
calculated from the following expression
for axial symmetry:

(23)

where Acs is the cross sectional area
(square meter) and N is the number of
turns in the coil. The superposition
principle is applied by integrating the
magnetic vector potential over the cross
sectional area of the coil.

Closed form expressions for the
electromagnetic field and the coil
impedance were obtained for a variety of
common test object geometries (Fig. 1):
for a cylindrical coil of rectangular cross
section above a layered plane, encircling a
layered rod or inside a cylindrically
layered bore hole. The spherical
configuration of Fig. 1c was also
considered but the particular case of a
rectangular cross section coil was analyzed
by Nikitin.13,14 Once the calculations are
performed using a single coil, the analysis
can be extended to multiple coil
configurations simply by superimposing
the solutions.11,15 Dodd’s models were
also extended to an arbitrary number of
layers, by using the matrix technique
proposed by Cheng, Dodd and Deeds.16-18

For the case of a coil over a
homogeneous conducting half space
(Fig. 2a), the analytical expression for the
coil impedance is given:

(24)

where:

(25)
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µr = relative magnetic permeability of half space (ratio) = 1
σ = 35.4 MS·m–1 (61 percent International Annealed Copper Standard)
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FIGURE 3. Contours of eddy currents induced by surface coil
at various frequencies: (a) 1 kHz; (b) 10 kHz; (c) 100 kHz.
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(26)

where a is the integration variable, J1(x) is
the bessel function of the first kind and
first order, l is the width of the coil
(meter), l0 is the liftoff (meter), r1 is the
inner radius of the coil (meter), r2 is the
outer radius of the coil (meter), µr is
relative magnetic permeability
(dimensionless), µ0 is magnetic
permeability (henry per meter) of free
space and σ is conductivity (siemens per
meter).

The eddy current density is calculated
from the magnetic vector potential:

(27)

In the case of a normal coil above a
half-space conductor (Fig. 2a), the
induced current density is as follows:

(28)

Equations 24 and 28 involve the
numerical computation of an infinite
integral. Numerical integration techniques
available in most numerical analysis
software packages can be used to calculate
the integrals.

Fig. 2b is an example of computer
generated impedance display for a surface
coil. The impedance is depicted
normalized, using the inductive reactance
of the coil in air as the normalizing factor.
(This quantity can also be computed from
Eq. 24 by setting conductivity to zero,
a1 = a). The main purpose of such
impedance displays is that they
demonstrate the optimum frequency for a
specific test. This frequency is usually the
one that produces the best phase
difference between the loci of two
parameters. The conducting half-space
material is aluminum and the solid curve
represents the locus produced by varying
the excitation frequency. Because the
conductivity and frequency always appear
as a product in Eq. 22, the same curve
would have been produced for a constant
excitation frequency and a varying
conductivity. The dashed lines are the
liftoff curves and represent the impedance
variation with coil liftoff. The dotted
curves show the impedance variation with
frequency for different magnetic
permeabilities of the half-space material.

Figure 3 is an example of a computer
generated display of eddy current
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contours induced by a surface coil at
various frequencies. As expected, the
higher frequencies result in a smaller
penetration of the eddy currents in the
conducting object. Using Eq. 28 for a
variety of coils reveals that peak eddy
current densities associated with larger
coils fall off more slowly with depth than
those produced by smaller coils. A similar
investigation conducted by Mottl19

showed that the standard depth of
penetration and linear-with-depth phase
delay, obtained as solutions for the plane
wave case, very rarely approximate the
eddy current distribution in conducting
samples beneath a real coil. The standard
depth of penetration remains a material
parameter rather than a real measure of
penetration.

The Dodd and Deeds models have been
proven very useful because they were
successful in predicting experimental data
from eddy current measurements. Since
the 1970s, they have been widely used by
the nondestructive testing community in



FIGURE 4. Top plate metal loss in system of two plates:
(a) setup; (b) transient electric potential. Depicted signal is
coil voltage subtracted from response of same coil due to
conducting half space. Percentage of parameter variation is
in terms of thickness of one slab.
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the design of eddy current tests. More
specifically, they have been used to
optimize general types of eddy current
tests such as thickness and conductivity
measurements, to optimize specific tests
for specific problems and to help design
general induction instrumentation for
process control.

Extensions of Dodd and
Deeds Models
The Dodd and Deeds models assume a
harmonic time variation for the solution
of the diffusion equation. Similar
modeling techniques can be used in the
case of transient coil excitations, such as
step time functions or rectangular pulses.
These current excitations are used in the
pulsed eddy current technique, which is
applied to either metal loss or crack
detection at greater depths.

In addition to coil superposition,
different frequencies can also be
superimposed to obtain the response of a
transient eddy current system. A simple
technique of evaluating transient fields is
to obtain, through a fourier transform,
the frequency spectrum of the excitation
current pulse and to calculate the voltage
response at each frequency, thus acquiring
the voltage frequency spectrum. The
transient voltage response is then
obtained by an inverse fourier transform.
A distinct advantage of this technique is
that it can be approximated numerically
using the fast fourier transform. Bowler20

uses this approach for a pulsed excitation
having the form of a step function with
the coil located above a layered system
consisting of two slabs. The configuration
mimics geometries encountered in the
detection and identification of the metal
loss in lap joints of aircraft.

Another technique of evaluating
transient fields is to compute the laplace
transform of the field equations, solve the
transformed equations and recover the
time domain behavior through an inverse
laplace transform. This approach is
followed by Waidelich,21 Ludwig,22

Sapunov23 and Bowler24 to obtain the
voltage response of a coil situated above a
layered conducting plane. In the case of a
homogeneous conducting half space or
for simple thin plate systems,25 the
inverse laplace transform can be obtained
analytically but in the case of a layered
half space this is not possible and
numerical techniques are needed to
obtain the response as a function of time.
In the above situation, a robust numerical
routine should be used for computing the
inverse laplace transform. In other
situations, it is preferable to work with the
frequency domain solution, as already
described, using the fourier transform.

Figures 4 to 6 show voltage responses
derived for the case described by Bowler.20

The voltage response is computed by
numerically evaluating the inverse laplace
transform. It is observed that certain
features of the pulse, such as the
amplitude of the pulse, the time of arrival
of the maximum and the cross point, are
sensitive to different geometry
characteristics, thus making possible the
estimation of metal loss.

Other extensions of Dodd’s modeling
technique concern the conductivity and
permeability profiles of the test objects.
Applications include case hardening, heat
treatment, ion bombardment or chemical
processes, which produce smoothly
varying near surface conductivity and
permeability profiles. In these cases,
where for example the conductivity σ(z)
in Eq. 20 is a continuous function of
depth, the electromagnetic field and the
69Modeling of Electromagnetic Testing



FIGURE 6. Bottom plate metal loss above system of two
impedance of the coil can be evaluated in
two ways.

The first is to solve Eq. 20 analytically
for special forms of conductivity
variations. Such solutions that result in
closed form expressions involving higher
transcendental functions have been
derived by many researchers for specific
functions not only of conductivity but
also of magnetic permeability profiles.26-29

This approach is much faster than the
more general piecewise approach
described next.

As discussed above, Cheng17 extended
Dodd and Deed’s models to layered
regions with an arbitrary number of
layers. If continuous conductivity and
permeability profiles are replaced with
piecewise constant profiles, then it is
possible to approximate numerically the
coil impedance by implementing the
above technique. The greater the number
of layers, the better the approximation.
Using this technique, Uzal26 studied the
problem of a coated conductor whose
coating conductivity varied continuously
with depth and permeability. Although
this technique is slower than the one
based on the analytical solution for each
70 Electromagnetic Testing

FIGURE 5. Plate separation in system of two plates: (a) setup;
(b) transient electric potential. Depicted signal is coil voltage
subtracted from response of same coil due to conducting
half space. Percentage of parameter variation is in terms of
thickness of one slab.
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specific profile, it is more general and
particularly useful when it is desired to
solve the inverse problem, that is, to
evaluate the profile from variable
frequency measurements. The piecewise
approach was also extended to cylindrical
and spherical test objects by Uzal and
Theodoulidis, respectively.30,31

Three-Dimensional Models
The models described so far are
two-dimensional and axisymmetric. Their
simplicity lies in the fact that the
magnetic vector potential has only one
component and the technique of
separation of variables is applicable.

A significant amount of work concerns
models of coils that have shapes other
than the classical cylindrical coil or
positions that destroy the axisymmetry. A
problem of great interest is the evaluation
of the three-dimensional electromagnetic
field for a coil with an arbitrary shape and
orientation above a conducting half space.
plates: (a) setup; (b) transient electric potential. Depicted
signal is coil voltage subtracted from response of same coil
due to conducting half space. Percentage of parameter
variation is in terms of thickness of one slab.
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FIGURE 7. Eddy current testing with rectangular coil parallel
to test object: (a) setup; (b) eddy current pattern.
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Weaver32 presented a general theory of
electromagnetic induction in a
conducting half space by an external
magnetic source using the electric and
magnetic hertz vectors whereas
Hannakam33 provided solutions for a
filamentary coil using the similar second
order vector potential formulation. Based
on the latter formulation, Kriezis34

evaluated the eddy current density
induced in a conducting half space by a
filamentary coil whose axis is parallel to
the surface.

Other researchers like Beissner35 and
Bowler36 have favored Green’s dyadic
functions in solving the problem. Bowler
was able to present analytical expressions
for the eddy current density of a vertically
oriented cylindrical coil over a conducting
half space, thus extending the results of
Kriezis to an eddy current probe coil of
finite cross section. Beissner37 and
Tsaknakis38 presented formulas for the
eddy current distribution from
cylindrically symmetric sources inclined
at an arbitrary angle with respect to the
surface normal. The general solution for a
nonsymmetric source is in the form of a
two-dimensional fourier integral.
Numerical computations for the
nonsymmetric case are therefore more
demanding than those needed to evaluate
fields from Dodd and Deeds formulas,
where the integrals are one-dimensional.
A semianalytical model was also presented
by Juillard39 for the same problem where
the coil is divided in a number of
elements called point current sources. The
problem is solved for each point current
source and superposition is applied to
compute the electromagnetic field from
the whole coil. Another technique for
computing the magnetic field, based on
the fourier transform, was presented by
Panas40 and Sadeghi,41 who solved the
problem of an elliptical coil and a
rectangular coil in an inclined position,
respectively.

An important conclusion of all these
studies is that the eddy currents induced
in the conductor flow parallel to the
surface of the conductor, irrespective of
the shape of the inducing coil. Figures 7
and 8 show the eddy currents induced on
the surface of a conducting metal half
space from a rectangular coil when the
coil is parallel and perpendicular to the
metal.

The problem of an arbitrarily shaped
coil beside a cylindrical conducting
system was studied by Hannakam42 with
the second order vector potential and by
Grimberg43,44 with dyadic Green’s
functions. Hannakam,45 Theodoulidis46

and Mrozynski47 extended the second
order vector potential formulation in the
spherical coordinate system to solve for
an arbitrarily shaped coil beside a
conducting sphere. An important
conclusion was that the eddy currents
flow in spherical surfaces concentric with
the conductor’s surface.

All of the above analytical solutions
concern the electromagnetic field with
emphasis on the induced eddy current
density. The impedance change of the
coil, on the other hand, is calculated in
two steps: (1) first the three-dimensional
problem of evaluating the electromagnetic
field is solved analytically and (2) then
the general expression of the impedance
change of a coil is applied. An impedance
change expression was derived by Auld.48

It was shown, through the lorenz
reciprocity theorem, that the change in
the impedance of an eddy current probe
in the presence of a discontinuity is
expressed in terms of an integral
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evaluated over any closed surface S
containing the discontinuity:

(29)

where n is the unit vector normal to the
surface and where E and H are the electric
and magnetic field intensities; the primed
symbols denote the fields in the presence
of the discontinuity and the unprimed
symbols denote the fields in the absence
of the discontinuity. The ∆Z formula is
well suited to derivation of general
expressions and can also be used
effectively to compute the impedance
change of a coil in canonical problems.5
This development is significant because
the coil geometry does not appear
explicitly (no integrals appear over the
volume of the coil) and allows the choice
of planar, cylindrical and spherical
boundaries in keeping with the symmetry
of the problem.

In the particular case of a coil with
arbitrary shape and orientation, above a
conducting half space, the surface of
integration coincides with the surface of
the half space, closed by a surface at
infinity, which makes no contribution.

Following this approach and solving
analytically for the three-dimensional
electromagnetic field, Burke49,50 presented
the following general expression for the
impedance of any coil over a conducting
half space:

(30)

where u and v are integration variables,

(31)

and:

(32)

The term B̂s
z(u,v) denotes the double

fourier transform of the normal
component of the source magnetic field
on the surface of the metal plane. For
simple coil shapes, it has an analytical
expression in terms of u and v. For more
complex shapes, it has to be calculated
numerically using the Biot-Savart law. The
same approach was followed by
Theodoulidis51,52 for evaluating the
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impedance of a rectangular coil over a
conducting half space and was further
extended to cylindrical coordinates for
evaluating the impedance of a bobbin coil
in an offset position to a tube, thus
simulating the wobble signal present
during tube tests.

Perturbation and
Eigenfunction Expansion
The class of problems that can be solved
analytically can be extended with the aid
of perturbation techniques, which are
often used to provide solutions to
physical problems that would otherwise
be difficult or time consuming to treat.
Perturbation techniques are inherently
approximate and their main applicability
is in the modeling of discontinuities. Such
techniques can be used by assuming that
the conductivities of the discontinuity
and the surrounding medium do not
differ very much or by considering
limiting cases such as a high frequency
limit.53

Nevertheless, perturbation techniques
have also been applied to models of
canonical problems. A technique called
the layer approximation, based on the
analytic transfer matrix solution for the
electric field in a layered metal, was used
by Satveli54 to calculate the impedance
change in a number of canonical
problems. Burke55 also has presented a
perturbation technique, which enables
the impedance computation in the high
frequency limit when the conducting
region is canonical. The technique was
applied to the cases of a two-dimensional
conducting wedge and a slot in a
conducting half space.

Eigenfunction expansions can also be
used to further extend the class of
problems that can be solved
analytically.56-58 The problem is again
solved using separation of variables;
because the region of interest is finite,
however, extra boundary conditions limit
the domain of the solution. As a result,
the solution involves series instead of
integrals. The coefficients of the series are
computed by solving a matrix system,
which is formed by imposing the interface
and boundary conditions of the problem.
The numerical computation of the
coefficients classifies the technique as
semianalytical. The technique was
effectively used by Theodoulidis59 to
derive an expression for the impedance of
a ferrite cored probe coil over a
conducting layered half space.



Conclusions
Analytical solutions in eddy current
testing, although restricted to certain
geometries as compared to the more
general numerical solutions, have an
explicit and closed form. The models are
not computationally intensive and offer
accurate solutions. They have limited
scope but not limited value.

Whenever plausible, analytical
solutions are preferable to numerical ones
because they are easier to apply, are less
expensive to compute, are more accurate
and finally allow for easy parametric
studies of the test geometry.
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PART 3. Analytical and Integral Models for
Simulating Cracks
Introduction
Eddy current nondestructive testing uses
inductive probes to excite currents in
electrical conductors. The simple fact that
the coil carrying an alternating current
can sense a discontinuity in a metal is
intuitively easy to understand but
evaluating the signal for a given
configuration of coil and discontinuity is
not always easy. The present discussion
describes calculations of probe signals
from cracks, starting with a review of the
basic theoretical concepts and moving on
to a number of related techniques for
evaluating probe response. 

Early investigators applied concepts
from other fields of electromagnetism to
problems in eddy current testing. The
researcher in relatively unexplored areas
of electromagnetic theory inevitably
brings concepts from the parent discipline
and adapts them for the new field of
investigation. As advances in the new area
begin to mature, the new discipline
adopts distinct themes and approaches
that are successful and rewarding. At the
end of the twentieth century, eddy
current nondestructive testing was at a
point of early maturity. Basic problems
had been solved satisfactorily yet many
problems remained open and relatively
underdeveloped.

This discussion of crack theory briefly
reviews a few significant early
developments relevant to the treatment of
crack problems in eddy current testing,
including the analysis of the spherical
inclusion and the penny shaped crack.
Recent advanced developments in the
evaluation of crack signals are then briefly
outlined. Two approaches are described:
(1) integral techniques that represent the
effect of a discontinuity in terms of dipole
distribution and (2) approaches valid at
high frequencies that use small
approximations of standard depth of
penetration.

Elements of Crack Theory
The pioneering achievements of Friedrich
Förster and his colleagues in eddy current
nondestructive testing resulted from
extensive theoretical and experimental
investigations,60 laying the foundations
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on which others have built over the
intervening half century. Early uses of
eddy current testing investigated by
Förster are metal sorting, hardness
measurement and the evaluation of heat
treatments through the effects of electrical
resistivity variations. In developing
instruments for these measurements,
Förster recorded the impedance change of
a solenoid when it was near an electrically
conducting material. In the initial
investigations, the solenoid impedance
changes due to the cylindrical rods acting
as cores were measured using an
inductance bridge. It soon became
apparent that the measurements yielded
results dependent on the dimensions of
the rod. Consequently, much effort would
be devoted to the problem of separating
the effects of variations in the sample
dimensions and the variation in
resistivity. Förster’s ultimate success was
made possible by his willingness and
ability to analyze the problem
theoretically.61

Förster used analytical expressions for
the impedance of an infinite solenoid in
the presence of a conducting rod to
account for the effects of variations in rod
diameter and material properties. Later
Dodd and Deeds derived closed form
integral expressions for the field and
impedance of an axial coil of finite length
encircling an infinitely long rod.10 In
addition, they derived integral expressions
for the impedance and field of a normal
coil above a layered half-space conductor,
a normal coil being one whose axis is
normal to the surface of the conductor.
Although ferrite cored probes may be
preferred for discontinuity detection
because of their enhanced sensitivity, air
cored coils have been widely used in
calculations because of the ease of
evaluating the field using the formulas of
Dodd and Deeds. Usually numerical
techniques are needed to calculate the
fields of probes with ferrite cores.1,62

However, Theodoulidis has shown that
solutions satisfying Maxwell’s equations
for axially symmetric ferrite cored probes
can be found.59,63 Other significant and
interesting results using the analytical
solutions of Maxwell’s equations are
described elsewhere in this chapter.

More than a decade after Förster’s work
became widely known, an embryonic
discontinuity theory was given in the



dissertation of Michael Burrows.64 Central
to the thesis is the idea that a small
discontinuity in a conductor, such as a
tiny spherical cavity, produces a perturbed
field that is the same as that of a suitably
chosen dipole. Because the discontinuity
is small compared with the standard
depth of penetration and small on the
scale of other spatial variations of the
unperturbed field, the field can be
approximated as locally uniform and the
polarization of a spheroidal discontinuity
can be found by using standard textbook
theory.65 Having determined the dipole
intensity, Burrows found the induced
electromotive force in a pickup coil due to
the discontinuity by using an expression
derived from reciprocity principles.66

Because key elements of this approach
arise in more advanced treatments of
discontinuities, the dipole analysis will be
summarized later.

The small discontinuity analysis is
itself of limited practical application but
the principle of representing the effect of
a discontinuity by an equivalent
electromagnetic source distribution can be
applied to arbitrary discontinuities using
either multipole expansions or a dipole
distribution. Multipole techniques for
representing the field have not been
pursued67 extensively in nondestructive
testing although they may be fruitful.
However, numerous approaches have
been developed based on the
representation of a discontinuity in terms
of a current dipole distribution. Early
developments in which a volume dipole
density was expanded in terms of volume
elements were made by the geophysics
community,68-70 followed by an adaption
of the technique by McKirdy71 and by
Bowler, Jenkins, Sabbagh and Sabbagh72,73

to the solution of problems in eddy
current testing. An account of the volume
element technique is given in this
handbook and elsewhere.

Although the equivalent source
representation is a common feature of a
number of crack response calculations, a
seminal article by Kahn, Spal and
Feldman74 can be seen as a significant
initial step for developments that have
taken a different path. In the essentially
two-dimensional problem, the field is
uniform along the length of a crack of
constant depth and negligible opening. If
the standard depth of penetration is small
compared with the crack depth, the
current flow follows stream lines parallel
to the crack faces except at the corners
where the crack meets the surface of the
conductor and in the region of the crack
edge. Kahn gives local solutions for the
corner, face and edge field, each of which
contribute to the impedance change. An
interesting feature of the edge field is that
it has the same mathematical form as that
given by Sommerfeld75 for the diffraction
of a plane wave by a half-plane barrier.

The diffraction of an electromagnetic
wave at a thin conducting barrier and the
flow of eddy currents around the edge of
a crack are physically distinct phenomena
but both are governed by Maxwell’s
equations and are subject to comparable
boundary conditions. For a time
harmonic field, the physical difference
between the two cases is manifest in the
wave number, a number that is real in a
lossless medium but complex in a
conductor. Hence the solutions are
essentially the same, differing only in the
nature of the wave number.

Before describing in more detail the
implications of the equivalent source
approaches, typical examples of the
outcomes of such calculations in the form
of probe signals due to cracks are
reviewed.

Impedance Plane
The impedance of an eddy current probe
varies with frequency and with its
proximity to the conductor as measured
by a liftoff parameter, defined here as the
distance from the surface of the
conductor to the base of the coil. Energy
dissipated by induced current is related to
an increase in the resistive part of the
driving point impedance whereas the
reactive component of impedance is
reduced by the induced current as a
consequence of Lenz’s law. Following
Förster, the probe impedance
Zn = Rn + jXn, normalized with respect to
the magnitude of the free space coil
reactance X0, varies with frequency as
shown on the impedance plane diagram
(Fig. 9),76 where the normalized reactance,
Xn = X·X0

–1 is plotted against the
normalized resistance Rn = (R – R0)·(X0)–1,
R0 being the free space coil resistance. In
the low frequency limit, Xn = 1 and
Rn = 0, as represented by a point at the
top of the main curve. In the high
frequency limit, the curve intersects the
reactance axis at a value of Xn, about 0.68
in this case, which depends on the coil
geometry. For flat pancake coils with a
small liftoff, the limiting value of the
normalized reactance has a lower value
than for a longer solenoidal coil with
larger liftoff. Thus, the high frequency
intersection point is a measure of the
coupling between the probe and the work
piece, having a low normalized reactance
for greater coupling.

The data for the main curve in Fig. 9
were calculated from a Dodd and Deeds
formula10 and hence represent results of
an idealization that neglects interwinding
capacitance and the effects of a finite
penetration depth in the windings. The
parameters of a coil are taken from a
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benchmark experiment on simulated
cracks in aluminum.76 Superimposed on
the diagram are two signals calculated
using the lowest and highest frequencies
of the experiments, 250 Hz and 50 kHz
respectively, for the same simulated
planar crack.

In Fig. 10, the calculated discontinuity
signals are displayed with the background
coil impedance removed. The response is
for a normal coil whose axis is in the
plane of the crack. Taking the crack plane
to be the x = 0 plane, then the impedance
variation shown occurs as the coil is
moved in the horizontal Y direction from
76 Electromagnetic Testing

FIGURE 9. Calculated normalized impedance
variation with frequency of normal coil. Two
discontinuity signals from semielliptical
simulated crack are also shown.
Discontinuity responses were calculated for
excitation frequencies of 250 Hz, upper
trace, and 50 kHz, lower trace, for same
simulated crack. Details of coil parameters
and simulated crack are given by Harrison
and Burke.76
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one end of the crack to the other. The
numerical techniques used for calculating
these impedance variations are described
elsewhere in this chapter. First some
general comments are in order,
concerning the nature of numerical
schemes.

The discontinuity impedance is
calculated from the electromagnetic field
in the presence of the discontinuity.
Simple cases that can be dealt with
analytically are discussed first. For more
complicated geometries, numerical
techniques are needed. Numerical
techniques for solving electromagnetic
field problems are traditionally
categorized as differential or integral
techniques. Finite element and finite
difference techniques are the most
common in the differential category
whereas the integral techniques can be
classified as boundary element and
volume element techniques.

Most numerical schemes introduce a
set of localized functions defined with
respect to a grid or mesh. Often these
functions are low order polynomials,
which interpolate between nodal points
or the edges of cells. Typically, they do
not satisfy Maxwell’s equations (or the
integral equivalent) nor does a linear
superposition of them form a solution.
Nevertheless, it is postulated that a
superposition of such functions gives a
FIGURE 10. Normalized impedance due to semielliptical
simulated crack shown as impedance plane locus. Trace is
obtained from impedance variation as coil position is varied
along crack. Note that impedance of discontinuity has been
normalized by dividing by free space coil reactance at
designated frequency. Details of coil parameters and
simulated crack are given by Harrison and Burke.76
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reasonably accurate numerical
approximation of a solution.

The numerical results rarely come with
a guarantee of accuracy. Because of the
way in which a solution is constructed,
the results are dependent on a mesh or
grid. In the absence of error estimates,
and these are rarely given, it is important
that code is validated because, even if it is
bug free, the onus is on the author to
demonstrate that the results are reliable.

Elementary techniques, on the other
hand, provide a means of predicting
limited results. A number of simple
formulas for evaluating discontinuity
signals are given below, preceded by a
summary of the basic expressions for a
current dipole field. The dipole theory is
presented in a way that anticipates the
more advanced numerical techniques for
homogeneous conducting media, in
which integral formulations are used.

Current Dipole

Static Current Monopole
The current dipole is formed from two
monopoles of opposite polarity adjacent
to one another. A current monopole is a
point source of current with intensity I. In
an unbounded homogeneous region, the
current spreads uniformly in all directions
from the source. Hence, the current
density obeys an inverse square law and is
directed radially from the source. Suppose
a current monopole located at a position
represented by the vector r´ gives rise to a
current density J at some other point
whose coordinate is r. Then:

(33)

where R = |r–r´| and R̂ is a radial unit
vector. Expressing the electric field as
E = –∇Φ, then the current monopole
potential is:

(34)

where σ0 is the electrical conductivity of
the medium. The potential satisfies the
laplace equation, ∇2Φ = 0, except at the
singular point where the point source is
located. The (4πR)–1 dependence of a static
potential due to a point source is
identified as a scalar Green’s function for
a laplacian problem in three dimensions.

Static Dipole Field
Let two current monopoles of opposite
polarity approach one another while

Φ = 1
40σ π

I
R

J R= 1
4 2π

I

R
ˆ

keeping constant the product of their
source intensity and their separation.
With initial separation δr, the dipole
potential is:

(35)

In general, the limit of f(r´ + δr) – f(r´)
as the separation δr´ tends to zero can be
written as δr´·∇´f(r´). Hence the limit
above can be related to the gradient of R–1

with respect to the primed source
coordinates. The gradient may be written
in terms of the unprimed field
coordinates with a reversal of sign. Also
expressing the dipole moment as the
(finite) limit of p = Iδr´ gives the static
current dipole potential:

(36)

where p is the dipole moment (ampere
meter).

By taking the negative gradient to find
the electric field and multiplying by the
conductivity, the current density can be
written:

(37)

Although the scalar product here can
be seen as producing a scalar function on
which the first gradient acts, the above
expression can also be interpreted as a
dyadic operator, ∇∇(4πR)–1, acting on the
vector p. The final result is the same but
the second viewpoint prompts the idea
that the dyad may be detached from the
vector on which it acts and given a
separate mathematical life. Studying the
properties of dyadic Green’s functions77

leads to distinct ways of finding solutions
of Maxwell’s equations as outlined below.

Before returning to the role of the
dyadic Green’s functions, a simple
illustration of the fundamental utility of
the current dipole is given. The dipole
field is used to express the solution of a
problem in which a uniform current in an
otherwise homogeneous conductor of
electrical conductivity σ0 encounters a
spherical inclusion of uniform
conductivity σ.

J = ∇∇
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FIGURE 11. Perturbed current at small spherical inclusion in
metal.
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Small Spherical Inclusion
The spherical inclusion problem, usually
found in textbooks as a problem in
electrostatics involving a dielectric sphere,
has a solution that satisfies the laplace
equation inside and outside the sphere.
Interface conditions on its surface ensure
that the normal current and tangential
electric field are continuous. Given a
uniform field E0 in the Z direction, which
is also the polar direction of a spherical
coordinate system (z = R cos θ) and
defining the parameter s as the
conductivity ratio s = σ·σ0

–1, the internal
potential (volt) is:65

(38)

whereas outside the sphere the potential
is:

(39)

where θ is the polar angle (radian). The
external potential can also be written:

(40)

where the dipole intensity and direction
are given by:

(41)

Perhaps of greater interest here is the
fact that the external electric field can be
written:

(42)

where E0 = E0ẑ. This goes beyond the basic
textbook account by expressing the field
of the dipole in terms of a dyadic Green’s
function, σ0

–1∇∇(4πR)–1.
Equation 42 can apply to a dipole of

arbitrary orientation. Figure 11 shows the
current associated with the perturbed field
that when added to the unperturbed
current σ0E0ẑ gives the total current
density.

An additional point of interest is that
the dipole intensity can be related to a
uniform current dipole density P
distributed in the spherical region. By
putting p = 4·3–1 × πa3P, it is found that:
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(43)

where E is the electric field in the sphere
given by taking the negative gradient of
Eq. 38.

Dynamic Current Dipole
In eddy current testing, the fields are
dynamic rather than static. Therefore, the
dynamic current dipole has a more
significant elemental discontinuity field
than does the field of static current
dipole. The dynamic current dipole for a
time harmonic field is described by
essentially the same equations as those
used for the textbook treatment of the
hertzian dipole.78 The difference arises
from the fact that in eddy current
applications the host medium is a
conductor, not air. In a good conductor
such as a metal, the charge current is
much larger than the displacement
current. Consequently, the latter can be
neglected. This means that Ampère’s law
(Eq. 2), ∇ × H = J, is adequate and
Maxwell’s addition of the displacement
current jωD to the right hand side of this
relationship is not needed. Here, the field
is expressed in terms of complex phasors,
which means, for example, that the
magnetic field varies in time as the real
part of Hejωt, ω being the angular
frequency (radian per second) of the
excitation. The neglect of displacement
current means that solutions are sought in
the quasistatic limit. As a short cut from
the description of waves in air to fields in
a conductor, the displacement current
jωε0E, which appears in standard hertzian

P E= −( )σ σ0



dipole theory,78 can usually be replaced
with the charge current σ0E.

It is convenient to express the dynamic
field in terms of a magnetic vector
potential A, related to the magnetic flux
density:

(44)

and having a gage condition:

(45)

replacing the usual lorenz condition. For a
current dipole in an unbounded
conductor of conductivity σ0 and
permeability of vacuum, the magnetic
vector potential is:

(46)

where k = √(–jω0µ0σ), taking the root with
a positive real part and I·p = p. The
parameter k is related to the standard
depth of penetration δ (meter):

(47)

where:

(48)

The identity dyad I in Eq. 46 has been
inserted to express the magnetic vector
potential as a dot product of a dyadic
operator acting on a vector source, this
being the appropriate general form for the
relationship between a vector source and
a vector field A. The magnetic field due to
the current dipole is found from:

(49)

The electric field is found from Ampère’s
law in the form:

(50)

Combining Eqs. 46, 49 and 50 gives:

(51)

Equation 51 has been derived from the
identity ∇ × ∇ × = ∇∇· –∇2 and from the
fact that the vector potential satisfies

E A= ∇ × ∇ ×

= − + ∇∇

















⋅

−

1

1
4

0 0

0 2

σ µ

ωµ
π

j
k

e
R

jkR
I p

∇ × =H Eσ0

H A= ∇ ×1

0µ

δ
ωµ σ

= 2

0 0

k
j= −1

δ

A = ⋅
−

µ
π0 4

e
R

jkR
I p

∇ ⋅ = −A µ σ0 0 Φ

∇ × =A B
Helmholtz’s equation.79 A discussion of
the dyadic form between the braces has
been given by Tai.77,80

Clearly, the dynamic dipole field
reduces to the static case, Eq. 42 in the
limit, as angular frequency ω goes to zero.
It also reduces to the static case in the
near field, where the first term of the
dyadic operator is negligible. This is a
reminder of the fact that a local field on a
scale small compared with the standard
depth of penetration δ can often be
analyzed using electrostatic or
magnetostatic theory.

Equation 51 may be generalized to give
the perturbed field due to a volumetric
discontinuity by representing the effect of
such a discontinuity as a general dipole
distribution P(r´). Then the perturbed
electric field is found by replacing the
point dipole p in Eq. 51 by P(r´) and
integrating with respect to the source
coordinate r´ over the region of the dipole
density. This field representation is used
in volume integral formulations and is a
preliminary step toward a volume element
calculation of the dipole density.72

Similarly, the effects of a thin crack can be
represented by a surface dipole layer and
form the basis of a boundary element
formulation.94 In either case, the dipole
density is determined by an integral
equation. Having found a solution, the
probe signal due to the discontinuity can
be calculated from the probe response
formulas below.

Probe Response
An eddy current probe senses
discontinuities through changes of
impedance. There are a number of
techniques for calculating the
discontinuity response depending on the
details of the approach used. For example,
Kahn and others used the integration of
the poynting vector over a surface.74 Auld
uses a reciprocity relationship attributed
to Lorenz48 whereas others use a
reciprocal relationship associated with
Rumsey.66,81 Rumsey’s relationship is used
next.

The coil current density can be
represented by a function J. With E(P)

defined as the perturbed field due to the
discontinuity, the probe impedance
change due to the discontinuity is:

(52)

where the integration is over the coil
region denoted by ΩJ.

The coil current can be used as a phase
reference and taken to be real. Although
the coil current is confined to the coil
windings, these are usually on such a

I Z d2∆
Ω

= − ⋅( )∫ E J r

J

P
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small scale that the current density can be
approximated as a smooth function,
usually a constant, over the coil cross
section. In a calculation in which the
effects of the discontinuity are
represented by a dipole volume
distribution P, Rumsey’s reciprocal
relations may be invoked to write the
impedance change in terms of the
unperturbed electric field at the
discontinuity E(0):72

(53)

where the integration is now over the
region ΩP where the discontinuity
conductivity differs from that of the host.
Equation 53 is advantageous because P is
usually calculated directly by an integral
equation technique whereas the
evaluation of E(P) for Eq. 52 requires an
additional step once the dipole density
has been found. In general:

(54)

which defines P(f) for an arbitrary
discontinuity whose conductivity σ(r)
differs from that of the host conductivity
σ0. For the special case of the small
spherical region with constant
conductivity, a similar relationship
(Eq. 43) is used.

Small Discontinuities
For a small spherical discontinuity, such
as a gas bubble or spherical inclusion in a
conductor, the impedance change sensed
by a probe is given by:

(55)

An explicit expression for the response
can be found using a suitable unperturbed
field, for example the normal coil field in
a half-space conductor.10 A simpler case is
one where the field at the surface of the
conductor is uniform. This approximation
may in practice be reasonable if the probe
dimensions are larger than the standard
depth of penetration. With H0 as the
tangential magnetic field in the
(horizontal) Y direction and the Z
direction normal to the surface of the
conductor, the unperturbed
electromagnetic field in a conductor
below the plane z = 0 is given by:

(56)

and:

H 0
0

( ) = H e yjkz ˆ

I Z2 0
B = − ⋅( )E p

P r E= ( ) −[ ] ( )σ σ0 r

I Z d2 0∆
Ω

= − ⋅( )∫ E P r

P
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(57)

By substituting the expression for the
dipole density of a small spherical
inclusion given in Eq. 41 into the relation
Eq. 55 with E(0) given by Eq. 57, it is
found that, for a small spherical cavity
(σ = 0), centered at r = r0 and of radius a
(meter), the impedance is:

(58)

The impedance change is proportional
to a3 simply because the dipole intensity
varies in proportion to the volume of the
sphere. Note that the ratio H0·I–1 is real for
a magnetic field uniform at the surface.
However, it may be useful to estimate the
small sphere response for a nonuniform
field, for which Eq. 55 applies if the
unperturbed field is known. Note that the
maximum value of the ratio H0·I–1 can be
regarded as a figure of merit for the probe
because the signal intensity depends on
its square. Note also that the factor 2jkz0
in the exponential of Eq. 58 indicates that
the signal is attenuated over a path of
length 2z0, representing the round trip
distance from the surface to the
discontinuity and back.

Another small discontinuity result that
can be found by elementary means is the
response due to a semicircular surface
crack of negligible opening whose radius
is smaller than the standard depth of
penetration. The assumption of a
relatively large standard depth of
penetration means that the local field can
be treated as static in the sense that it
may be described by a potential satisfying
the laplace equation. The surface of the
conductor acts as a plane of reflection,
allowing a conversion of the semicircular
crack problem to a circular crack problem
by appealing to the technique of images.
The problem can then be solved as if the
crack were a thin disk in a uniform stream
of incompressible fluid. With a uniform
applied electromagnetic field given by
Eqs. 56 and 57, the impedance change
due to such a crack is:82,83

(59)

Of practical importance is the question
of what limits the detection of small
cracks. Equation 59 yields insight and
significant basic information in this
regard. First, note that the response
depends on the third power of the crack
radius. Second, the impedance change
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increases in proportion to the frequency
because k2 = – jω0µ0σ0:

Thirdly note that for a strictly uniform
field, the change in impedance is purely
inductive (imaginary), H0·I–1 being real.
Even if the assumptions that went into
the derivation of the simple relation given
by Eq. 59 are not precisely satisfied, the
equation can provide an approximate
answer. If the accuracy is inadequate,
improvements may be made by extending
the results to higher order terms by using
perturbation theory or by taking into
account nonuniformities in the field by
an extension of the basic analytical
technique.83

Long Crack
A long crack of constant depth d (meter)
may be treated as a two-dimensional
problem provided that the unperturbed
field does not vary along its length. Such
a configuration does not relate directly to
most practical problems but its solution
has had an impact on the understanding
of crack fields. The problem can be solved
analytically in the low and high
frequency regimes that correspond to
small and large standard depths of
penetration compared with the crack
depth.

According to the thin penetration
approach of Kahn, assuming the crack is
in the plane x = 0, the field on the crack
faces has the form:

(60)

and:

(61)

where η is the characteristic impedance of
the medium:

(62)

This field can be used to evaluate the
complex time average poynting vector P
(not to be confused with dipole density P)
at the crack faces from:

(63)

where the asterisk (*) denotes the complex
conjugate. The uniform face field means
that:

(64) P = ± 1
2 0

2η H x̂

P = × ∗1
2

E H

η
σ

= jk

0

E = −
m ηH e zjk x

0 ˆ

H = −H e yjk x
0 ˆ
where the characteristic impedance of the
medium is η = jk·(σ0)–1. The upper and
lower signs on the right side refer to the
positive and negative sides of the crack,
respectively. Integrating the poynting
vector over the crack surface and equating
the result to the energy transferred at the
drive point of the probe gives an
impedance:

(65)

per unit length of the crack. To Eq. 65
must be added the corner and edge effects
that together with ZS give rise to a
combined impedance:

(66)

The three contributions to the
impedance per unit length include the
field at the edge (represented by the 1 in
parentheses) and the corner field (the
8·π–1 term). A complete analysis of the
above expression is given elsewhere.84 The
impedance in this problem therefore
contains a dominant face term that varies
as the square root of frequency, is
proportional to the crack depth and has a
phase angle of π·4–1 with respect to the
drive current. The additional terms due to
the edge and corner are resistive.

Complementary to the kahn thin
penetration result is a formula valid in the
low frequency regime that can be found
from a solution valid in the static, direct
current limit. In this regime, ikd is a small
parameter; this fact can be exploited to
find a field solution in the form of an
ordered series using Rayleigh-Ritz
perturbation theory. Likewise, the
impedance can be expressed as an ordered
series:83

(67)

For a uniform excitation field, the
leading term at low frequency is purely
inductive and increases linearly with
frequency and as the square of the crack
depth.

The long crack theory is readily
extended in range from the high
frequency limit to lower frequencies by
accounting for the interaction between
the edge and corner fields through the
Weiner-Hopf technique85 and by applying
the perturbation technique to extend the
range of validity of the low frequency
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approximation.83 The impedance results
of these extensions, shown in Fig. 12,
have been compared with numerical
results of a boundary element code.83 In
these figures, the impedance is
normalized by writing:

(68)

Hence, the kahn impedance (Eq. 66) is
written in terms of the normalized
impedance:

Z
I Z

H
n = σ0

2

0
2
∆
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FIGURE 12. Analytical and numerical results of change in
normalized impedance Zn due to long surface breaking
crack: (a) for inductive, or imaginary, component;
(b) for resistive, or real, component.

Legend
= high frequency theory
= low frequency theory
= boundary element

(a)

In
du

ct
iv

e 
co

m
p

on
en

t 
of

 n
or

m
al

iz
ed

im
p

ed
an

ce
 o

f 
p

ro
be

 (
re

la
tiv

e 
sc

al
e)

4.0

3.0

2.0

1.0

0.0
0.0 0.5 1.0 1.5 2.0

Ratio of crack depth d to standard depth of penetration δ

2.5

2.0

1.5

1.0

0.5

0.0

(b)

In
du

ct
iv

e 
co

m
p

on
en

t 
of

 n
or

m
al

iz
ed

im
p

ed
an

ce
 o

f 
p

ro
be

 (
re

la
tiv

e 
sc

al
e)

0.0 0.5 1.0 1.5 2.0

Ratio of crack depth d to standard depth of penetration δ
(69)

The main benefit of the study of the two
dimension problem is that it provides a
simple test bed for new techniques,
including an adaption of the geometrical
theory of diffraction,86 to problems in
eddy current crack interaction.

Advanced Techniques
Two types of advanced techniques for
evaluating probe signals due to cracks are
considered next. First, equivalent source
techniques are discussed, of which the
Burrows small discontinuity theory64 is an
elementary precursor. Second, the thin
penetration approaches, prototyped by
Kahn and others74 and applicable to both
ferromagnetic and nonferromagnetic
materials, are described.

The equivalent source techniques cover
all frequencies and are closely linked with
field formulations based on integral
equations. They can be used to evaluate
fields at cracks in ferromagnetic material
but here the description will be limited to
materials with the permeability of a
vacuum.

Finding a numerical solution from
integral equations can be more
demanding in the thin penetration regime
because a large number of volumetric cells
or boundary elements may be needed to
give an accurate result. Usually, a grid
containing several cells per standard
depth of penetration is required, so the
number of unknowns and the
computational cost are usually high in the
thin penetration regime. Because this cost
is avoided in approaches that explicitly
take advantage of small penetration depth
approximations, the techniques described
here are complementary. To understand
dipole and thin skin techniques, it is
helpful to consider the behavior of the
electric field near the crack mouth and
the properties of the field at the crack
face.

Electric Field at Crack Opening
The crack opening is typically much
smaller than the standard depth of
penetration. Therefore, a local field theory
for this region can be based on Maxwell’s
equations in the static limit. Because the
electric field varies relatively slowly along
the crack mouth away from the ends, a
two-dimensional solution in a plane
perpendicular to the mouth direction
adequately captures the significant
features. This approach implies that the
solution of the laplace equation in two
dimensions is suitable for the task.

Z jkdn = + −2 1
8
π



The geometry of the problem (Fig. 13)
lends itself to the Schwarz-Christoffel
theory,87,88 which yields a conformal
transformation to map the domain of the
crack and the adjoining half plane above
it into a half plane. An elementary
solution for the half plane will lead to a
fixed potential difference across the crack.
Then, an inverse transform can be applied
to produce a representation of the electric
field at the crack mouth. In this case, a
suitable analytic inverse transform is
apparently lacking and the mapping must
be done numerically by using, possibly,
the newton-raphson iterative technique or
the brent algorithm.89

Förster90 and others91 have used
conformal mapping to determine the
magnetic flux leakage at the crack mouth.
In fact, the mapping is used widely to
find the magnetic field at the gap between
two pole pieces such as the field at the
gap between the poles of a magnetic
recording head.92 In eddy current
problems, the electric field is needed
rather than the magnetic field but the
solution is essentially the same (Fig. 13).

At the corners, the electric field is
singular, varying in magnitude in air close
to the corner as (rcorner)–1/3, where (rcorner)
is the radial distance from the apex of the
corner. This behavior is characteristic of
the field in the vicinity of a right angled
wedge.93 Between the crack faces, the field
tends to become more uniform deeper
into the crack. The magnitude of the field
between the faces depends on how deep
and wide the crack is. If the crack is made
narrower while the potential across the
crack remains the same, then the
magnitude of the electric field increases.
In the limit of closure without contact,
the electric field forms a singular layer,
infinitely strong, of infinitesimal
thickness. It is this limiting case that will
FIGURE 13. Electric field at crack opening.
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be explored here because the singular
layer has a simple mathematical
representation.

Impenetrable Crack
In calculations of the field perturbation
due to a crack, it is usual and convenient
to apply a boundary condition that states
that the normal component of the current
density in the conductor at the crack face
is zero. Although the surface of the crack
supports a distribution of electrical charge
and the charge must get there somehow,
in the quasistatic approximation the
charging current is neglected. In a
conductor, the displacement current jωε0E
is neglected because it is very much
smaller than the charge current σ0E. Even
at high eddy current test frequencies,
~10 MHz, where the magnitude of
displacement current is greater than at
lower frequencies, the ratio ε0ω·σ0

–1 is on
the order of 10–9 for a low conductivity
metal, 0.58 MS·m–1 (1 percent of the
International Annealed Copper Standard).
However, the accuracy of a boundary
condition that neglects the charging
current at the crack face is dependent on
crack width. Therefore, it is necessary to
seek a justification for the quasistatic
approximation in this context.

The normal component of the true
current, to use Maxwell’s term for the sum
of the displacement and charge current, is
continuous across an interface. Therefore,
the displacement current between the
faces and directed across the crack is equal
to the charging current at the conducting
side of the crack face. Hence, the
boundary condition is justified if the
displacement current jωe0En across the
crack is negligible compared with the
tangential charge current σ0Et at the crack
83Modeling of Electromagnetic Testing
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FIGURE 15. Side view of coil and crack, showing crack in Y,Z
plane of coordinate system. Surface S0 is part of the Y,Z
plane occupied by the crack.

Z

face. In the following argument, these
currents are estimated and compared.

Applying Stokes’ theorem to Faraday’s
induction law in differential form gives an
integral form of the induction law in
which the line integral of the electric field
around a closed path is equated to the
rate of change of magnetic flux through
the surface S bounded by the path. If it
happens that the rate of change of
magnetic flux through S can be neglected.
Then the line integral is approximately
zero:

(70)

where C is the path bounding S and ds is
an incremental displacement along the
path.

For this case, the path links points
ABCD (Fig. 14) in the limit as the points
approach the crack surface. By
considering an exponential field at the
crack face, it can be shown that the
magnetic flux through S is less than the
path integral of E over a crack face by a
factor on the order w·δ–1, where w is crack
width (meter) and δ is standard depth of
penetration (meter). Hence, if w is small
compared with the standard depth of
penetration, as it usually is, then Eq. 70 is
a reasonable approximation. This
equation indicates that the following are
of roughly comparable order of
magnitude: 2E0d ≅ Enw, where En is the
normal component (volt per meter) of the
electric field in the crack and E0 is the
tangential field (volt per meter) at the
outer surface. That being the case, the
ratio of the displacement current across
the crack jωε0En to the tangential face
current σ0E0 is small if:

(71)

This condition for the validity of the
quasistatic approximation at the crack is
usually satisfied. For example, if
d·w–1 ≅ 104, then ωε0d·(σ0w)–1 ≅ 10–5 at

ωε
σ
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0
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d
w
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FIGURE 14. Integration path C, crossing crack.

Path C

A D

B C
10 MHz in a conductor with a low
conductivity, 0.5 MS·m–1 (1 percent
International Annealed Copper Standard).
Assuming the quasistatic approximation
for a nonconducting crack, the zero
normal current at the crack face is
written:

(72)

where the ± sign denotes points on one or
the other crack face approached from the
interior of the conductor.

Surface Current Dipole
Distribution
A basic problem to be considered initially
is the probe response to an ideal crack,
defined as having negligible opening
compared with the standard depth of
penetration but satisfying the requirement
in Eq. 72 for the validity of the quasistatic
approximation. The crack is therefore
impenetrable to the flow of electric
current. The ideal crack is defined, for
example, with respect to an open surface
S0 bounded by the crack edge and by the
intersection of the crack with the surface
of the conductor (Fig. 15).

Eddy currents flow around the buried
crack edge such that the current density is
different at points adjacent to one
another on opposite faces. The fact that
the crack opening is neglected means that
the ideal crack gives rise to a discontinuity
in the tangential current density at S0
and, consequently, a discontinuity in the
tangential electric field. The solution of
the ideal crack problem can be found by
evaluating the discontinuity in the field

Jn
± = 0
X

Y

Surface S0

Crack



directly or by expressing the jump in the
field in terms of an equivalent dipole
source distribution, either electric 94 or
magnetic.95 The relationship between the
field and the equivalent current dipole
source is described next.

For an open crack, the volume dipole
density P is defined by Eq. 54 and, like
the electric field in the crack, is larger for
cracks of narrower opening. However, the
integral of P along a path Cn across the
crack is expected to tend to a finite value
in the limit as the crack opening becomes
infinitesimal. With w as the width (meter)
of the crack opening, the limit is written:

(73)

where p is the surface dipole density
having the vector representation p = n̂p.
For a crack whose interior has zero
conductivity, it can be seen from the
definition (Eq. 54) that P = –σ0E.
Therefore:

(74)

This relation can be used in formulas
for the line integral (Eq. 70) along a path
C0 around a segment of the surface of an
ideal crack (Fig. 16) to give:

(75)

where the subscript t denotes components
tangential to S0 and where δS is a
displacement vector between points A and
B on the surface S0 (Fig. 16):

(76)

Because δS is arbitrary, it can be seen that:
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FIGURE 16. Integration path C0 crosses crack at points A and
B and is formed in limit as A± and B± approach surface S0.
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(77)

A similar relationship between the
jump in the electric field at a surface and
the gradient of the surface dipole density
exists for the electrostatic charge dipole
layer.65 Here it relates the discontinuity in
the dynamic tangential electric field at an
ideal crack surface S0 to the surface
distribution of dynamic current dipoles
whose orientation is normal to S0.

Two properties of the dipole density
are worthy of note at this point. Firstly, it
tends to zero at the buried crack edge.
Secondly, the derivative ∂P·(∂z)–1 is zero at
the crack mouth, z being the coordinate
whose axis is normal to the surface of the
conductor (Fig. 15). These properties are
written as:

(78)

and:

(79)

where re is the coordinate of an edge
point and rm is the coordinate of a point
at the crack mouth. For example, Eq. 80
gives the dipole density for a long straight
crack of depth d in a uniform unperturbed
field E0:83

(80)

Note that p(z) vanishes at z = –d and
that the derivative with respect to z
vanishes at z = 0 in keeping with the
general properties in Eqs. 78 and 79. In
addition, it is important to be aware that
the electric field has a half-power
singularity at the edge of an ideal crack
varying locally as:96

(81)

where ρ is the perpendicular distance
(meter) of a point from the edge and φ is
an angle (radian) measured from the
surface S0 in a plane perpendicular to the
edge. This means that, in general, the
dipole density varies as:

(82)

near the edge.
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The solution of the eddy current ideal
crack problem has been reduced to one of
finding the surface dipole density p. Thus
a scalar replaces a two-component vector,
the jump in the tangential electric field.
Consequently fewer unknowns are needed
for a numerical solution. To calculate p, it
is necessary to know the continuity
conditions that apply to the magnetic
field at the crack surface S0 because these
conditions will be needed in the
derivation of an equation from which the
dipole density can be calculated.
Although the details of these derivations
will not be given here, it is useful to
understand the continuity conditions that
apply to the magnetic field at the ideal
crack surface.

The jump in the tangential electric
field at the ideal crack is inseparable from
the singular property of the electric field
between the crack faces, as expressed here
in terms of a current dipole layer.
However, no such singular behavior
occurs in the magnetic field. The truth of
this can be demonstrated by following an
argument like the one for the electric field
but applying Stokes’ theorem to Ampère’s
law rather than to the induction law,
thereby forming the line integral of H
around the path C0. Following this
parallel argument, it can be deduced that
the line integral of H vanishes as the
closed path A–A+B+B– (Fig. 16) collapses
onto the crack but no singular behavior of
the magnetic field in the crack could lead
to a discontinuity in the tangential
magnetic field. It is concluded that:

(83)

at S0. In addition, it may be recalled that
the normal magnetic flux B (tesla) is
continuous at an interface.65 At a crack,
which is in fact a double interface, the
same relationship holds:

(84)

To confirm the consistency of the
continuity conditions at S0, note that
Faraday’s induction law implies that the
normal magnetic flux density at S0 is:

(85)

By using this relationship to express
the difference Bn+ – Bn– in terms of the
jump in the tangential electric field and
substituting for the jump in the transverse
electric field using Eq. 77, the transverse
curl acts on the transverse gradient of the
dipole density to give zero. Thus, the
continuity of the normal flux density is
ensured by the fact that the jump in the

B
j

nn t t
± ±= − ⋅ ∇ ×1

ω
ˆ E

B Bn n
+ −− = 0

H Ht t
+ −− = 0
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tangential electric field is expressed as the
tangential gradient of a scalar function.
Having now defined the continuity
conditions at the surface S0, one is
equipped for the task of finding a
governing equation for the dipole
density p.

Integral Formulation
The most common approach to the
solution of electromagnetic field problems
at low frequencies, such as the modeling
of electrical machines, electromagnets and
eddy current discontinuity detection, is to
use a differential formulation as the basis
of a finite element solution. However, in
the area of antennas and electromagnetic
wave propagation, integral techniques are
used more commonly than the finite
element scheme. In the approaches
described here, the aim is to compute
solutions for simple but realistic
geometries using relatively few unknowns
and adapt the forward problem solver for
the task of iterative inversion. Integral
equation techniques are better suited to
this strategy, particularly if the region of
the required solution can be confined to
the discontinuity. The implication is that
the number of unknowns is small and the
forward solver is fast.

In antenna theory, the hertzian dipole
is used as a fundamental solution from
which the field of a wire antenna is found
by integration over the wire structure, a
step that is justified by the principle of
superposition. The elementary current
dipole field (Eq. 51) like the hertzian
dipole, plays the role of a fundamental
solution in a conductor. It allows the field
of an extensive discontinuity in a
conductor to be expressed as an integral
over a discontinuity region. The
fundamental solution is written here as:

(86)

where G(r|r´) is a dyadic Green’s function
transforming the current dipole source p
into the electric field. For a dipole
embedded in an unbounded domain, the
dyadic Green’s function is given in the
braces of Eq. 51. A more representative
configuration in eddy current testing is
one in which a probe in air interacts with
a discontinuity in a conducting plate. If
the standard depth of penetration is
smaller than the plate thickness, the
conductor can be considered as occupying
a half space (Fig. 15). The dyadic Green’s
function for a half space, like the
fundamental solution, is known in
explicit analytical form.68,94 Hence the
discontinuity field can be written as an
integral over the discontinuity in the
knowledge that the integral kernel will

E r,r r r p r′( ) = − ′( ) ⋅ ′( )j ωµ0G



ensure that the correct continuity
conditions will be satisfied automatically
at the interface of air and conductor.

For a crack in a half-space conductor
(z = 0), the electric field is written as the
sum of the unperturbed probe field E(0)

and the discontinuity field:

(87)

Here the field due to the crack is
expressed in terms of its equivalent
source p as superposition of dipole fields
written as an integral over the crack
surface S0. It should be noted that, rather
than simply invoking the principle of
superposition, the formal techniques of
deriving integral equations for the field
are based on Green’s second theorem.77

Equation 87 is multiplied by the
conductivity σ0 and the condition (Eq. 72)
is applied so that the normal component
of the current density at a point at the
crack surface is zero:

(88)

where:

(89)

and:

(90)

It is to be understood that the field point
whose coordinate is r approaches a point
r± on the crack and that this limiting
process takes place after the integration
has been performed. Equation 88
determines the current dipole density on
the surface S0.

Rather than seeking a solution of the
integral equation itself, an approximation
is constructed by expanding the unknown
p(r) as a linear superposition of a set of N
basis functions and the expansion
coefficients determined by using the
moment technique.97 By this
approximation procedure, a matrix
equation replaces the integral equation as
the means of finding the field. The
solution of the matrix equation can then
be found by standard numerical
techniques.89 The classic text on the
moment technique in electromagnetism is
by Harrington97 and a more recent
volume on the subject, which includes
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the treatment of dyadic Green’s functions,
is by Wang.98

Having calculated a discrete estimate of
the dipole density p(r0), r0 ∈ S0, the coil
impedance change due to the
discontinuity is determined from a variant
of Eq. 53:

(91)

where the integration is over the surface
S0. In applying the moment technique to
the ideal crack problem,94 the discrete
approximation of the dipole density
converts the impedance integral to a
summation.

Boundary Element Results
Results have been calculated using a
version of the moment technique in
which the dipole density is approximated
as a piecewise constant with respect to a
regular grid of rectangular boundary
elements. For a piecewise constant
solution, it is necessary to find the value
of the constant coefficient for each of, say,
N cells. This value is obtained by
expressing the dipole density as a linear
superposition of N rectangular pulse
functions, substituting the expansion into
Eq. 88 and demanding that the resulting
equation is satisfied at the center of each
and every rectangular cell, a step known
as point matching or collocation. The
procedure leads to an N × N matrix
equation for the coefficients of the
piecewise constant approximation.

In general, the moment technique
proceeds by expanding the unknown
function in terms of suitable set basis
functions defined with respect to a grid or
a set of nodal points subdividing the
domain of the solution. Therefore, the
dipole density can be approximated by
using a set of basis functions that lead to
a smoother representation of the solution
than does the piecewise constant
approximation. This approximation
certainly leads to improved results.99

However, despite the relatively crude
approximation of the piecewise constant
solution, the results (Fig. 17) agree
reasonably well with experiment on a
semielliptical artificial crack.76

Incidentally, note that the theoretical
predictions computed with a grid of
16 × 8 elements are also used to generate
the 250 Hz impedance plane plot in
Fig. 10. The computed results in Fig. 17
are plotted for three different rectangular
cell sizes showing the dependence of the
results on the number of unknowns. A
reasonably accurate result can be achieved
with only 128 unknowns and the finer
grid results are consistent with each other.

I Z dS

S

2 0

0

∆ = − ⋅( )∫ E p
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Figure 18 shows similar low frequency
(250 Hz) results for a simulated crack
whose shape is shown in Fig. 15. At
intermediate frequencies, the crack
opening must be taken into account100

and at high frequencies, the number of
boundary elements must be increased.
However, in the thin penetration regime,
boundary elements can be avoided
altogether as discussed in the following
section.
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FIGURE 17. Variation with probe position for coil whose axis is
in plane of semielliptical simulated crack in aluminum:
(a) resistance change; (b) reactance change.76

Legend
= theoretical plot for 16 × 8 cells
= theoretical plot for 32 × 16 cells
= theoretical plot for 40 × 20 cells
= observations
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Thin Penetration Crack Theory
A number of approaches have been used
to determine the electromagnetic field at
a crack for the thin penetration regime. In
this regime, in which the standard depth
of penetration is very much smaller than
the length and depth of the crack, eddy
currents are confined to a region close to
the conductor and to the crack surface. It
is found that their distribution over the
crack is governed by the solution of the
laplace equation in the domain of the
crack face. The reduction to a
two-dimensional laplace problem is
theoretically attractive because a number
of standard techniques can be adopted to
solve such problems. From the practical
point of view, it is often desirable to carry
out eddy current testing and experiments
in the thin penetration regime because
the sensitivity to discontinuities is greater
at high frequencies. In testing
ferromagnetic materials for cracks, the
standard depth of penetration is usually
much smaller than the overall
discontinuity dimensions. Hence, the
high frequency limit has important
practical significance.

The main theoretical question to be
faced in seeking a solution of the
two-dimensional laplace problem is,
“What are the boundary conditions?’’
Beginning in the early 1980s, a research
group at University College London in the
United Kingdom produced a series of
articles on the alternating current
potential drop technique for measuring
cracks. A number of these articles were
based on the unfolding model.101,102 This
model was successfully applied to the
problem of finding the depth of cracks in
ferromagnetic steel in the thin
penetration regime. The problem domain
can be divided into two equal parts, each
consisting of a half plane at the surface of
the conductor and a crack face at right
angles to it. The line adjoining the half
plane and the crack face is called the fold
line. By unfolding the crack face into the
surface plane of the conductor, a modified
problem domain is formed. A scalar
potential representing the electromagnetic
field in the plane was deemed to be
continuous and have continuous normal
gradient at the fold line. At the crack
edge, a boundary condition on the
potential was deduced from the fact that
the electric field tangential to the tip is
zero. These constraints are sufficient to
form a well posed, two-dimensional
laplace problem that was solved to give
results in agreement with experiment.
Estimates of crack depth in steel
components using alternating current
potential drop were improved as a result
of this work.



The unfolding model is not valid for
nonferrous material but an alternative
thin penetration theory was developed for
eddy current testing in such materials by
Auld and others, who considered cracks in
aluminum alloys.48,103 Auld’s boundary
condition assumes that the external
magnetic field tangential to the conductor
surface is not perturbed by the crack. The
assumption may have been inspired by
Kahn’s two-dimensional long crack
problem74 because it is exact when the
magnetic field is uniform along the length
of a crack of uniform depth but, for a
nonuniform probe field at a finite crack, it
is approximate. The approximation is
reasonable provided the coil diameter is
large compared with the crack size but
this limitation leaves room for
improvement in the predictions.

It became evident in the late 1980s
that the differences between the London
FIGURE 18. Variation with probe position for coil 
simulated crack in aluminum: (a) resistance; (b) 
250 Hz and by using 32 × 16 grid. See Harrison
simulated crack.76
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group’s model and Auld’s approach ought
to be reconcilable in a unified theory that
would be valid for arbitrary permeability.
In seeking the unified approach, the
perturbation in the magnetic field at the
crack mouth was taken into account by
Lewis, Michael, Lugg and Collins,104,105

who derived a boundary condition using
a flux conservation argument applied to a
region around the opening. The resulting
theory is applicable to materials of
arbitrary relative permeability and
corroborates the unfolding model in the
high permeability limit.

Alternative Formulations
A more formal approach to obtaining the
unified theory is to start with a technique
valid at an arbitrary frequency and
specialize it systematically for the thin
penetration regime. A suitable
89Modeling of Electromagnetic Testing

whose axis is in plane of semielliptical
reactance. Calculations were performed at
 and Burke for details of coil parameters and
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formulation for this strategy is one where
the electromagnetic field in the conductor
is expressed in terms of transverse electric
and transverse magnetic hertz
potentials,106 ψ and ψ´ respectively. Then,
the electric and magnetic fields take the
forms:

(92)

and:

(93)

where z < 0 and where the preferred
direction x̂ is normal to the crack plane.

In a half-space problem formulated
using hertz potentials, it is usual to
choose the preferred direction as the
normal to the interface between the air
and the conductor. In this way the two
potentials are decoupled at the interface.
Although the present choice of preferred
direction leads to coupled interface
conditions, the chosen modes are
decoupled at the crack surface. In fact, the
transverse electric mode does not interact
directly with an ideal crack at all. Instead,
it is perturbed indirectly through its
coupling with the transverse magnetic
mode at the surface of the conductor.
Because direct transverse electric
interaction with the crack is absent, the
transverse electric potential and its
gradients are continuous at the ideal crack
plane. In contrast, the transverse
magnetic potential is subject to a direct
interaction of the crack with the field and
therefore exhibits a discontinuity at the
crack.

To examine the discontinuity of the
transverse magnetic hertz potential, it is
necessary to reconsider the properties of
the electromagnetic field at the crack.

First, the fact that the normal
component of the electric field at the
surface of the crack is zero means that:

(94)

at the crack surface, as can be seen by
taking the x component of the electric
field as expressed in Eq. 92 and applying
the quasistatic condition for the
nonconducting crack given in Eq. 72.
Thus the transverse magnetic potential
satisfies the two-dimensional laplace
equation on the crack for an arbitrary
excitation frequency and standard depth
of penetration.

Second, in the absence of direct
transverse electric interaction with the
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crack, the continuity of the tangential
magnetic field (Eq. 83) implies that:

(95)

as can be deduced from Eqs. 93 and 83.
Thus the transverse magnetic potential
itself is continuous at the crack surface S0.

Third, noting that the jump in the
electric field is due solely to the transverse
magnetic mode, it can be seen from the
form of the transverse magnetic
contribution in Eq. 92 combined with
Eq. 77 that:

(96)

It is concluded that the transverse
magnetic potential has a discontinuity in
its normal gradient at the crack surface S0.

It can be shown that the transverse
electric hertz potential ψ, expressed as the
sum of unperturbed and perturbed
components, is given by:

(97)

for arbitrary frequency and standard
depth of penetration. The Green’s
function G(r,r´) accounts for the cross
coupling between transverse electric and
transverse magnetic modes.107

Several approaches for finding a
solution to the ideal crack problem follow
immediately from Eq. 97, both at an
arbitrary frequency and for the thin
penetration regime. For example, without
restricting the frequency, one can use a
symmetry argument to write the jump in
the derivative of the potential at the crack
as 2(∂ψ)·(∂x)–1. Differentiating Eq. 97 with
respect to x and assigning the field
coordinate to a point at the crack face
denoted by r± will give an equation for
the normal derivative of ψ. From the
solution, p can be found from Eq. 96 and
the probe impedance due to the
discontinuity found from Eq. 91. The
following approach has appeared in the
literature.

Setting the field coordinate in Eq. 97 to
r± and using Eq. 96 gives:
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Essentially the same equation as Eq. 98 is
found using a magnetic vector potential
formulation.108 Finding a solution relies
on the fact that the unknown potential
ψ(r±) satisfies the laplace equation on S0
(Eq. 94) and must be determined
simultaneously with p(f). These two
unknown functions can indeed be found
from the same equation simultaneously
by imposing further constraints. The
additional constraints are not the
boundary conditions on the laplace
problem for ψ at the crack face, because
these are not defined. Instead, the
boundary conditions at an arbitrary
frequency (Eqs. 78 and 79) are imposed
on p.

In finding a solution using the
moment technique using N equations for
N unknowns, a reduction in the
unknowns needed to approximate p can
be made because the prior knowledge
derived from Eqs. 78 and 79 restricts its
behavior at the perimeter of the crack.
This technique releases some degrees of
freedom that can be used to represent
ψ(r±) as a solution of the laplace equation
on the crack face. By management of the
unknown coefficients in this way, a
solution can be found that agrees with
experiment.108
91Modeling of Electromagnetic Testing

FIGURE 19. Inductance and resistance variation with probe position for coil whose axis is in
plane of semielliptical artificial crack in aluminum: (a) inductance plot; (b) resistance plot.
Theory (solid line) is compared with experimental results (points) acquired at 50 kHz. See
Harrison and Burke for details of coil parameters and simulated crack.76
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Thin Penetration Regime
As Auld has shown, a suitable boundary
condition for formulating a well defined
laplace problem on S0 in the thin
penetration regime can be derived from
the magnetic field at the crack mouth.
The transverse magnetic component of
the magnetic field in the Y direction can
be written:

(99)

where ψ(c) is the perturbed potential (volt)
due to the crack. As it stands, Eq. 99
cannot be used immediately as a
boundary condition because the
perturbed field at the mouth is not known
in advance. Auld got around this problem
by neglecting the perturbation of the
magnetic field at the crack mouth, a
reasonable approximation because it can
be small for nonferromagnetic materials.
Taking the field perturbation into account
increases the complexity of the
problem107 but improves the accuracy of
the results for nonferrous alloys and gives
results valid for ferromagnetic
materials.109

Results of impedance predictions110

and measurements for a semielliptical
artificial crack are shown in Fig. 19. The
experimental data are taken from a series
of measurements made at
16 frequencies.76 For a comparison with
thin penetration theory, results at the
highest frequency (50 kHz) are shown.
Calculations were performed with
conformal mapping.110 At this frequency,
the depth of the simulated crack,
8.61 mm (0.339 in.), is more than
18 times the standard depth of
penetration, 0.47 mm (0.019 in.). Note
that the theory underpredicts the resistive
component by about 10 percent.
However, this component, is small
compared with the inductive reactance,
which has a maximum value over 600 Ω.
The overall accuracy of the predictions is
good.
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PART 4. Computer Modeling of Eddy Current
Fields2
Mathematical Basis of
Modeling
Computer modeling is used to simulate
reality. In the case of eddy current testing,
the computer can be programmed to
replicate (1) the physics of the testing
media, (2) the characteristics of the test
object and (3) the geometry of the test —
and to then display a dynamic visual
image of all three during testing.

Modeling may be used for computer
aided design of eddy current test
components, as well as research on
specific or general test applications. Both
of these potential uses reduce the need for
trial and error manufacturing of sample
components and provide an alternative to
actual tests that are difficult, hazardous or
costly.

By definition, modeling is the design of
a mathematical system that obeys certain
fact based conditions. The behavior of the
model is then used to understand an
analogous physical system. The value of
the model relies directly on its ability
accurately to duplicate the behavior of the
system for which it is the analog.

All electromagnetic phenomena,
including those related to eddy current
testing, are described by Maxwell’s
equations (Eqs. 1 to 4). In performing an
eddy current test, these relations are used
even if this is not explicitly known to the
inspector. The designs of eddy current
tests and equipment are based on
Maxwell’s equations, regardless of the
actual technique used in the design
process. In modeling electromagnetic
phenomena, it is natural to rely on the
solution of Maxwell’s equations. The more
accurately these equations can be
modeled, the better the resulting general
model. The usefulness of eddy current
tests and the information available from
interpretation of their test signals can
only be as good as the understanding of
the underlying principles. Authoritative
decisions regarding a test signal cannot be
made if all aspects of the magnetic field’s
interaction with materials and material
discontinuities are not fully and uniquely
understood.

The solution of Maxwell’s equations is
at the heart of any eddy current
discontinuity characterization scheme.
The ability to interpret signals, design
tests and equipment and ultimately to
solve the inverse problem in eddy current
testing is directly related to the ability to
solve these equations within realistic
testing geometries.

Although the solution of field
problems has preoccupied scientists and
engineers since the publication of
Maxwell’s Treatise1 in 1873, the
complexity of field relations and
interactions has limited such attempts to
well behaved, simple problems. Such an
extensive effort has yielded few specific
results and not one general model capable
of describing all electromagnetic field
phenomena. Models that could be applied
generally could be developed only after
the introduction of digital computers.

This is not surprising considering the
complexity of the interactions involved.
Eddy current techniques of
nondestructive testing rely on alternating
current excitation that induces secondary
currents and fields in the test material.
Discontinuities in the test object cause
changes in the induced fields, which are
usually monitored by measurable changes
in coil impedances. Thus, the technique
requires indirect measurement (through
impedance changes) of secondary
(induced) fields and currents.

The nature of field problems,
nondestructive testing applications in
particular, leads to three-dimensional,
nonlinear, partial differential equations
within awkward boundary conditions.
The solution domain often includes
complicated discontinuity shapes. For the
case of moving probe applications, the
solution is a function of time and
position. In addition, the solution domain
is unbounded: the field only decays to
zero at infinity. These very general
requirements encompass the whole
spectrum of possible difficulties (with the
exception of high frequency problems).

These complications have led to a
definite reliance on experimental
techniques111-113 and on analytical models
wherever such models could be found.

Types of Modeling

Experimental Modeling. Experimental
techniques are derived from
measurements in eddy current tests, either
actual or simulated. The value of such
models is limited because of their
93Modeling of Electromagnetic Testing
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empirical nature and the fact that th
extension to other geometries is mo
less speculative. This limitation does
mean that accurate, controlled
experimental data are not valuable i
modeling. Both analytical and espec
numerical modeling rely on such da
confirmation.

Experimental techniques have ma
limitations and, although very usefu
times, are not always reliable for
modeling. The generality required fo
modeling does not exist with
experimental techniques.
Analytical Modeling. Analytical mod
are derived from elementary field an
circuit theory relations. At the very b
of this approach is the fact that som
simplifying assumptions must be ma
with regard to the test environment
These assumptions include (1) those
are satisfied with little or no errors, s
as linearity in eddy current calculati
and (2) those that imply large errors
even a modification of the geometry
relying on the hope that, by doing s
solution is still an approximation of
actual problem modeled. In this cate
are symmetry considerations, bound
conditions and discontinuity shape
approximations. In spite of extensiv
simplification, analytical models are
extremely complicated and the resul
tend to be limited to a single geome
class of problems.
Numerical Modeling. Numerical mo
in nondestructive testing is an outgr
of the failure of analytical models re
to predict the necessary field interac
with any degree of generality. A num
model uses a digital computer to sol
governing equations directly, with fe
simplifying assumptions. This in itse
enough to explain the value of such
models. Numerical modeling allows 
solution of very complex problems a
the same time, does not require the 
to know the intricacies of electroma
theory or differential calculus. All th
user is required to do is input the pr
variables and, if necessary, verify the
results experimentally.

General Overview of Analytica
and Numerical Modeling

The existence of models for eddy current
testing phenomena depends entirely on
the ability to solve Maxwell’s equations
with or without approximations. The
value of such models in solving the
inversion problem satisfactorily is beyond
dispute. Solution of this important
problem is possible only with the
development of good theoretical models,
capable of predicting the complex
interactions of a multitude of factors in
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the test object. A good, reliable theoretical
model for nondestructive testing should
be able to satisfy the following conditions.

1. The model should describe the physics
of interaction between the applied
alternating current field, induced
currents and discontinuities in the test
object.

2. The model should serve as a
theoretical test bed for situations
difficult or impossible to replicate
experimentally.

3. The model should generate eddy
current output signals for a wide
variety of discontinuities and
specimen shapes, avoiding costly
sample preparation and helping to
determine discontinuity
characterization parameters.

4. The model should provide training
data for automated discontinuity
characterization systems and
equipment.

5. The model should aid in the design of
eddy current probes for specific
applications.

For the purpose of deriving such a
model, two main avenues are available:
the analytical approach and the numerical
approach.

Analytical Modeling
Analytical models are derived from basic
field and circuit theory considerations. In
effect, an attempt is made to solve
Maxwell’s equations directly. These
equations are generally three-dimensional,
nonlinear, partial differential equations
within complex boundaries and
discontinuity shapes. In addition, for
moving probe problems, the solution is
both time and position dependent. It is
therefore not surprising to find that such
solutions are only possible for the most
elementary of test geometries, with
simplifying assumptions in terms of
geometry, dimensionality, discontinuity
shapes and sources. This
oversimplification accounts for the fact
that analytical models are limited in
scope, applicable only to selected
problems and not easily extended to other
geometries. On the other hand, the
solution to problems for which an
analytical model applies is relatively
simple and allows parameter change
studies.

Analytical modeling has its roots in the
pioneering work of Ampère, Örsted,
Faraday, Lenz, Gauss, Helmholtz, Henry
and Foucault, culminating in Maxwell’s
Treatise,1 in which many practical
problems are addressed and solved,
including many that are directly related to
nondestructive testing. In view of this



background and the work of Hughes,114 it
is surprising that the first serious attempt
at modeling was undertaken only after
Steinmetz introduced the complex
notation for field quantities,115 thus
paving the way for the early modeling
work of Förster and the introduction of
impedance plane diagrams as an accepted
technique of presenting eddy current test
data.

The phenomena associated with eddy
current testing can be examined only after
Maxwell’s equations have been
manipulated and simplified into a form
suitable for solution by one of the
techniques for solving partial differential
equations. Such techniques as separation
of variables, bessel functions, power series
and the various transform techniques,
especially the fourier transform, are used.

Förster and Stambke115 used bessel
functions to find the complex effective
permeability of a metal rod encircled by a
secondary search coil and an alternating
excitation coil. The effective permeability
concept is used to directly connect the
dissipative and inductive quantities in the
specimen with the resistive and inductive
terms in the impedance plane plot.
Hochschild111 solves a fairly simple
problem (a cylindrical sample and a
concentric coil), using bessel functions
directly for the magnetic flux density B
(tesla) within the conductor, in terms of
the flux density at the conductor’s surface,
using the following expression:

(100)

where r is radial distance (meter) and γ is a
function of the standard depth of
penetration.

This leads to an expression for the flux
linkage with the encircling coil from
which the induced voltage and the real
and imaginary parts of the coil impedance
are found. The well known comma
shaped curves can be derived by plotting
the impedance for various frequencies and
conductivities.

The same geometry is solved by
Libby116 by using the definition of
magnetic vector potential and substituting
it for the flux density. To obtain the coil’s
impedance, the magnetic vector potential
is related to the induced voltage Aθ (volt)
in a current loop and then the impedance
of the coil is obtained as a closed form
expression in a source free region:

(101)
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Waidelich and Renken117 used the
image coil concept to calculate the
impedance of a coil in the vicinity of
conducting media and compared the
results with experimental data. Vine118

shows this to be the limiting case of a
single current loop above a conducting
plate of finite thickness. Cheng119

examines the same situation and, using
the magnetic vector potential in
cylindrical coordinates, obtains an
integral expression for the coil
impedance.

Expanding on this idea, Dodd120

obtains expressions for the coil impedance
of a rectangular cross section coil above a
two-conductor plane and encircling a
two-conductor rod.

To avoid the complexities of Maxwell’s
integral equations, Graneau and Swann121

and Graneau122 replace conducting media
with an infinite number of filamentary
circuits corresponding to streamlines of
current flow. This substitution leads to a
coupled circuit model and a power series
representation for the induced currents.

Burrows64 introduces magnetic and
electric dipoles to represent small
discontinuities. Dodd and others11 predict
the induced voltage in a circular coil due
to small discontinuities.

Many other theoretical and
experimental concepts74,123-127 have been
used to approximate the solution to
nondestructive testing problems with
varying degrees of simplification and
success. The underlying assumptions
made in deriving these models are of such
a restrictive nature that their application
to other problems, in more realistic
geometries, is all but impossible.

Integral Solution Technique
To obtain a closed form solution for
simple geometries, analytical techniques
require solution of integral equations and,
if the integration can be carried out, a
solution may be obtained for a particular
geometry. Beyond the simplification of
the actual geometry and a lack of
generality, a new consideration should be
introduced: integration processes that
may or may not be done analytically.

In such cases, numerical integration is
used. Because of this need to numerically
integrate analytical expressions, the
technique is considered a hybrid that
bridges the gap between the two
techniques. Inherent in it are all the
initial approximations of an analytical
technique combined with the flexibility
of numerical techniques.

The names integral solution technique
and boundary value solution should not be
confused with similar or identical terms
used for finite element solution of field
problems in integral form. This later usage
95Modeling of Electromagnetic Testing



refers to the formulation of Maxwell’s
equations (or any other physical system)
as a boundary integral problem, usually
solved by surface discretization of a
volumetric region. The term boundary
value solution is here much more restricted
and reflects the fact that an integral
expression is obtained and its solution is
in terms of orthogonal functions along
the boundaries of the solution
region.123,128

Dodd15,128,129 obtained such
expressions for a variety of testing
geometries that fall into two major
categories: (1) multilayered conductors
and (2) multiple coaxial cylindrical layers.
These two categories include many of the
more practical and useful testing
geometries.

The solutions are in the following
form:15

(102)

where A(r,z) is the magnetic vector
potential in the nth plane for a coil above
a number of planar conductors, d
indicates a differential, I is the current per
turn, J is a bessel function of the first kind
and first order, α is the separation
constant of the differential equation, ηc is
the turn density of the coil, µ is the
magnetic permeability (henry per meter),
V22,V12(η,1) and V22(η,1) are
transformation matrices and where:

(103)

where R1 and R2 are the inner and outer
coil radii (meter).

Although these expressions are
complicated and very difficult to evaluate
on paper, they are easily integrated
numerically on computers.

Once the magnetic vector potential has
been evaluated, any magnetic or related
quantity may be calculated. These are
derivable either directly from Eq. 102 or
through other known relations.

For example, if the driving coil is
coaxial with the pickup coil in an
axisymmetric geometry, the induced
voltage in the pickup coil can be written:
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where a is the cross sectional area (square
meter) of the coil winding and n is the
number of turns in the coil.

The integration is performed over the
coil cross section and is particularly
convenient for coils with rectangular cross
sections (as is usually the case with eddy
current coils).

The impedance Z of a coil may be
found from Eq. 104 by dividing by I:

(105)

Similarly, eddy current densities, flux
densities, stored and dissipated energies or
forces due to eddy currents may be
calculated.

The technique described above has
been programmed for minicomputers as
well as mainframes and the computer
programs are available in the open
literature,128-130 accounting for the
technique’s success.

The integral solution technique has
several advantages over purely analytical
techniques, the most important being the
wider range of application afforded by
numerical integration. Because of this, the
integral solution technique has been
applied to eddy current problems ranging
from single-coil, single-conductor
situations to situations using multiple
coils and multilayered materials for
simulation of such important problems as
discontinuity detection and measurement
of cladding thickness, conductivity,
permeability and liftoff.

The technique still suffers from the
problems associated with analytical
techniques: (1) it is not general and (2) it
requires the evaluation of an integral
expression for each class of problems. In
addition, because of its reliance on
orthogonal functions on the boundaries,
it can only take into account relatively
simple geometries and discontinuity
shapes.

Lastly, the technique assumes linear
material properties and superposition of
solutions, a difficulty found in all
boundary integral techniques and not
easily extendable to nonlinear problems.
This assumption is acceptable for eddy
current testing applications but is not
general enough to form the basis of an
all-purpose solution technique, as is the
case with the more general numerical
techniques.

Numerical Modeling
Numerical modeling is different from
analytical modeling. For the purposes of
nondestructive testing, the most
important aspect of numerical modeling

Z
V
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j n
I a

rA dr dz

a

= = ∫∫ω π2



FIGURE 20. General function and finite difference
approximation to true derivative.
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is the fact that none of the simplifying
assumptions made in the analytical
approach are necessary to reach a
satisfactory solution.

Starting with Maxwell’s equations,
there are many different ways to proceed
and each requires the formulation of the
original equations in some particular
form.131-133 Assumptions are made for the
sake of simplicity and economics of the
solution and not to render the equations
solvable. Thus, a two-dimensional or
axisymmetric solution is assumed if the
geometry is approximately
two-dimensional or has axial symmetry. A
two-dimensional solution is likewise a
special case of the more general
three-dimensional solution. Similarly, an
axisymmetric solution is the solution of a
three-dimensional problem in cylindrical
coordinates. Other assumptions help to
shorten the solution process or to obtain
insight into the problem before a more
general solution is attempted. A linear
formulation may be used as a first
approximation or in cases where the
problem is indeed linear.

The application of a numerical process
for the purpose of obtaining a model is, to
a large extent, a matter of choosing the
numerical technique to be used, a matter
of making correct assumptions for
geometry and the nature of the solution
and, perhaps most important, a matter of
economics. Within these constraints, any
accuracy can be obtained regardless of
geometry, linearity, nonlinearity or
dimensionality of the problem.

Numerical techniques in general are far
more powerful than analytical techniques.
At the same time, the solution is obtained
as numerical data rather than a closed
form solution. As such, the solution to a
particular problem may not be usable for
the analysis of a different, perhaps similar
problem. Thus, parameter study requires
repetitive solution and it is not always
possible to deduce parameters from the
solution, as is the case with analytical
solutions. This disadvantage is hardly
significant: the same repetitive process
allows study of parameters for which the
analytical approach cannot be applied
(such as changes in the geometry of an
arbitrarily shaped discontinuity).

Finite Difference Technique
The finite difference technique has been
used as a general means to solve partial
differential equations. The reasons for its
widespread application are many. The
technique is relatively easy to apply, as
well as being general. It is equally
applicable to direct current fields, to
quasistatic or transient fields and to linear
and nonlinear problems. In its simplest
form, the formulation of the field
equations consists of simply replacing the
partial derivatives by appropriate
difference formulas. A solution can then
be obtained for the dependent variable at
discrete points within the solution region
either by an iterative process or by the
solution of a system of algebraic
equations, depending on which finite
difference formula is applied.

The application of the finite difference
technique is complicated by problems of
convergence and stability of the solution
as well as by restrictions on the
discretization process. Although regular
sets of discretization points (grids) are
easy to handle, irregular grids are not.
Discretization of complex geometries into
regular grids is not practical and irregular
grids may in some cases make the
solution nonconvergent. In field
problems, the inability to properly
discretize small areas (such as air gaps or
discontinuities) is detrimental to the finite
difference technique. In addition, the
technique is a nodal technique and
cannot take into account distributed
parameters such as current densities,
conductivities and permeability. These
have to be described as equivalent nodal
quantities with all the associated errors.
The obtained solution is valid only at the
nodal points.

Finite Difference Representation
If an attempt is made to solve a partial
differential equation such as Eq. 100 or
101, it should be possible either to
integrate the equation or to represent the
partial derivatives in terms of the
unknowns themselves at discrete points in
space. The finite difference algorithm is
an implementation of the second
approach.

Considering Fig. 20, where a general
function is described, the true derivative
dy·(dx)–1 at a point xi is the tangent to the
curve at this point. An approximation to
the derivative can be found by taking two
97Modeling of Electromagnetic Testing



points, (one point on each side of xi) and
passing a straight line through them. If
the two points are chosen to be equally
spaced about point xi (as in Fig. 20), the
following expression for the slope of the
line can be obtained:

(106)

By denoting in short form y’(xi) as y’i, y(xi+dx)
as y(i+1) and y(xi –dx) as y(i–1), a simpler
expression linking the approximation y’(xi)
to the function value at x(i–1) and x(i+1) can
be written:

(107)

The same result can be obtained
formally by using a taylor series
expansion. By expanding the function
y = f(x) about the point xi for x = xi – ∆x
and x = xi + ∆x, the following results are
obtained:

(108)

(109)

By subtracting Eq. 109 from Eq. 108 and
rearranging the terms, the first derivative
can be written as:

(110)

Then, neglecting terms with (∆x)2 or
higher powers of ∆x, the expression in
Eq. 107 is obtained. This technique is less
intuitive than the one used to derive
Eq. 107 but shows two important points.

1. The error produced by the
approximation is on the order of (∆x)2.
Thus, there is a simple way of
estimating the error and, at the same
time, the solution can be improved by
reducing the size of ∆x.
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2. The finite difference formula in
Eq. 110 was obtained by choosing an
appropriate expansion to cancel
specific terms of the expansions. This
indicates that higher order derivatives
and different approximations to the
same derivatives can be obtained.
Indeed, many useful difference
formulas have been derived.134

An approximation for the second
derivative is obtained by adding the two
expansions in Eqs. 108 and 109 and
rearranging the terms:

(111)

This particular approximation also
introduces an error on the order of (∆x)2.

The finite difference expressions
derived here use points on both sides of
the point at which the derivatives are
calculated. They are therefore called
central difference expressions. Backward and
forward difference formulas may also be
used.134

Finite Difference Formulation for
Two-Dimensional and
Axisymmetric Field Problems
The first step in the field formulation
consists of replacing the partial derivatives
by a difference equation. Referring to the
grid in Fig. 21, Eq. 19 reduces in the case
of an axisymmetric geometry in
cylindrical coordinates to:

(112)

Here the current density Js was replaced by
an equivalent nodal current Ii,j. A similar
expression may be written for the
two-dimensional field equation.

If the grid is equally spaced in both
directions (Wr = Wz = h) and a constant
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FIGURE 22. Section of finite difference grid
showing domain of node i. Five nodes
shown are needed to approximate second
derivatives of magnetic vector potential with
respect to x and y or to r and z in
permeability can be assumed for all
points, Eq. 112 is further simplified as:

(113)

Equation 112 forms the basis for
solution of eddy current problems in
axisymmetric geometries. In its present
form, the equation is of little use because,
besides applying only to regular grids, it
can be used to describe only nonmagnetic
media. This limitation can be seen by
testing where the interface between two
materials is shown (Fig. 22). When
calculating the value of the magnetic
vector potential for points on the
interface, some points lie in areas of
different permeability. Equation 113
requires a single value for all points
forming the expression. Similar problems
are encountered with description of
conductivities and current densities
because all three properties are volumetric
properties rather than point values.

To circumvent these problems, some
special techniques were derived by several
researchers. One such technique came
from Erdelyi and Fuchs135,136 and was
later refined by Demerdash137,138 for
problems in electrical machines. If the
five nodes associated with the calculation
of the magnetic vector potential are
considered (as in Fig. 22), four distinct
regions are observed. Assuming that nodes
must coincide with material boundaries,
each such domain may have different
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FIGURE 21. Simple finite difference grid.
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∆x
material properties and current densities
associated with it.

Under the present assumptions, an
equivalent material property that is a
weighted average of the properties of the
four domains is produced. The current at
the central node then becomes:

(114)

The weights S1 to S4 are functions of
the four domains around node i. These
areas need not be equal or rectangular.

Similarly, average values for
conductivity σ and reluctivity ν are
defined as:

(115)

and:

(116)

The net effect of these approximations
is to change the material properties at the
edges of material discontinuities,
assuming that the errors introduced by
doing so are small. This approximation
may or may not be good, depending on
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the grid. The same technique is used to
calculate the equivalent material
properties in nonregular and
nonrectangular grids but the weighting is
more complicated.137

Boundaries and Boundary
Conditions
The first aspect to be considered is the
structure of the grid itself. If the grid is
kept uniform, the boundaries can be
located only along lines connecting
nodes. A curved boundary becomes a
jagged line, as shown in Fig. 23. This
approximation may be good for very fine
grids where outer boundaries are
involved. Curved material boundaries
where the field gradients are high require
better fitting to reduce errors.

This fitting can be done as shown in
Fig. 24. The technique consists of
calculating scale factors that effectively
move nodes from their original location
to the boundary. By doing so, the
regularity of the grid is lost and, in the
solution process, Eq. 113 will have to be
modified to account for the different grid
spacings used.

The boundary conditions most often
encountered in eddy current field
problems are dirichlet boundary
conditions (prescribed values of the
magnetic vector potential) and, in most
cases relevant to nondestructive test
applications, the values are zero. These are
taken into account automatically by
Eq. 113 when the five-node stencil of
Fig. 22 hits the boundary. Other types of
boundary conditions may be used with
the finite difference technique.
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FIGURE 23. Boundary representation in
regular grid.

Boundary due to discretization (steps)

Exact boundary (curve)
Nonuniform and Nonrectangular
Meshes
The idea of scaling the distance between
nodes to fit the grid to the boundary of
the solution domain or material interfaces
may be used with nonuniform grids.
There is no requirement that the grid be
rectangular. If nonuniform grids are used,
Eq. 111 will have to be modified because
the definition of the second derivative is
based on a uniform grid. One approach is
to rewrite the difference expression in
Eq. 111 in the following form:

(117)

The four weights are then calculated as
weighted averages137 that depend on the
grid structure and material permeabilities.
The calculation of the current at nodal
points follows a technique similar to the
one described above.

Solution of System of Equations
After a satisfactory description of the
geometry has been found, the finite
difference equation is applied to all
interior nodes in the solution region. This
step results in a relation between the
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boundaries by using irregular spacings at
boundary.
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unknown at the node being assembled
and four neighboring nodes, according to
Eq. 113. For each node in the solution
region, a linear algebraic equation is
assembled.

To find the unknown values of the
magnetic vector potential, there are two
basic techniques available: (1) the iterative
solution and (2) the matrix inversion
solution.

Iterative Solution
The iterative solution is the simplest way
to reach a solution and is often used with
the finite difference technique. It consists
of assuming an initial solution
throughout the solution region (either an
approximation or, if this is not possible,
zero). The correct current distribution
together with the boundary conditions
are next applied. Then, the finite
difference equation is applied to each
interior node and the value at each node
is updated in turn until a new solution is
obtained. The process is repeated until the
change in the solution is smaller than a
predetermined value. The number of
iterations required to obtain a good
solution may be quite large. In some cases
the solution may not converge to the
final solution. This technique is called the
explicit technique and because of its
simplicity is often used in nonlinear and
time dependent problems.139 There are
ways to refine the basic technique to
make it more stable140 or to accelerate
convergence.141 It is also possible to
estimate beforehand if the solution is
convergent, based on the grid spacing and
the type of finite difference formulas
used.

Matrix Inversion Solution
Instead of assuming an initial solution,
the unknown values may be entered in
the finite difference equation (Eq. 113)
and a system of N equations with N
unknowns is assembled (N is the number
of interior grid points excluding boundary
nodes). The final result is a system of
complex algebraic equations:

(118)

where [G] = the coefficient matrix
resulting from the finite difference
description of the partial derivatives,
{I} = a vector of equivalent applied
currents at the nodes in the solution
region and [R] = a matrix resulting from
the eddy current distribution.

The imaginary part of the matrix is due
to eddy currents alone and will disappear
for direct current applications. The
technique outlined above is an implicit

G j R A I[ ] + [ ][ ] { } = { }
technique, absolutely stable, and therefore
does not require iteration. The matrix in
Eq. 118 can be solved using any standard
technique such as the gauss elimination
or the conjugate gradient technique.142

The derivation presented refers to the
axisymmetric field equation. An identical
procedure can be used for
two-dimensional geometries, replacing the
necessary partial derivatives by
appropriate finite difference expressions.

Finite Element Technique
The finite element technique has a briefer
history than the finite difference
technique. It evolved in the late 1950s as
a numerical technique in structural
analysis143 but has spread quickly to
become a major analysis tool in diverse
areas of engineering144-147 as well as in the
physical sciences148,149 and medical
research.150

Because of its success in modeling
intricate geometries efficiently and
accurately, the potential for its application
to electrical and magnetic fields was
recognized in the early 1970s and has
been applied with great success to the
study of direct current and low frequency
electromagnetic fields in electrical
machines,151-153 large magnet structures154

and permanent magnet design.155

The finite element technique has
considerable advantages over the finite
difference technique, including the ease
of handling boundary conditions and the
ability to follow awkwardly shaped
boundaries.156 The technique is by
definition a volumetric technique where
various parameters are associated with the
volume (or the surface, in the case of
two-dimensional and axisymmetric
formulations). Therefore, it is naturally
suited to the modeling of continuum
problems.

The finite element technique is also
quite flexible in terms of the
discretization process. Being a discrete
technique, it requires discretization of the
solution region but no restrictions are
imposed on the shape, size and number of
finite elements.143 The solution process as
well as the formulation is not affected by
the size and shape of the elements used.
Furthermore, although the finite
difference technique assumes linear
relations between the unknowns, the
finite element technique can handle
higher order relations as well.143,157

Problems with convergence have no
meaning in the context of finite elements.

These factors are of particular
importance for the simulation of
electromagnetic test techniques and the
technique has received considerable
attention. Numerical models based on the
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finite element technique have been
developed for two-dimensional158,159 and
three-dimensional160,161 eddy current
applications.

When compared to finite difference
techniques, problems solved by the finite
element technique generally require larger
computer resources, especially for
nonlinear and time dependent problems.
The technique does not lend itself well to
the solution of transient problems because
it cannot efficiently handle time
discretization.

The two techniques are
complementary, each being suited to the
solution of different situations. Time
integration in finite element computer
codes is usually handled by various forms
of finite difference schemes.162

In the following discussions, the finite
element formulation of the
electromagnetic field equations is outlined
with reference to a particular element
shape. The technique of formulation is
completely general, however, and any
other element shape can be used with
relatively minor changes in the
formulation.

Finite Element Formulation for
Two-Dimensional and
Axisymmetric Geometries
The finite element technique does not
provide a direct solution to
electromagnetic field equations. Rather,
the solution is obtained by first
formulating these equations into a
suitable form for finite element solution
and then solving the resulting set of
simultaneous algebraic equations for the
magnetic vector potential at discrete
points in the solution region.

The formulation of the
two-dimensional and axisymmetric field
equations is presented here using the
magnetic vector potential and an energy
functional equivalent to the original
equations. The following assumptions are
made throughout this derivation.

1. The source current density Js and the
magnetic vector potential A vary
sinusoidally with time. Harmonics in
both the source and induced fields are
absent.

2. The source medium is assumed to be
infinitely conducting, thus effectively
neglecting eddy currents in the source.
In the case of eddy current probes, this
is equivalent to subtracting the coil’s
direct current resistance from the
resulting impedance, a common
practice in interpreting eddy current
signals.
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3. Electrical conductivity σ and magnetic
permeability µ of materials in the
solution region are single-valued
within each element. Each element is
therefore a linear region but spatial
variations between neighboring
elements is allowed both in µ and σ.
Also, these values can be different in
each direction within the element,
thus allowing modeling of anisotropic
media. The linearity assumption
provides satisfactory results because
the applied and induced current
densities in practical testing
applications are very low.

4. The model is based on
two-dimensional or axisymmetric
assumptions. Thus, only one
component of the magnetic vector
potential is present, either in the Z
direction (two-dimensional) or in the
θ direction (axisymmetric) and is
perpendicular to the cross section of
the geometry modeled.

Among the many techniques available
for finite element formulation of general
problems, the weighted residual technique
(Galerkin’s technique) and the use of an
energy functional stemming from a global
energy balance concept,143 in conjunction
with variational techniques, are the most
commonly used. Both procedures allow a
direct formulation based on the original
equations and both are satisfactory in
terms of the resulting solution. Galerkin’s
technique is more convenient when only
the differential equations and their
boundary conditions are available.157

When physical interpretation of the
problem is important, the energy balance
formulation introduced by Oden163,164 in
1969 offers an attractive alternative.

A general energy functional for
electromagnetic field problems can be
written as:

(119)

where Es is the stored energy (joule) due
to the magnetic field, Ei is the input
energy (joule) derived from impressed
current densities, Ed is the energy (joule)
dissipated through eddy current densities
in the conducting parts of the geometry,
excluding sources, and v is volume (cubic
meter).

The derivation that follows is limited
to two-dimensional and axisymmetric
geometries. It uses a particular type of
isoparametric element (four-node
quadrilateral element) but it is completely
general and applies to other types of
elements as well. A complete derivation
for two-dimensional and axisymmetric
problems in terms of triangular elements
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(a)

FIGURE 25. Quadrilateral finite elements and
shape functions: (a) element in local
coordinate system; (b) mapped, curvilinear
element in global coordinate system.

η

4

+1

3

–1

+1

ξ

1 –1 2

(b)

x

4

3

1
2

y

has been published.158 Researchers
describe a three-dimensional derivation in
terms of tetrahedral elements165 and a
three-dimensional derivation in terms of
eight-node and twenty-node hexahedral
isoparametric elements.160

Energy Functional for Eddy
Current Problems
The general energy functional in Eq. 119
applies to any field situation regardless of
dimensionality, because it is a statement
of energy balance in the system. In terms
of the magnetic vector potential A, the
functional for two-dimensional or
axisymmetric geometries can be written:

(120)

where Js is source current density (ampere
per square meter) and where, for the
axisymmetric case, y is replaced by z and
[∂A·(∂x)–1] is replaced by [∂A·(∂r)–1 + A·r–1].
In the two-dimensional case, dv = dxdy
and in the axisymmetric case dv =
2πrdrdz.

From the principles of variational
calculus, it can be shown that a correct
solution to the governing partial
differential equation is obtained by
minimizing the energy functional
throughout the solution region. Although
proof of this statement165 is not included
here, it is a very important step because it
also defines the natural boundary
conditions that are implicit in the
formulation and that need not be
explicitly applied. The most important of
these conditions are on the interfaces
between different materials.

Finite Element Discretization
The solution of the variational
formulation of the eddy current equations
presented above is performed by finding a
set of functions that minimize the
functional F(A). Because it is not possible
to minimize the functional everywhere, it
is minimized at discrete points (nodes) in
a bounded region (solution region). The
discretization of the solution region is
therefore a very important step in the
finite element technique because the
number of nodes as well as their location
in the solution region has an impact on
the solution. A discretization (mesh) with
few nodes in regions of high gradients in
the solution will introduce errors whereas
too many nodes will unnecessarily
complicate and lengthen the solution. It
is at this stage in the finite element
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process where efficient discretization
techniques combined with correct
judgment can have a significant impact
on the efficiency and accuracy of the
solution.

A large variety of volumetric finite
elements can be used to discretize the
region but, depending on the equations to
be solved, some are more useful than
others. The most common finite elements
used for two-dimensional field
calculations are the triangular and
quadrilateral elements.157 Linear or first
order elements are defined as having a
node at each vertex of the element as in
Fig. 25a. Parabolic or second order
elements are defined by including a node
between each pair of adjacent vertices:

(121)
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where ξ and η are finite element
coordinates. Higher order elements can be
defined similarly.

Automatic mesh generators for a
variety of element shapes are available
and offer a simple and efficient way to
define the necessary input data.166,167

The details of the discretization process
are discussed in the literature.157 The
following steps and assumptions are
general and applicable to the
discretization of a region into finite
elements.

1. The solution region is subdivided into
finite elements. The number and
shape of the elements are not
restricted in any way. The element
density must be chosen for the
geometry of the region and expected
gradients in the solution. Small, dense
elements must be used in regions of
high curvature or high gradients.

2. Material interfaces within the solution
region and on the boundaries must
coincide with element boundaries. An
element cannot cover more than one
material.

3. The current density and each
conductivity and permeability
component are assumed to be
constant within the element.
Calculated quantities are either nodal
values, as in the case for the magnetic
vector potential, or quantities
associated with the element such as
flux densities or energy. In this case,
the calculated value is associated with
the volume (energy) or with the
centroid of the element (flux density).

4. At the outer boundaries of the
solution region, the magnetic vector
potential is either zero (by ensuring
that the discretized region extends far
enough to have negligible flux density
on the boundary) or is otherwise
prescribed from known or calculated
conditions.

5. The discretizations for
two-dimensional and axisymmetric
geometries are identical. The
difference between the two
formulations manifests itself in the
integration over the element volume
and in the form of the functional
itself.

Finite Element Formulation
The discretization of the solution region is
a geometrical procedure and by itself is
not sufficient to ensure that the chosen
elements can be used for finite element
solution. A set Ni of special functions,
called interpolating or shape functions, must
be chosen for the element:143
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where Ai is the nodal vector potential
(weber per meter) and n is the number of
nodes in the element.

These must meet two conditions to
ensure convergence of the solution as the
size of the elements decreases: (1) at
element interfaces Cr, continuity must be
maintained (compatibility requirement);
and (2) within an element Cr+1, continuity
must be met (completeness requirement).

In these conditions, r is the necessary
continuity order of the function at the
element boundaries and Cr continuity
means that the function and its first r
derivatives are continuous. For field
problems formulated in terms of the
magnetic vector potential, only C0
continuity is necessary, meaning that only
the function is continuous. Its first
derivatives define the flux density
components, which are not necessarily
continuous.

The shape functions for a given
element can be obtained by a variety of
techniques, each leading to a separate set
of functions. One common technique is
to define polynomials to fit the sides of
the element based on a natural system of
coordinates.143,157 The technique used
here is to define the shape functions in a
convenient, local system of coordinates
and then to map the functions into the
cartesian or cylindrical system
(isoparametric elements) in which the
solution is required.

Quadrilateral Isoparametric
Elements
The interpolation functions for
quadrilateral elements are those of the
serendipity family.143,157 The elements are
created in a local system ξ,η where the
functions are found by testing.
Considering Fig. 25, the shape functions
for the four nodes are written in the
following form:

(123)

where ξi, ηi = +1 or –1 and where K is a
constant.

The shape functions for quadrilateral
elements are shown in Eq. 121 for a
particular choice of local coordinates.

These shape functions are mapped into
the global coordinate system using the
shape functions themselves for the
mapping (isoparametric mapping). The
elements then become curvilinear as
shown schematically in Fig. 25b.

The variation of the magnetic vector
potential within the element can be

N Ki i i= +( ) +( )1 1ξξ ηη

A =
=
∑ N Ai i
i

n

1



written in terms of the shape functions
and the nodal unknowns as:

(124)

Thus, a complete description of the
magnetic vector potential within the
finite element has been obtained in terms
of (1) the shape functions and (2) the
unknown values of the magnetic vector
potential at the nodes of the element. The
energy functional in Eq. 120 requires the
definition of the first derivatives of A with
respect to x and y. These can be written
as:

(125)

and:

(126)

The shape functions are derived in local
coordinates. Their derivatives are obtained
in the local system using the chain rule of
differentiation:

(127)

and:

(128)

Rewriting these equations in matrix form
and inverting the system to obtain the
derivatives of the shape functions in the
global system, the following is
obtained:143

(129)

where [ J] is the jacobian matrix calculated
for Eqs. 127 and 128. Similarly, the
following expression may be used for
two-dimensional formulation:

(130)

and Eq. 131 applies to the axisymmetric
formulation:
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(131)

To evaluate the elemental contribution
for the two-dimensional formulation,
Eqs. 124 to 126 must be integrated over
the element:

(132)

or for the axisymmetric formulation:

(133)

where f’(ξ,η) is the transformed f(x,y). The
equations above can only be integrated
numerically using a technique like the
gaussian quadrature.

Functional Minimization
Energy balance in the solution region is
achieved by minimizing the energy
functional in Eq. 120 at every node of the
region. The first partial derivative of F(A)
with respect to each nodal value A is set
to zero:

(134)

Instead of performing this operation
over the entire region, it is convenient to
do it element by element and then to sum
the contribution of individual elements in
order to obtain N simultaneous linear
algebraic equations in N unknown values
of the magnetic vector potential for the
entire solution region. In this way, a
repeatable process is performed on each
element, a process well adapted for
automatic assembly on a computer. The
size of the elemental matrix is 4 × 4 (for a
four-node element) and the individual
contributions to the elemental matrix are
summarized below:

(135)
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(137)

where the indices i,j vary from 1 to 4.
Each coefficient is numerically

integrated over the volume of the element
using gaussian quadrature157 and then
summed into a complex elemental matrix
of the form:

(138)

where {a} is the 4 × 1 vector of unknowns,
{q} is the source vector, [r] is the
imaginary part and [s] is the real part of
the elemental matrix.

The elemental matrices of all the
elements in the solution region are
summed into a global system of the form:

(139)

where there are a total of N equations in
N unknowns, N being the total number of
nodes in the solution region. This matrix
is symmetric and banded. The bandwidth
depends on the number of elements, the
number of nodes per element and
especially on the way the nodes are
numbered.

The system in Eq. 139 can be solved by
any standard solution technique (such as
gauss elimination or the conjugate
gradient technique) to yield the nodal
values of the magnetic vector potential.

Boundary Conditions
The field equations (formulated in terms
of finite elements in Eq. 139 for eddy
current problems) can only be solved
provided a correct set of boundary
conditions is specified. Either dirichlet
boundary conditions (for which the
function A is known on the boundary) or
neumann boundary conditions (for which
the first derivative of A is known) can be
specified. In the finite element analysis of
magnetic field problems, it is more
convenient to specify dirichlet boundary
conditions because the global matrix in
Eq. 139 can accommodate the function
value A but not its derivative. Moreover,
the neumann boundary conditions are
implicit in the formulation in Eq. 139 and
need not be specified.

Calculations with Magnetic Vector
Potential
Although the developed formulation
yields a correct solution to the problem at
hand, this solution is in terms of the
magnetic vector potential. Being an
auxiliary function, it is not measurable by

G A Q[ ] { } = { }

s j r a q[ ] + [ ][ ]{ } = { }e e e e

q J N dvi i

v

= − ∫s
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itself and therefore is of little value for
comparison with measurements and other
calculations. From the definition of the
magnetic vector potential as B = ∇ × A,
the flux density is immediately defined.
Other quantities are calculable, including
coil impedances, stored and dissipated
energy and eddy current density. The
derivation of quantities calculated for the
magnetic vector potential can be found in
a number of sources.15,159,161

The solution (either by finite
differences or finite elements) is correct in
terms of the magnetic vector potential.
The magnetic vector potential is an
auxiliary function used to simplify the
solution and is not by itself a measurable
quantity. It is necessary to calculate other
quantities such as flux densities, eddy
current densities and coil impedances.
Because coil impedance is of greater
importance in eddy current testing, its
derivation is outlined below. The
literature may be consulted for the
calculation of other quantities.158-161

In axisymmetric geometries, the
impedance of a coil is calculated from the
value of the magnetic vector potential in
the coil’s cross section, starting with the
general formula for the impedance of a
loop of wire carrying an alternating
current Is:

(140)

Because the magnetic vector potential
has only one component in the direction
of the current for one turn of a coil
having a radius r, the impedance is:

(141)

where Ai is the magnetic vector potential
(volt) at ri and Is is the root mean square
value of the current (ampere).

By integrating this over an elemental
area with Ns turns per unit area (square
meter), the expression becomes:

(142)

where Aci is the magnetic vector potential
at the same point, rci is the average
distance (meter) of the area chosen from
the axis of symmetry and ∆i is the
elemental area (square meter).

In a finite element calculation, rci, Aci
and ∆i are the distance from the axis to
the centroid of the element, the magnetic
vector potential at the centroid of the
element and the area of the element,
respectively. In the case of finite
differences, the same quantities can be
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FIGURE 26. Steam generator geometry.

Differential probe

Stainless steel tube

Carbon
steel plate
used by imagining the area between four
nodes as being an elemental area. The
centroidal value of the magnetic vector
potential can be calculated as the average
of the four nodal values of the element.

When this value is summed over the
elements in the coil’s cross section and it
is noted that Js = Ns Is, the coil impedance
becomes:

(143)

For differential probes, the impedance is
calculated separately for each coil and the
two impedances are added:

(144)

In three-dimensional geometries, this
technique cannot be used because it
assumes that the magnetic vector
potential is constant along the
circumference of the coils. The impedance
can be determined by calculating the
stored and dissipated energies, then
finding the resistance of the coils from
the dissipated energy and the inductance
from the stored energy.168,169

Modeling of Physics of
Eddy Current Testing
The interaction of electromagnetic fields
with material discontinuities, the basis of
all electromagnetic testing methods, is a
complicated phenomenon. Attempts at
solving Maxwell’s equations are in effect
attempts to describe these interactions in
some detail.

If the basic transformer equivalent
model associated with an eddy current
test were to be used, the various
equivalent circuit parameters can be
determined and such questions as the coil
impedance for a certain, simplified
geometry may be answered. It is quite a
different task to analyze with any degree
of generality the details of magnetic field
interaction with the material. To do this, a
continuous impedance plane trajectory is
needed and the details of field
distribution in materials and
discontinuities must be calculable.

The numerical approach to this
problem provides these data as an integral
part of the calculation. Field distributions,
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eddy current densities and impedance
values are calculated for any or all probe
positions. The user may choose to test all
or part of these data, either personally or
in a computerized testing procedure.

To demonstrate the value of a
numerical model for understanding field
interactions with materials, the geometry
in Fig. 26 can be analyzed. It comprises a
conducting nonmagnetic tube inside a
carbon steel plate with a gap 0.4 mm
(0.015 in.) between the two. The tube is
1.3 mm (0.05 in.) thick, 22 mm (0.88 in.)
in diameter and the plate is 19 mm
(0.75 in.) thick. The response of the
differential eddy current probe is obtained
by moving the coils from a point where,
because of the distance from the steel
plate, no eddy currents are induced. The
probe is moved a very short distance
toward the plate and the impedance as
well as the field distribution are
recalculated. Repeating this process, a
large number of probe positions are
calculated, resulting in a smooth,
continuous impedance plane trajectory.

To perform this calculation, the
geometry in Fig. 26 is discretized into
some 3000 quadrilateral elements
(6000 triangular elements could be used
to produce an identical mesh with
identical results in half the geometry
because of symmetry). This produces a
mesh with 3146 nodes and a system of
equations with 3146 unknowns and a
semibandwidth of 27. The mesh allows
movement of the probe in 140 probe
positions to produce a curve composed of
140 impedance points. In general, 30 to
50 probe positions are sufficient but more
positions may be needed to model
complex or composite discontinuities.

Figure 27 shows a series of five probe
positions, the respective impedance plane
trajectory in the upper left corner and the
flux distribution around the coils. In this
sequence, a small inside diameter
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axisymmetric slot is simulated in the tube
at the center of the support plate.

In Fig. 27a, the coils are both well away
from the steel plate, so both have
essentially the same field distribution. The
single point to the left represents the
impedance of the probe at this particular
probe position (zero impedance point).

In Fig. 27b, the leading coil is close to
the edge of the plate and a dramatic
change in the flux distribution has taken
place compared with Fig. 27a. The trailing
coil, however, has a distribution that has
changed very little. The change in the
108 Electromagnetic Testing

FIGURE 27. Finite element modeling of circumferential inside
diameter slot under center of steel support plate: (a) probe
far from plate; (b) probe approaches support plate and
leading coil experiences large change in field and produces
impedance plot; (c) coils are centered with support plate
and closed contour has been described; (d) probe leaves
support plate and trailing coil experiences large change;
(e) probe is far from support plate and complete impedance
plane trajectory has been described.

(a)

(b)

(c)

(d)

(e)
impedance is clearly noticeable. It should
be remembered, however, that there are
some 35 probe positions between those
shown in Figs. 27a and 27b.

Figure 27c represents the situation
where the coils are centered with the
middle of the support plate. Because the
two coils are differentially connected, this
situation is identical to the one in Fig. 27a
in terms of impedance and the impedance
trajectory now describes a close curve. The
effect of the plate (large lobe) and the
discontinuity are shown.

As the leading coil leaves the support
plate region, the process is repeated and
Figs. 27d and 27e are in effect, a reflection
of Figs. 27b and 27a. Thus, a full
symmetric impedance plane trajectory has
been described. The signal in Fig. 27 was
obtained as a combined signal of the steel
plate and the slot. The two signals were
quite distinct because the discontinuity is
relatively far from the edge of the steel
plate.

In a sequence of this type, not only is
it possible to obtain a full description of
the impedance plane trajectory but also to
test the details of subtle changes in flux
and eddy current distribution, the effects
of conductivity and permeability on flux
lines and the progression of impedance
changes.

As a second example of a similar
situation, consider the sequence in
Fig. 28. It repeats the sequence of Fig. 27
but this time the discontinuity is directly
under the edge of the steel plate.

Starting with Fig. 28a, far from the
plate and discontinuity, the situation is
identical to that in Fig. 27a. As the probe
approaches the plate, the difference
between the two geometries becomes
apparent. The flux lines are affected by
the plate and the discontinuity, producing
a pronounced composite signal. This first
lobe of the composite signal is completed
with Fig. 28c. The rest of the curve repeats
Figs. 27d and 27e and the second part of
the curve is identical to that in Fig. 27
because the discontinuity has no
influence when the probe leaves the plate
region.

By calculating the impedance at a large
number of probe positions in the
sequence and by photographing these as
an animation sequence, a new dimension
in field modeling is achieved. Not only
does the sequence reveal all the necessary
details on the measurement but also
produces a startling and unique view of
the changes in the magnetic field as they
occur in real time. The figures presented
for Fig. 28 are in fact still frames from an
animated movie that describes this and
other simple testing geometries.170



Modeling for Probe Design
Another very important aspect of eddy
current modeling is the probe itself. It is
safe to assume that the quality of probes
used in eddy current testing has more
effect on the results than all other factors,
yet their design has been based in the past
on empirical considerations and on
experience. This implies a trial and error
procedure by which a probe is designed
and built, then tested. The process is
repeated until a satisfactory result is
obtained. A numerical approach allows a
more detailed design and a potentially
FIGURE 28. Finite element modeling of circumferential inside
diameter slot under edge of steel support plate: (a) probe is
far from plate; (b) probe approaches support plate and
leading coil experiences large change in field and produces
impedance plot; (c) coils are centered with support plate
and closed contour has been described; (d) probe leaves
support plate and trailing coil experiences large change;
(e) probe is far from support plate and complete impedance
plane trajectory has been described and, because of
asymmetry in geometry, signal is asymmetric.

(a)

(b)

(c)

(d)

(e)
better product can be obtained at much
lower expense and in shorter design
times. Both general purpose probes171 and
specialized probes172 can be designed.
Detailed studies can be performed about
the various parameters of the probe — its
frequency response and its response to
various discontinuities and material
properties. These data may be used either
to evaluate existing probes or to design
new ones. In addition, a numerical model
evaluates parameters impossible to
evaluate in any other way. A simple
example is the calculation of flux
densities in any part of the tested
material. Knowledge of flux densities can
reveal saturation effects and possible
nonlinear behavior of the tested material.

Finite Element Design of Simple
Differential and Absolute Eddy
Current Probes
The geometry being modeled is shown in
Fig. 29a, where a differential eddy current
probe is placed inside a tube of heat
resistant nickel chromium alloy (Unified
Numbering System N06600) with a
simulated discontinuity. The geometry is
109Modeling of Electromagnetic Testing

FIGURE 29. Differential eddy current probe inside tube with
outside diameter axisymmetric slot: (a) geometry; (b) finite
element mesh (half region).
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FIGURE 31. Impedance plane trajectories for different coil sizes
at 100 kHz and constant spacing between coils for slot in
Fig. 30: (a) experimental; (b) finite element.

(a)
discretized by using triangular finite
elements.171 In this situation, both the
spacing and the width of the coils can be
varied.

The geometry in Fig. 29a is discretized
into a large number of triangular elements
as shown in Fig. 29b. The finite element
technique is applied to solve for the
magnetic vector potential at each node of
the mesh in Fig. 29b. From these values,
the impedance of the coil is calculated at
discrete probe positions to form the
impedance plane trajectory caused by the
discontinuity.

Symmetry exists about the Z axis and
only half of the geometry is analyzed
using the axisymmetric formulation. Also,
because symmetry exists about the center
of the discontinuity, the probe is allowed
to move up to the point where it is
centered with the discontinuity and the
calculated impedance values are reflected
to form a full impedance plane trajectory.

Figure 30 compares the experimental
results (Fig. 30a) and finite element results
(Fig. 30b) from a differential probe with
coils 2 mm (0.08 in.) wide at spacings
from 1 to 8.5 mm (0.04 to 0.34 in.). The
indication is from a slot (shown in
110 Electromagnetic Testing

FIGURE 30. Impedance plane trajectories for outside diameter
axisymmetric slot and distance d between two coils of probe:
(a) experimental element; (b) finite element.

(a)
d = 1 mm
(0.04 in.)

d = 2.5 mm
(0.1 in.)

d = 4 mm
(0.16 in.)

d = 5.6 mm
(0.22 in.)

d = 7 mm
(0.28 in.)

d = 8.6 mm
(0.34 in.)

(b)

d = 1 mm
(0.04 in.)

d = 2.5 mm
(0.1 in.)

d = 4 mm
(0.16 in.)

d = 5.6 mm
(0.22 in.)

d = 7 mm
(0.28 in.)

d = 8.5 mm
(0.34 in.)
Fig. 29a) measuring 1 mm (0.04 in.) wide
and 0.4 mm (0.015 in.) deep on the outer
surface of a 22 mm (0.87 in.) tube made
of heat resistant nickel chromium alloy
(Unified Numbering System N06600).

The experimental results were obtained
using a specially designed eddy current
probe with interchangeable coils and
variable spacing between the coils. These
results show clearly that as the spacing of
the coils increases the resulting
impedance plane trajectory loses its
differential nature and the probe behaves
increasingly as two distinct absolute
probes. On the other hand, decreasing the
spacing widens the loops but also reduces
the amplitude of the trajectories.

Figure 31 compares different sized coils
at a constant spacing for the same
discontinuity as in Fig. 30. The spacing is
2.5 mm (0.1 in.) and the coil width varies
from 0.5 to 7.5 mm (0.02 to 0.3 in.). In
b = 0.5 mm
(0.02 in.)

b = 2 mm
(0.08 in.)

b = 7.5 mm
(0.3 in.)

(b)

b = 0.5 mm
(0.02 in.)

b = 2 mm
(0.08 in.)

b = 7.5 mm
(0.3 in.)



this case, as the coil becomes wider, the
amplitude increases and the shape
becomes narrower. From these
calculations and experiments, it is clear
that a good compromise is achieved by
choosing a probe whose coil width and
spacing is comparable to the width of the
discontinuity. Further finite element
predictions were made to investigate this
model as a design tool.

Impedance plane trajectories were
calculated and plotted by varying the
following parameters in a given probe.

1. For frequency, impedance plane
trajectories were calculated at 50, 100
and 150 kHz (Fig. 32).

2. For discontinuity geometry, two
different discontinuities were
simulated: a 1 mm (0.04 in.) wide,
0.4 mm (0.016 in.) deep outside
diameter discontinuity and a 1 mm
(0.04 in.) wide, 0.76 mm (0.030 in.)
deep outside diameter discontinuity.
FIGURE 32. Finite element predicted impedance plane
trajectories for different discontinuities, frequencies and coil
spacings. Small signals are for outside diameter axisymmetric
slot; larger signals are for a deeper slot (d = coil spacing).

50 kHz 50 kHz

100 kHz

150 kHz

100 kHz

150 kHz

d = 1 mm
(0.04 in.)

d = 2.5 mm
(0.1 in.)

d = 4 mm
(0.16 in.)

d = 5.6 mm
(0.22 in.)

d = 7 mm
(0.28 in.)

d = 8.6 mm
(0.34 in.)
3. For coil spacing, calculations were
performed at coil spacings of 1.0, 2.5,
4.0, 5.6, 7.0 and 8.6 mm (0.04, 0.10,
0.16, 0.22, 0.28 and 0.34 in.). The
plots in Fig. 30 show the relation in
the amplitude for smaller and larger
discontinuities and the importance of
choosing the correct spacing for the
probe if meaningful signals are to be
obtained.

4. For signal rotation with frequency due
to discontinuities, rotation of the
signal from two probes at 1 mm
(0.4 in.) and 6.3 mm (0.25 in.)
spacings were modeled at various
frequencies for a 10 mm (0.4 in.) wide,
0.76 mm (0.03 in.) deep slot and for a
19 mm (0.75 in.) carbon steel support
plate.

Figure 33 indicates that the rotation is
more or less linear at higher frequencies
(the optimal frequency for this particular
probe is about 125 kHz) but is nonlinear
at lower frequencies. The same
phenomena are observed experimentally
and must be taken into account when
relating measured parameters to signal
rotation.

As a second example of the application
of the finite element model to probe
design, the geometry in Fig. 34 was
studied. The component is a section of a
steam generator tube of heat resistant
nickel chromium alloy (Unified
Numbering System N08800) inside the
tube sheet region. The steam generator
contains rolled tubes where the rolling
111Modeling of Electromagnetic Testing

FIGURE 33. Signal rotation versus frequency for one probe
with different coil spacings.

Legend
A. 1 mm (0.04 in.) spacing for probe 1 and axisymmetric slot.
B. 6.4 mm (0.25 in.) spacing for probe 1 and axisymmetric slot.
C. 4.5 mm (0.18 in.) spacing for probe 1 and support plate.
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region can be at varying distances from
the tube sheet inner surface. The absolute
coil is 1 mm (0.04 in.) thick and has a
length of 1 mm (0.04 in.), which needs to
be optimized for the particular
application.

In addition, the signal from the rolling
region is to be modeled for identification
of the tube condition.173

To determine the probe length needed
to obtain the best signal for different
locations of the rolling region relative to
the tube sheet surface, three coil lengths
— 1, 3 and 9 mm (0.04, 0.12 and 0.36 in.)
— were modeled for the same three
distances. The finite element results for
these nine situations are plotted in
Fig. 35.

The longer the coil, in comparison
with the distance between the two factors
that cause the signal change (tube sheet
and rolling region), the less distinct the
phenomena are in the signal. Thus a coil
9 mm (0.36 in.) long, testing for the
rolling region that is only 1 mm (0.04 in.)
away from the tube sheet surface,
produces a flat composite signal in which
the rolling and the tube sheet cannot be
distinguished as in Fig. 35g. The other
extreme is when the coil is much smaller
than the distance as in Fig. 35c. Here the
two signals are simply superimposed and
one signal does not affect the other.

The curves in Fig. 35 are generated at
100 kHz and are, in general, a composite
signal. The lower, comma shaped parts of
the curves are due to the effect of the tube
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FIGURE 34. Geometry of steam generator section showing
absolute coil, tube sheet and corrosion resistant nickel alloy
tube.

1 mm (0.04 in.)

1.17 mm (0.046 in.)

Absolute coil

1.20 mm (0.047 in.)

Tube

1 mm (0.04 in.)

1.25 mm 0.049 in.)

Spacing l

Tube sheet
sheet. The upper part is due to the rolling
region. These curves compare very well
with experimental results, such as the
curve in Fig. 36 taken at 100 kHz. The
choice of coil size and shape might be
complicated by additional factors, such as
the minimum number of required turns,
but as can be seen from these results the
coil should be of the same general length
as the effect it is measuring.

These results show that the numerical
model is a powerful tool in probe design.
It is less expensive and more accurate
than empirical techniques and can be
used beyond the restricting
approximations of an analytical model.
This versatility is more important for
complex, multicoil probes where the
interaction between the coils, and
possibly ferrite cores and shields,
complicates the design. The responses due
to three-dimensional and subsurface
discontinuities as well as changes in
material properties can also be modeled
and used as valuable input in the design
process.

Modeling for Simulation
A third application of the numerical
models is in the area of simulation of test
geometries that are difficult, expensive or
impossible to simulate experimentally. In
this case, a numerical model is not an
option but rather a necessity. Examples of
these difficult geometries include
subsurface discontinuities, arbitrarily
shaped geometries and discontinuities in
nuclear power plant structures, where
confirmation of the discontinuity shape
cannot be obtained by visual testing.
Information regarding these
discontinuities is of great importance but
cannot be obtained reliably by any other
means. Even if the cost of producing
reference standards to calibrate testing
equipment could be justified, these would
be approximations of real discontinuities
and would be limited to the particular
discontinuity prepared.

The numerical model, once its
versatility and accuracy have been
demonstrated, can handle the task of
producing training data in an economical
and convenient way. It can produce the
data necessary for many testing
configurations (two-dimensional,
axisymmetric and three-dimensional) and
produce the output in a form that is
directly compatible with computer
analysis of raw data.

One situation where measurements are
not generally possible is the testing for
buildup of corrosion products such as
magnetite. Producing sample test objects
by packing such small gaps with
magnetite is very difficult and the



numerical model presents the only
reasonable alternative.

The model described above was applied
to a detailed numerical study of magnetite
buildup in the crevice gap of pressurized
water reactor steam generators.169 There is
uncertainty about how the magnetite
accumulates in the crevices. Similarly, in
the chemical flushing process, the
magnetite is removed but the signal
obtained while monitoring the process
depends on the way the magnetite is
flushed. Several possibilities have been
modeled numerically: (1) radial or axial
buildup (or flushing), (2) axial buildup

from one side of the support plate and
(3) flushing in the presence of tube
denting. Because of the large number of
impedance plane trajectories obtained,
only representative data are presented
here.

The geometry is presented in Fig. 37. It
consists of a tube of high temperature
nickel chromium alloy (Unified
Numbering System N06600), 22 mm
(0.87 in.) in diameter and 1.3 mm
(0.05 in.) in wall thickness inside a
19 mm (0.75 in.) carbon steel support
plate. The crevice gap between the tube
and support plate is nominally 0.4 mm
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FIGURE 35. Impedance plane trajectories for coils of length a and for spacing l, 
where l is distance between tube sheet and rolling distance to inner surface: (a) a = 1 mm
(0.04 in.), l = 1 mm (0.04 in.); (b) a = 1 mm (0.04 in.), l = 3 mm (0.12 in.); (c) a = 1 mm
(0.04 in.), l = 9 mm (0.36 in.); (d) a = 3 mm (0.12 in.), l = 1 mm (0.04 in.); (e) a = 3 mm
(0.12 in.), l = 3 mm (0.12 in.); (f) a = 3 mm (0.12 in.), l = 9 mm (0.36 in.); (g) a = 9 mm
(0.36 in.), l = 1 mm (0.04 in.); (h) a = 9 mm (0.36 in.), l = 3 mm (0.12 in.); (i) a = 9 mm
(0.36 in.), l = 9 mm (0.36 in.).
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FIGURE 38. Modeling of radial buildup of magnetite of
thickness ω.

ω = 0.08 mm
(0.003 in.)

ω = 0.15 mm
(0.006 in.)

ω = 0.23 mm
(0.009 in.)

ω = 0.3 mm
(0.012 in.)

ω = 0
(0.015 in.) and the signals were calculated
for a differential eddy current probe at
100 kHz. The dashed lines in Fig. 37
schematically represent the area in which
denting of the tubes was modeled.

The first part of the study dealt with
radial buildup of magnetite from the
support plate toward the tube, or flushing
of magnetite from the tube toward the
support plate. Figure 38 shows the
geometry involved and the impedance
plane trajectories for magnetite buildup in
layers of 0.08 mm (0.003 in.). The change
in signal from a clean gap to one full of
magnetite is quite dramatic, both in shape
and amplitude.

The second part of the study assumed
an axial buildup of magnetite from the
center of the support plate outward.
Although this direction is not very likely
during buildup, it is representative of
chemical flushing, where the chemical
agents attack the magnetite from both
114 Electromagnetic Testing

FIGURE 36. Experimental impedance plane
trajectory at 100 kHz from 3 mm (0.12 in.)
long coil at nominal spacing of tube sheet
and rolling.
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FIGURE 37. Geometry used to study effect of
magnetite accumulation in crevice gap
between tube and support plate. Dashed
line represents area in which denting is
modeled.

Coils

Support
plate

Tube
sides. Figure 39 shows this situation: the
changes between a full gap and partially
filled gap are dramatic.

Another aspect of testing steam
generator tubing is that of denting due to
magnetite buildup. Similarly, monitoring
the flushing of magnetite in this situation
is more important to ensure complete
cleaning of the magnetite in the gap.

Figure 40 shows the impedance plane
trajectories of axial magnetite buildup (or
flushing) in various amounts from a clean
ω = 0.4 mm
(0.015 in.)Support plate

Tube
ω

Coils

No magnetite Full of magnetite

FIGURE 39. Modeling of axial buildup of magnetite 
(of extent ω) outward from center.
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FIGURE 42. Modeling of buildup from one side of support
plate with portion of gap clean.

ω = 30 percent
ω = 50 percent

ω = 40 percent
gap to a gap full of magnetite. From these
plots, it is evident that even small
amounts of magnetite in the gap affect
the impedance plane trajectory.

In addition to the data presented
above, studies were carried out
(1) for axial buildup from one side of the
support plate (Fig. 41), (2) for axial
buildup from one side of the support
plate with a portion of the gap clean on
both sides of the magnetite band (Fig. 42)
FIGURE 40. Modeling of magnetite buildup in presence of
denting.

ω = 10 percent
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ω = magnetite
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FIGURE 41. Modeling of buildup of magnetite of extent ω
from one side of support plate.
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Support plate

Tube

ω
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and (3) for denting of the tube without
the presence of magnetite (Fig. 43). For
comparison, the clean crevice gap
trajectory is given again in Fig. 43.
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ω = magnetite
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FIGURE 43. Modeling of denting in tube without presence of
magnetite, representative of flushed gap d.
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The geometries modeled above indicate
the extent and versatility of the numerical
model. There still remains the question of
comparison with real, known data. The
experimental measurement of a support
plate signal in the presence of a clean
support plate is only part of the answer.
Most of the trajectories in Figs. 38 to 43
cannot be reproduced experimentally
because of the difficulty of building
experimental setups that reflect test
conditions.

To partly answer the question of
comparisons with known data, the
experiment in Fig. 44 was carried out.
Here, a 25 mm (1 in.) thick support plate
was drilled to provide a 1.5 mm (0.06 in.)
gap, which was then packed axially with
magnetite powder at about 30 percent
(Fig. 44a), 60 percent (Fig. 44b) and
90 percent (Fig. 44c) of the gap length.
The resemblance to corresponding
116 Electromagnetic Testing

FIGURE 44. Experimental impedance plane trajectories from
crevice gaps of 1.5 mm (0.06 in.) width in 25 mm (1 in.)
support plate hole packed with magnetite in various
amounts: (a) 30 percent full; (b) 60 percent full;
(c) 90 percent full.

(a)

(b)

(c)
numerical trajectories is immediately
evident.

More convincing evidence of the
ability, accuracy and usefulness of
numerical modeling is provided in Fig. 45.
These impedance plane trajectories were
obtained during the chemical flushing of
a model boiler. The data are from a tube
with a 0.1 mm (0.004 in.) radial dent at
various stages of flushing. Figure 45a was
taken before flushing began and shows an
identifiable dent filled with magnetite. As
the flushing progresses, the gap shows
various stages of cleaning. Thus, for
example, in Fig. 45b, one side of the gap
is almost completely clean, as indicated
by the large lower lobe. The rest is still
packed with magnetite, indicating an
uneven flushing from both sides of the
support plate. Figure 45c shows a clean
gap while the dent in the tube is visible.

This particular experiment provides a
convincing experimental confirmation of
the numerical model and demonstrates its
value in interpreting data and in
monitoring the flushing process.
Conclusions
Computer modeling of eddy current
testing phenomena has evolved from an
experimental state through more
sophisticated analytical techniques into
general numerical models. The three
techniques of modeling each have
advantages and shortcomings but the
numerical technique possesses the
generality needed to model the intricacies
of interactions between field and
discontinuity.

As with almost any computer
application, the numerical solution of
eddy current problems is based on known
physical relations. Analysis is part of the
process of acquiring knowledge.

FIGURE 45. Experimental data taken during flushing process
in model boiler: (a) impedance plane trajectory of support
plate before flushing; (b) part of gap cleaned, indicating
unequal flushing from both sides; (c) clean gap after
flushing.

(a) (b) (c)
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PART 1. Introduction to Eddy Current Probes
Basic Operation of Eddy
Current Probes
Nondestructive testing involves the
application of a suitable form of energy to
a test object and measuring the manner in
which the energy interacts with the
material. An electromagnetic
measurement is usually made with a
probe, or transducer, that converts the
energy into an electrical signal. The probe
output is fed to an appropriate
instrument, which calculates the
measurement variable of interest. The
measured variable or signal is then either
manually interpreted or analyzed by using
signal processing algorithms to determine
the state of the test object. The probes
typically used in electromagnetic
nondestructive testing are described
below.

In nondestructive testing, the words
probe and transducer are synonymous.
Electromagnetic testing probes come in
several forms, types and sizes. The most
common types are coils, hall effect
detectors and magnetic particles.

The electromagnetic field that is
measured in nondestructive testing is
usually three-dimensional and varies as a
function of space. In most cases, the field
varies as a function of time. Full
characterization of the state of the test
object usually makes it necessary to
obtain as much information about the
field as possible. Because the field varies as
a function of time and space, the test
object is usually scanned and
measurements are taken at multiple
points along the surface of the test object.
In the case of magnetic particle testing,
the particles are sprayed over the test area.
Another approach is to use an array of
sensors to cover the area of interest. An
alternate technique is to use
magnetooptic imaging devices.

When the field varies as a function of
time, the probe and the associated
instrumentation should have the
necessary bandwidth to support the
measurement. Inadequate bandwidth can
lead to erroneous measurements.

The field, being three-dimensional, is
characterized by three independent
components. An appropriate coordinate
system (cartesian, cylindrical or spherical)
is usually chosen and the field values are
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referenced accordingly. It is customary to
use a point in the test object as the origin
of the coordinate system and align one of
the coordinates along the surface of the
test object. Most probes are directional,
sensitive to fields along a specific
direction. Thus, a flat or pancake eddy
current coil is sensitive to fields that are
perpendicular (normal) to the plane of the
coil. Similarly, a hall element detector
output is proportional to the plane of the
hall element. Both devices are insensitive
to components of the field in the other
directions. It is possible to use two or
more of these devices to measure
components in the field in other
directions. The orientation of the probe
with respect to the test object is critical.

Consider the situation shown in Fig. 1,
where a steel billet is being tested with
the magnetic flux leakage technique. The
test object is magnetized by passing a
current through the billet. Figure 1b
shows a cross section of the billet with the
flux contours. The leakage flux has only
two components if the billet is very long
and the rectangular discontinuity runs
along the entire length of the test object
(Fig. 1c). If a hall element, whose plane is
parallel to the surface of the billet, is
passed over the surface, the output of the
detector will appear as shown in Fig. 1d. If
a hall element whose plane is
perpendicular to the surface scans the
billet in the direction indicated in the
figure, then the signal shown in Fig. 1e is
observed. The signals depicted in Figs. 1d
and 1e are called the tangential component
and the normal component, respectively. In
this specific case, the component along
the axis of the billet is zero. If the flux
density components along the axial,
normal and tangential components are
denoted by BX, BY and BZ, respectively,
then the magnitude of the total flux
density is:

(1)

Forms of Coil Probes1

Coil probes are used extensively in eddy
current as well as magnetic flux leakage
nondestructive test applications. The
popularity of these probes can be

B B B B= + +X Y Z
2 2 2



attributed to their simple and robust
construction, low cost and design
flexibility.

Configuration
Design flexibility lets probes be
configured in different ways. Three of the
most common eddy current
configurations are (1) absolute probes,
(2) differential probes and (3) absolute
and differential array probes.

Absolute eddy current probes consist of
a single coil. In this type of probe, the
impedance or the induced voltage in the
coil is measured directly (the absolute
value rather than changes in impedance
or induced voltage is considered). In
general, absolute eddy current probes are
the simplest and perhaps for this reason
are widely used.

Differential eddy current probes consist
of a pair of coils connected in opposition
so that the net measured impedance or
induced voltage is cancelled out when
both coils experience identical conditions.
The coils sense changes in the test
material, so differential eddy current

MOVIE.
Eddy current
array probe.
FIGURE 1. Magnetic field in long steel billet: (a) diagram showing
flux contours within billet; (c) magnetic flux contours around sl
slot is scanned; (e) normal component of leakage field.
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probes are used to react to changes in test
materials while canceling out noise and
other unwanted signals that affect both
coils. Their sensitivity to discontinuities in
materials is higher than that of absolute
probes. Their sensitivity to liftoff
variations and probe wobble is reduced
because those effects tend to affect both
coils equally.

Array probes consist of coils arranged
in a circular, rectangular or some other
form of an array.

Sensing Technique
A second kind of probe classification is
based on the technique used for sensing
changes in probe characteristics: either
(1) the impedance technique or (2) the
transmit-receive technique. Because
impedance changes in the coil cause
changes in the coil voltage (for a constant
current source) or in the coil current (for a
constant voltage source), it is possible to
monitor the driving coil to sense any
material parameters that result in
impedance changes. The transmit-receive
technique uses a separate driving coil (or
129Probes for Electromagnetic Testing

 rectangular slot on surface that carries current; (b) magnetic
ot; (d) tangential component of leakage field as region above

tion (arbitrary unit)

N
or

m
al

 f
lu

x 
de

ns
ity

 B
Y,

 m
T 

(G
)

Position (arbitrary unit)

60 (600)

40 (400)

20 (200)

0

–20 (–200)

–40 (–400)

–60 (–600)

(e)



coils) and pickup coil (or coils). In this
case, the voltage induced across the
pickup coils is measured.

Geometry
A third way to classify probes is according
to geometry. Common probe designs
include (1) inside diameter probes,
(2) encircling coils (outside diameter
probes), (3) surface probes such as
pancake units and (4) special designs such
as plus point probes. The pancake probe
has a coil whose axis is normal to the
surface of the test material and whose
length is not larger than the radius. The
plus point probe consists of two coils that
lie at a right angle to each other.

Inside diameter probes consist of
circular coils inserted in tubes or circular
holes. Encircling coils are similar in
structure to inside diameter probes except
for the fact that the test material is passed
inside the coils. They are primarily used
to test the outside surface of round
materials such as tubes and rods. Surface
coils are some of the most widely used
eddy current probes. In most cases, they
consist of flat coils and are used to test
flat surfaces or surfaces with relatively
large curvatures relative to their size.
Surface probes may be curved to fit
contours of the test object.

All of these probes may be used in any
of the configurations described above.
Thus, for example, an inside surface probe
may be absolute or differential and either
the impedance or the induced voltage
may be measured.

Factors Affecting Eddy
Current Probes1

Liftoff Curve
An eddy current probe has an initial
impedance (quiescent impedance) that
depends on the design of the probe itself.
This is an intrinsic characteristic of any
eddy current probe and is sometimes
called infinite liftoff impedance. As the
probe is moved closer to the test object,
the real and imaginary parts of the
impedance begin to change until the
probe touches the material surface. This is
called the zero liftoff impedance. The
impedance curve described by the probe
as it moves between these two points is
the liftoff curve and is a very important
factor to consider in eddy current testing.
Because of the nature of the eddy current
probes, the curve is not linear (the change
in the field is larger close to the coils). In
many cases, especially with small
diameter probes for which the field decays
rapidly, the range in which measurements
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may be taken is very small and the effect
of liftoff can be pronounced. In other
cases, such as with large diameter probes
or with forked probes, the effect may be
considerably smaller.

Liftoff, because it is troublesome in
many cases, is often considered an effect
to be minimized. Liftoff effects may be
reduced by techniques such as surface
riding probes2 or compensated for by
making multifrequency measurements.3
At the same time, some important eddy
current tests depend on the liftoff effect.
Measurements of nonconductive coating
thicknesses over conducting surfaces and
testing for surface evenness are two such
tests.

Fill Factor
For encircling coils, the coupling factor,
analogous to the liftoff effect, is referred
to as fill factor. Fill factor is a measure of
how well the tested article fills the coil.
The largest signal is obtained with the
material completely filling the coil — fill
factor is almost equal to 1.0. Although it
is usually desirable to maximize fill factor,
some tests rely on fill factor variations. Fill
factor is determined by the intersection of
the impedance curve with the vertical or
imaginary axis of the impedance plane.

Depth of Penetration
When the eddy current probe is placed on
the test object, the eddy currents induced
in the test object are not uniformly
distributed throughout the material. The
eddy current density is high at the surface
and decays exponentially with depth in
the material; the phenomenon that
accounts for this density difference is
called the skin effect. A measure of the
depth to which eddy currents penetrate
the material is called the depth of
penetration, or skin depth. The standard
depth of penetration can be defined as:

(2)

where f is frequency (hertz), S is the
standard depth of penetration (meter),
µ0 is the magnetic permeability of free
space, µr is the relative magnetic
permeability and σ is the conductivity of
the material.

The standard depth of penetration is a
convenient figure at which, under
precisely controlled conditions, the eddy
current density has decayed to 1·e–1

(37 percent) of its surface value. It is an
important figure for practical purposes
because, at about five standard depths of
penetration (under precisely defined
conditions), the eddy current density is
less than 0.7 percent of the surface value.

S
f

= 1

0π µ µ σr

MOVIE.
Skin effect.

MOVIE.
Standard depth
of penetration.



As Eq. 2 shows, the standard depth of
penetration depends on conductivity,
permeability and frequency but is
relatively small for most metals, about
0.2 mm (0.008 in.) for copper at 100 kHz.
The skin effect has two important effects
on the design of eddy current probes:
(1) the probes are more useful for surface
testing and (2) lower frequencies may be
necessary for subsurface testing. The
standard depth of penetration can be
increased in the case of ferromagnetic test
objects by magnetically saturating them,
thereby reducing their relative magnetic
permeability µr.
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PART 2. Design of Eddy Current Probes
Eddy current probes are based on
relatively simple principles and consist of
one or more coils. The shape of the coils,
their cross section, size, configuration and
sources are all parameters that are chosen
by the designer to accomplish a particular
purpose. Practical eddy current probes
may range from tiny coils less than
0.5 mm (0.02 in.) to over 300 mm (12 in.)
in diameter, may be long or short and
may have square, round or elliptical cross
sections, with magnetic or nonmagnetic
cores or shields. Parameters of interest in
the design may include (1) coil
inductance, (2) coil resistance, (3) field
distribution in space, (4) coil response to
relevant material property changes,
(5) liftoff characteristics and (6) response
to a notch, drilled hole or other simulated
discontinuities. In addition, the design
may be influenced by other constraints
intrinsic to the test environment, such as
weather or access requirements for a
specific shape or size. Some of these
requirements may in fact be
contradictory. The design process is
usually iterative, proceeding by trial and
error.

There are three basic techniques of
probe design. Although these will be
considered separately, a combination of
the techniques is perhaps the most
appropriate approach. The techniques can
be classified as follows: (1) experimental
or empirical design, (2) analytical design
and (3) numerical design.

A practical way to design a probe
would be to start with analytical
expressions (exact or approximate), design
a probe based on some set of initial
requirements, construct the probe and
then evaluate its performance
experimentally. If necessary, the process
can be repeated until an acceptable design
is obtained. Analytical expressions are not
accurate except for the simplest probe
geometries and numerical tools are often
used in practice. The numerical design of
probes has several advantages.

1. The probe, with all its components
(coils, core and shield) and the
surrounding medium are analyzed.
The probe characteristics in the actual
test environment can be obtained.

2. A more accurate design is obtained
before the probe is actually built by
numerically experimenting with the
probe parameters.
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3. The numerical technique is applicable
to situations that cannot be analyzed
analytically or simulated
experimentally (subsurface
discontinuities, layered materials and
others).

The following discussion focuses on
analytical and numerical approaches
involving an iterative approach in which
the test results from a specific design lead
to improvements to that design.

Some of the avenues available to a
designer are outlined below. In particular,
a numerical approach to probe design is
highlighted. The discussion below uses
the finite element technique but the
considerations and the treatment of the
problem are similar for other numerical
techniques.

Experimental Design of
Eddy Current Probes
Probe design literature4-9 reveals the
experimental nature of eddy current
research. This approach was dominant in
the early days of nondestructive testing.10

Three questions are associated with any
empirical approach. What is the
experimental design procedure? How is
the outcome of the design evaluated? For
the application, is this technique the best
approach, merely an acceptable approach
or the only feasible approach?

Analytical Design of Eddy
Current Probes
The design of an eddy current probe may
proceed either (1) by calculating the coil
impedances for a given geometry or (2) by
determining the appropriate dimensions
for a probe with a predetermined
impedance. Not all probe parameters may
be designed independently. For example,
if a certain probe diameter and reactance
at a given frequency are required, it may
not be possible to design such a probe or
the design may not be acceptable for the
test at hand.

In the following discussion, the basic
relations necessary for probe design are
outlined. First, the design of air core coils
is presented for single-coil and
multiple-coil probes. The discussion on air



core coils is followed by remarks on
magnetic (ferritic) core probes and a short
section on probe shielding.

Calculation of Probe Resistance
The impedance Z of any coil consists of a
real part R and imaginary part jωL:

(3)

where j is √(–1), L is inductance (henry)
and ω is angular frequency (ω = 2πf,
where f is frequency in hertz). The real
component of impedance Z is the direct
current resistance R (ohm). R is calculated
from Ohm’s law:

(4)

where a is the cross sectional area of the
wire (square meter), l is the total length
(meter) of wire and ρ is the conductor
resistivity (ohm meter).

Because the diameter of the coil is
important in probe design, the equation
may be written in terms of the probe
mean diameter:

(5)

where d is mean coil diameter (meter),
N is the number of turns in the coil and
πdN is the total wire length (meter). In the
more general case of conducting materials
in the vicinity of the coil, the real part of
the impedance also includes the effects of
eddy current losses in the conducting
bodies. 

The simple calculation of the real part
of the probe impedance is applicable only
to air core coils at low frequencies. It
cannot be used if the cores are magnetic
or conducting or if the impedance of an
air coil in the vicinity of conducting or
magnetic bodies is required. The effective
resistance increases due to losses in the
core and winding. These losses can be
estimated11 but no general, simple
expressions exist for their calculation. In
particular, losses in ferrites are difficult to
estimate except for particular shapes (such
as cup cores) for which empirically
derived estimates of the losses may be
available.

Calculation of Probe Reactance
In its simplest form, coil reactance can be
calculated by assuming (1) that only the
inductive reactance (ohm) in Eq. 3 exists
and (2) that the mutual inductance is
negligible. Then, the coil inductance in
air may be calculated using well known
formulas.

R
dN
a

= πρ

R
a

= ρl

Z R j L= + ω
As a start, consider the inductance
L (henry) of a long, circular current
sheet:11,12

(6)

where a is the cross sectional area of the
coil (square meter) and l is the length
(meter) of the current sheet. (A current
sheet is a conductive surface, such as a
flat, energized sheet of copper foil, in
which the current density measured in
ampere per square meter is uniform at
every point.)

This expression’s usefulness for design
purposes is limited because actual coils are
made of individual wires of round cross
section and are usually relatively short.
Thus, the assumptions of uniform current
distribution and long coil in Eq. 6 are
seldom met. The equation is useful,
however, insofar as the expressions found
in the literature for a variety of coils are
written as corrections to this simple
expression.

If the length l of the solenoid is not
large compared with the coil mean radius
r (that is, if r·l–1 is not small compared to
unity) the nagaoka end correction must
be used in Eq. 6 and inductance L for a
short solenoidal current sheet becomes:

(7)

The K value may be found from the
nagaoka formula12 or from tables11 where
K is customarily expressed in terms of the
r·l–1 value. The value for K tends toward
unity as r·l–1 approaches zero. A further
correction is necessary to account for the
differences between a current sheet and
an equivalent solenoid made of round,
insulated wires:13

(8)

where A = 2.3 log10 1.73 d·p–1;
B = 0.336 × (1 – 2.5·N–1 + 3.8·N–2); K is the
nagaoka constant; p is the winding pitch;
and r is the coil mean radius (meter). The
factor A depends on wire diameter d and
pitch p; B depends on the number of
turns N. These factors may be found in
tables elsewhere.12

Eddy current probes are usually made
of short, multilayered coils of rectangular
cross section. For rectangular cross section
coils with any desired proportion between
length and thickness of the windings
(b and c in Fig. 2), two expressions exist:
one for relatively long coils (b > c) and
one for short, flat coils (b < c).11 In the
intermediate range (b ≅ c), both formulas

L
r N

K
A B

r N K
=

+( )











4
1

2 2 2π
πl

l
–

L
a

K= ×4
10 7π

l
–

L
a= ×4

10 7π
l

–

133Probes for Electromagnetic Testing



are useful. The formula for the first case
is:

(9)

The K value is again the nagaoka constant
for a solenoid of length b and may be
found tabulated as a function of 2r·b–1 or
b·(2r)–1.11 The quantity k takes into
account the decrease in inductance caused
by the separation of turns in the radial
direction. Again, k may be found
tabulated as a function of c·(2a)–1, b·c–1 or
c·b–1.11

A similar expression exists for pancake
coils:11

(10)

The term P is a function of c·(2a)–1

whereas F takes into account the
inductance reduction caused by turn
separation in the radial direction. It is a
function of c·(2r)–1 and either b·c–1 or
c·b–1.11

These formulas are very accurate but
require values to be interpolated from
tables or graphs. In many cases, it is more
convenient and almost as accurate to use
simplified, approximate formulas. Two of
the more popular formulas are
summarized elsewhere.12,14

L N r PF= ( )0 001 2.

L
r

b
N r K k= −( )0 019 739

2 2.
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FIGURE 2. Coil cross section and dimensions
used for analytical calculations.

b

c

rm

a = b × c

Legend
a = cross sectional area
b = radial thickness, or length
c = axial thickness

rm = coil mean radius
For a long, thin coil (b·c–1 > 10), the
inductance may be approximated by
Eq. 11:

(11)

For short coils, where both b and c are
smaller than the radius of the coil, a
useful formula is:

(12)

Multiple Coil Probes
In the case of multiple coils, the
calculation of inductance is somewhat
more complicated because the mutual
inductance of the coils may have to be
taken into account. This is not always the
case. For example, in the case of coils
spaced relatively far apart, the mutual
inductance may be very small. No general
solution to this problem exists but, for the
most common arrangement of two coils
close together, the mutual inductance
may be found:11

(13)

where ftab is a tabulated value that
depends on the dimensions of the two
coils, N1 and N2 are the number of turns
in the coils and r1 and r2 are the mean
radii (meter) of the two coils.

The total inductance of the two coils is
altered by the value of the mutual
inductance depending on the way the
coils are connected. If the configuration is
series aiding, the mutual inductance is
added. If their configuration is series
opposing, the mutual inductance is
subtracted:

(14)

where L1 and L2 are the self-inductances
of the two coils and M1,2 is their mutual
inductance.

The same relation may be applied for
multiple-coil arrangements by calculating
the mutual inductance of each pair of
coils as separate values and then summing
them.

Analytical Design of Complex
Probes
The probes and coils described above
represent the simplest of configurations.
They consist of air core coils and do not
consider the effects of conducting bodies
nearby.
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The introduction of conducting and
magnetic cores within the probe creates
two major difficulties as far as the design
is concerned: (1) the need to calculate
losses within the core and any conducting
bodies within the probe’s field and (2) the
frequency dependence of the probe
response.

The second of these difficulties is
relatively easy to handle by calculating
the coil parameters at a fixed frequency
(or at a few frequencies) within the
expected range of application.

The calculation of losses within the
conducting bodies is far more complicated
but is absolutely necessary to estimate the
probe impedance. Similarly, calculation of
the probe reactance becomes complicated
unless the magnetic path is very simple.
Analytical tools for designing such probes
are discussed elsewhere.

Numerical Design
Numerical tools to aid in the search for
better designs and the tighter
requirements imposed on systems offer
some unique opportunities. The chapter
on modeling describes some of the more
common numerical approaches that can
be used to design eddy current coil
probes.

Numerical techniques offer certain
advantages over other design techniques.
The probe response is calculated from the
true physical description of material
interactions with the electromagnetic
field. The inclusion of discontinuities,
material properties and coil parameters
are therefore an integral part of the
model. Very few assumptions are made. In
many cases, however, some assumptions
may be useful in reducing the effort and
cost involved in the application of the
model. Linearity, two dimensionality and
axisymmetric formulations are examples
of such assumptions.

In addition, the probe response is a
complete simulation of the test
performed. This is extremely important
because it reveals the probe characteristics
in a way very similar to the real test and
leads to a better design.

Unconventional probe shapes can be
modeled whereas analytical techniques
can only handle a limited number of coil
shapes, such as round coils with
rectangular cross sections.

Finally, probes can be optimized to
detect specific types of discontinuities.
Because numerical techniques can model
complex discontinuities (subsurface
discontinuities), the probe response can
be optimized for any type of discontinuity
and test condition.

To illustrate some of the foregoing
arguments, the design of a reflection
probe specifically intended for
measurement of crack depth, coating
thickness and corrosion effects is
presented below, using a finite element
eddy current model. Two types of probes
are considered: (1) a simple absolute,
surface probe and (2) a reflection probe
consisting of a driving coil and a pickup
coil. This latter probe will be called a
double-coil probe to distinguish it from the
single-coil probe.

In many applications, single (absolute)
coils are used and the coil impedance is
monitored by using an alternating current
bridge circuit. Homogeneity information
is extracted from changes in the coil
impedance. Double-coil probes consist of
a driving coil and a smaller, concentric
pickup coil. In this case, the induced
voltage in the pickup coil is measured.
The following discussion describes the
application of the finite element
technique to the analysis and design of
both single-coil and double-coil surface
probes. Double-coil probes are shown to
be superior for the applications
mentioned above because of better
linearity of the liftoff curve and wider
useful range. The rate of change in the
induced voltage for a double-coil probe is
shown to be larger than the rate of
change in the impedance for single-coil
probes with given parameter changes.
Moreover, in the case of corrosion depth
measurements, the noise generated by
liftoff variations can be minimized with
an appropriately designed double-coil
probe. Some of the results presented have
been verified experimentally.

Single-Coil versus Double-Coil
Probes
The two probes considered here are
shown in Fig. 3 as they relate to liftoff
measurements. Figure 3a represents a
small diameter absolute coil over a
conducting surface. Because of the
localized nature of the probe fields, the
range of liftoff measurement is limited. A
larger diameter coil such as the coil in
Fig. 3b can extend this range but more
sensitivity is obtained by introducing a
small diameter pickup at the center of the
larger coil (as in Fig. 3c). Because the flux
lines through the pickup coil are
essentially perpendicular to the
conducting surface, the double-coil probe
typically offers better linearity and a wider
dynamic range. These effects can be seen
in Fig. 4, where the effect of a flat bottom
hole is shown. In Fig. 4a, there is little
disturbance of the coil field from the
localized field pattern. In Fig. 4b, the large
diameter of the coil tends to mask the
hole signal because there is little change
caused by the hole. A double coil has the
advantage of both of these characteristics
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FIGURE 3. Surface probe over conducting
surface: (a) small diameter single-coil probe;
(b) large diameter single-coil probe;
(c) double-coil probe.

(a)

(b)

(c)

FIGURE 4. Surface probes in presence of flat
bottom holes: (a) small diameter single-coil
probe; (b) large diameter single-coil probe;
(c) double-coil probe.

(a)

(b)

(c)
as shown in Fig. 4c. Because the bottom
of the hole affects the flux passing
through the pickup coil, it should be
possible to measure a wide range of hole
depths.

Based on these considerations, three
different absolute coils with 4, 10 and
30 mm (0.16, 0.4 and 1.2 in.) diameters
plus a double coil consisting of an
exciting coil 30 mm (1.2 in.) in diameter
and a concentric pickup coil 4 mm
(0.16 in.) in diameter were evaluated. In
all cases, the coil thickness was 3.9 mm
(0.15 in.). The performance of these
probes was calculated for magnetic and
nonmagnetic materials. The magnetic
material was carbon steel with
conductivity equal to 5 MS·m–1 and
relative permeability of 50. The
nonmagnetic material was a solid
solution, strengthened, nickel chromium
alloy (Unified Numbering System
N06600) with a conductivity of
1.1 MS·m–1. The magnetic material was
tested at 1 kHz and the nonmagnetic
material at 10 kHz. For each of the
materials, the liftoff curves resulting from
depth changes in flat bottom holes were
obtained and compared. The excitation
levels were assumed to be small, so
nonlinearities and hysteresis effects could
be neglected.

Liftoff Parameter
Figures 5 and 6 summarize the results for
various probes with respect to liftoff. The
impedance change rate is plotted for the
absolute probes and the rate of change of
induced voltage is plotted for the
double-coil probe in Fig. 5; Z0 and V0
represent the probe impedance and
induced voltage at zero liftoff. Figure 5a
shows the rates of change of impedance
and induced voltage caused by liftoff in
the nonmagnetic material. The curve for
the double-coil probe indicates that it
provides a greater output voltage over a
greater liftoff range than any of the
absolute probes. Figure 5b shows similar
calculations for carbon steel test objects.
The change in the induced voltage in the
double probe also occurs over a wider
range of liftoff values than for the
absolute probes.

To clarify the differences in range and
linearity of liftoff calculations between
the various probes, the normalized curves
shown in Fig. 6 are useful. The change in
impedance defined as ∆Z = Z – Z0 is
normalized with respect to Zmax, defined
as Zmax = Z∞ – Z0, where Z∞ is the coil
impedance at infinite liftoff. Similarly, the
change in induced voltage is normalized
with respect to ∆Vmax. The normalized
rates of change are defined as ∆Z·∆Z–1

max
and ∆V·∆V–1

max. The double coil exhibits a
more useful range for liftoff measurement
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4. Dou
and better linearity than the absolute
probe exhibits. Range and linearity are
shown for nonmagnetic material in
Fig. 6a and for magnetic material in
Fig. 6b.

Hole Depth Parameter
To simulate a test for evaluating the depth
of discontinuities in metal, flat bottom
holes of various diameters were used with
the probes described above. The probe
was located over the hole, flush with the
metal surface and centered with the hole.

The hole depth was then changed and the
signal from the probe was plotted.
Figure 7 shows the rate of change of
impedance or induced voltage
corresponding to the change in depth of a
10 mm (0.4 in.) diameter hole. Similarly,
Fig. 8 represents the normalized rates of
change for the same test. Again, the
sensitivity, useful range and linearity are
better in the case of the double-coil probe.

Noise Reduction Effects
When eddy current probes are used for
applications such as crack and corrosion
detection, the noise caused by liftoff
137Probes for Electromagnetic Testing

5. Finite element prediction of change in impedance
induced voltage V due to liftoff changes:
magnetic material at 10 kHz; (b) magnetic material
z.
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FIGURE 6. Normalized rates of change of impedance Z and
induced voltage V due to liftoff changes: (a) nonmagnetic
material; (b) magnetic material.
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variations needs to be minimized or, if
possible, suppressed. The most common
technique of liftoff suppression is the
phase discrimination technique, which
uses the phase difference between the
signal and noise. This technique works
best when the phase difference is close to
90 degrees but is of little use if phase
differences between the signal and the
liftoff signal are small. Figure 9a shows
normalized impedance of a 4 mm
(0.16 in.) diameter, single-coil probe in
the case of a magnetic material. The phase
between the hole depth impedance

change is very small, so noise suppression
is difficult. Figure 9b shows the
normalized induced potential (real versus
imaginary components normalized with
respect to magnitude) of a double-coil
probe for the same test as in Fig. 9a. The
phase difference is significantly larger, so
noise can be suppressed.

Experimental Verification of
Numerical Model Probe Design
Experimental verification entails actually
building the designed probe. A 30 mm
(1.2 in.) diameter coil and a 4 mm
ectromagnetic Testing

Predicted change rates of impedance Z and
oltage V with hole depth changes:
agnetic material; (b) magnetic material. Hole
is 10 mm (0.4 in.).
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FIGURE 8. Normalized change rates of impedance Z and
induced voltage V with hole depth changes:
(a) nonmagnetic material; (b) magnetic material. Hole
diameter is 10 mm (0.4 in.).
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(0.16 in.) diameter coil were constructed
to form a double-coil probe but each coil
could also be used separately as an
absolute probe. Figure 10 shows
experimental results giving the
normalized rates of change for the
impedance of single-coil probes and the
induced voltage of the double-coil probe.
In this figure, V0 is induced potential
(volt) at zero liftoff and Va is induced
potential (volt) when the coils are in air,
or far from the material. This shows, as
for the finite element results in Fig. 6,
that the double-coil probe has a
FIGURE 9. Finite element prediction of normalized impedance
and induced voltage with liftoff and hole depth changes:
(a) 4 mm (0.16 in.) single-coil absolute probe at 1 kHz on
magnetic material; (b) double-coil probe at 1 kHz on same
material.
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L = inductance (henry)
R = resistance (ohm)

V0 = induced potential (volt) at zero liftoff 
Vi = imaginary component of induced potential (volt)
Vr = real component of induced potential (volt)
ω = radial frequency (hertz)
potentially larger useful measurement
range.

The results presented indicate the
versatility of the finite element model for
probe design. In this particular case, they
also show a superiority of the double-coil
absolute probe over single-coil absolute
probes.15

The numerical approach to probe
design should be viewed as a test bed or a
numerical experiment tool. The results
presented demonstrate only a fraction of
what is possible with a numerical model.
Full optimization can be performed, in
which parameters such as probe thickness,
relations between the two coil sizes, offset
between the two coils, frequency response
and response to various materials and
discontinuities can be studied.

Ferrite Core Probes
Ferrite cores can be used to improve the
spatial resolution of the probe, to
minimize interference caused by other
physical structures near the probe, to
reduce the overall size of the probe, to
provide shielding and to address
impedance matching problems. Ferrite
cores can also be used to reduce the coil’s
footprint — that is, the normal or
tangential component of the fields as they
extend in the direction parallel to the
surface of the coil.

The simplest way of improving the
magnetic path is to wind the coil on (or
inside) a core made of high permeability
material such as one of the various
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FIGURE 10. Experimental impedance and induced voltage
versus liftoff.
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ferrites. A coil wound on a magnetic core
has a reduced magnetic reluctance while a
sleeve outside the coil also acts as a shield
and reduces the leakage field from the
tested area. Figure 11 shows the field
distribution for three types of probes.
Figure 11a is a simple single-coil absolute
probe in air at 100 kHz. Figure 11b shows
the same coil at the same frequency but
the coil is wound on a cylindrical ferrite
core 8 mm (0.3 in.) in length and 20 mm
(0.8 in.) in diameter. Figure 11c again
shows the same coil wound inside one
half of a cup core. In all three field plots,
corresponding lines (starting from the
outer line) represent identical flux density
values.

Cup Core Probes
The cup core probe has much higher flux
densities, as shown by the number and
density of the flux lines. The cylindrical
core has a field distribution that is only
slightly different from that of the air coil
because the portion of the magnetic path
occupied by the core is small compared to
the total magnetic path. In contrast,
about half of the main magnetic path is
occupied by the core itself in the case of

MOVIE.
Cup core probe.
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FIGURE 11. Flux distribution plots for three
different probes using same coil at 100 kHz:
(a) air core coil; (b) coil wound on 20 mm
(0.8 in.) diameter cylindrical ferrite core,
8 mm (0.3 in.) long; (c) coil inside one half
of cup core made of same material.

(a)

(b)

(c)
the cup core probe. More significant
differences can be seen by testing the
impedances of the three probes shown in
Fig. 11. The first noticeable difference is in
the appearance of the real part in the
impedance of the core probes, a change
caused by losses in the cores themselves
because ferrites have low conductivity.
The air core coil has no losses except from
the direct current resistance of the coil,
which has been removed from
consideration here. The actual losses in
the windings caused by eddy currents
have been neglected as insignificant.

The shielding effect mentioned above
is noticeable in the cup core coil because
the flux distribution in the back of the
core is quite different from that in the
front and the line spacings are larger
(lower gradients in the field). No such
shielding effect can be observed for the
ferrite core coil.

To further evaluate the merit of cup
core coils, it is useful to examine Fig. 12.
Figures 12a to 12c represent the same
three probes of Fig. 11 above a
nonmagnetic, conducting material
(Unified Numbering System N06600) at a
liftoff of 4 mm (0.16 in).

Figures 12d to 12f are identical to the
previous three except that the test object
is ferromagnetic (carbon steel). The
differences between the probes become
more accentuated with ferromagnetic
materials. In particular, the field around
the cup core probe has changed
drastically and no leakage field is
noticeable. The field lines have the same
meaning as in Fig. 11 (lines starting from
the outer edges represent the same flux
values but they are crowded together to
create a relatively high field in the
vicinity of the probe). In the case of the
ferrite core probe and the air core coil, the
projection of the field in space has been
reduced by the presence of the test
material but a significant portion of this
field can still be seen. The probe
impedances have changed considerably
because of the presence of the conducting
and magnetic media. Also noticeable is
the skin effect: the same flux density at a
given depth in the nonmagnetic material
is much higher than in the magnetic
material.

Figure 13 repeats Fig. 12 but with no
liftoff. A 1 mm (0.04 in.) liftoff is actually
used for the air core coil so that in all
three probes the coil is at the same
location relative to the test material. The
phenomena mentioned above are present
but they are further accentuated by the
absence of liftoff.

Field Projection Data
The field projection in space is shown in
Figs. 14 and 15. Figure 14a is the
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FIGURE 12. Flux distribution for three coils at
liftoff of 4 mm (0.16 in.) over thick
conducting materials: (a) air coil over
nonmagnetic material (Unified Numbering
System N06600); (b) cylindrical ferrite core
probe over same nonmagnetic material;
(c) cup core over same nonmagnetic
material; (d) air core coil over magnetic
material (carbon steel); (e) cylindrical ferrite
core probe over same magnetic material;
(f) cup core probe over same magnetic
material.
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(b)

(c)

(d)

(e)

(f)

Core

Core

FIGURE 13. Flux distribution for three coils at
liftoff of 1 mm (0.04 in.) over thick
conducting material: (a) air core coil over
nonmagnetic material (Unified Numbering
System N06600); (b) cylindrical ferrite core
probe over same nonmagnetic material;
(c) cup core over same nonmagnetic
material; (d) air core coil over magnetic
material (carbon steel); (e) cylindrical ferrite
core probe over same magnetic material;
(f) cup core probe over same magnetic
material.
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FIGURE 14. Normal component of magnetic field at seven
axial locations below probe surface 0.5 mm to 125 mm
(0.02 to 5.0 in.) axial distance: (a) air core coil probe;
(b) cylindrical ferrite core probe; (c) cup core probe.
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normalized field component for the air
core coil, Fig. 14b is the normalized field
component for the cylindrical ferrite core
probe and Fig. 14c is the normalized
component of the field for the cup core
probe. For each probe, the field is plotted
at seven different locations starting
FIGURE 15. Tangential component of magnetic field at seven
axial locations below probe surface: (a) air core coil probe;
(b) cylindrical ferrite core probe; (c) cup core probe.
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0.5 mm (0.02 in.) from the lower surface
of the ferrite cores for the largest
amplitude curve and ending at 125 mm
(5.0 in.) away from the coil with the zero
curve.

The tangential component (parallel to
the coil plane) is shown in Fig. 15. This
plot is similar to the plots in Fig. 14 but
the amplitudes and the general shape of
the curves are different. The curves in
Fig. 15 are plotted at the same locations as
in Fig. 14. Although the field obtained
with the cup core is higher, it is useful to
compare these three probes directly.

Figure 16 shows the normalized
component of the field at 0.5 mm
(0.02 in.) beneath the core for the three
probes (these are the three largest curves
in Figs. 14a to 14c, plotted on a single
scale). The amplitude of the field obtained
with the cup core beneath the coil itself is
about five times as large as for the air core
probe and twice as large as that of the
ferrite core probe. From these data and on
examination of Fig. 11, it is evident that
the cup core field extends further in space
and therefore will have deeper
penetration into conducting materials. A
similar field distribution exists in Fig. 17
where the tangential component of the
field is plotted. The differences in
amplitudes are roughly the same as those
for the normalized component in Fig. 16.

At the same time, the lateral field
extension (footprint) in Fig. 11 does not
vary as much. This can be seen in Fig. 16
or 17 to the right or left of the peaks. The
field extends only about 35 to 40 mm
(1.4 to 1.6 in.) in this direction (about
two coil diameters) and even at such short
distances is very weak.
FIGURE 16. Normal component of magnetic field at 0.5 mm
(0.02 in.) below core surface for three probes 1.5 mm
(0.06 in.) below coil.
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Figure 18 is a plot of the normal
component of the field as calculated on a
vertical line passing outside the coil at a
distance of 0.5 mm (0.02 in.) from the
coil’s outer diameter. The distortion of the
field pattern by the cup core is
particularly noticeable in Fig. 18d. The
field at the back of the core is low but
indicates a very sharp discontinuity at the
boundary of the core. The field peaks
inside the core and then, as the coil area
is encountered, the field reduces rapidly.

A second peak, outside the core and
below it, is more significant because it is
available for testing. From here on, the
field profile is similar to that of the
cylindrical ferrite core probe and the air
core coil shown in Figs. 18b and 18c
respectively. The three profiles are
summarized in Fig. 18a, where the relative
size and location of the peaks can be seen.
Note that the peak under the core for the
cup core is shifted down, relative to the
other two probes. Although the peak
amplitude is smaller than for the
cylindrical ferrite core probe because of
this downward shift, the field available at
the location of the peak is significantly
higher than in the ferrite core probe. The
extension of the field in the direction
where actual testing is performed is only
on the order of 20 to 30 mm (0.8 to
1.2 in.) and the field decays very rapidly.
Again, the field associated with the cup
core probe extends somewhat further but
not significantly.

Liftoff Characteristics
The liftoff characteristics of the three
probes considered here, as they relate to
testing nonmagnetic materials, are shown
in Fig. 19. A close inspection of these
curves reveals a striking similarity in
shape, although the impedance values are
quite different. It is also useful to plot all
three curves on a single plot as in Fig. 20,
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FIGURE 17. Tangential component of magnetic field at
0.5 mm (0.02 in.) below core surface for three probes
1.5 mm (0.06 in.) below coil.

N
or

m
al

iz
ed

 t
an

ge
nt

ia
l

flu
x 

de
ns

ity
 B

Z

1.0

0.75

0.5

0.25

0

–0.25

Cup core

Ferrite core

Air core

–56.25 –37.5 –18.75 0 18.75 37.5 56.25
(–2.2) (–1.5) (–0.7) (0.7) (1.5) (2.2)

Radial distance, mm (in.)



where the impedance values are
normalized. Normalization is often used
in practice and was done here to make an
important point: Fig. 20 indicates (in the
absence of additional information) that
there is little difference between the three
probes. The result above is obtained by
normalizing each curve as
(Z – Zmin)·(Zmax – Zmin)–1, which produces
a curve between zero and one in each
case. The danger in normalization is that
some information is lost in the process.
For example, Fig. 21 plots all three curves
without normalization. The differences
between the curves are quite large,
indicating a greater sensitivity to liftoff
variations in the case of the cup core
probe. Liftoff sensitivity may be well
known but cannot be deduced from the
normalized curves in Fig. 20.

A similar set of curves is obtained for
magnetic materials. These are shown in
Fig. 22 for carbon steel.
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FIGURE 18. Normal component of the field as calculated on vert
diameter 10.5 mm (0.42 in.) radial distance, for three probes: (
ferrite core probe field; (d) cup core probe field.
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(d
Shielded Probes
Shielded eddy current probes may be
necessary for some tests to prevent the
field generated by the probe from
interacting with certain objects near the
probe. The primary concern is the
interaction with conducting and magnetic
bodies that are not part of the test but are
near and may produce false indications or
mask discontinuity signals nearby. Testing
for discontinuities near edges (such as
testing fastener holes) is an example.
Another effect of shielding is that a larger
part of the available flux may be
concentrated below the probe. This
concentration occurs only when high
permeability, low conductivity materials
are used for shielding.

Shielding of eddy current probes can be
done in three ways: (1) magnetic
shielding, (2) active shielding and
(3) eddy current shielding.

Magnetic shielding is achieved by
creating a low reluctance path for field
lines within the required area and away

MOVIE.
Shielded probe.
ical cross sections at 0.5 mm (0.02 in.) beyond the coil’s outer
a) all three fields; (b) air core coil probe field; (c) cylindrical
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FIGURE 19. Liftoff calculated over nonmagnetic material
(Unified Numbering System N06600): (a) simple air core
coil; (b) ferrite core probe; (c) cup core probe.
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FIGURE 20. Comparison of normalized liftoff curves for three
probes over nonmagnetic material.
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FIGURE 21. Comparison of liftoff curves for three probes over
nonmagnetic material.
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FIGURE 22. Comparison of liftoff curves for three probes over
magnetic (carbon steel) material.
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FIGURE 24. Normal component of magnetic field for shielded
probe; field distribution shown at seven axial locations
0.5 mm to 125 mm (0.02 to 5.0 in.) below probe’s surface.
from unwanted regions. Cup core probes,
for example, are actually shielded probes.
Thus, there is an increased field gradient
under the probe and larger sensitivity is
obtained. A very simple shielded probe
could be built by covering the coil (with
or without a ferrite core) with a sleeve of
high permeability, low conductivity
material such as ferrite.16

In active shielding, an active field is
generated by means of a coil or system of
coils to cancel part of the original field in
specific areas. This technique has been
used extensively for shielding large
structures17 because magnetic shielding is
expensive and bulky for such structures.
This technique has not been extensively
explored for eddy current tests, perhaps
because of the small size of the probes
and the ease with which magnetic or eddy
current shielding can be achieved.

Eddy current shielding uses the skin
effect to prevent the magnetic field from
extending to its normal limits. At higher
frequencies, all that is needed is to
enclose the eddy current probe in a
conducting shell (usually copper), leaving
open the part of the probe that comes in
contact with the test material. This has a
drastic effect on the field distribution and
on the probe impedance. Because a
relatively large portion of the magnetic
field energy is absorbed in the shield
(depending on the shield material and its
proximity to the coil), the field is
considerably attenuated. Here lies the
main difference between this technique
and magnetic shielding. Shielding is
obtained by sharply attenuating the field

MOVIE.
Shielding.
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FIGURE 23. Copper shielded eddy current: (a) cross section;
(b) shielded probe in air; (c) shielded probe at liftoff of
4 mm (0.16 in.) over nonmagnetic material; (d) shielded
probe at liftoff of 4 mm (0.16 in.) over magnetic material;
(e) shielded probe at liftoff of 0 mm over nonmagnetic
material; (f) shielded probe at liftoff of 0 mm over magnetic
material.

(a)

(b)

(c)

(d)

(e)

(f)
outside a prescribed region rather than by
changing the magnetic path.

A simple shielded probe is shown in
Fig. 23a. It consists of a coil, 20 mm
(0.8 in.) in diameter and 4 × 4 mm
(0.16 × 0.16 in.) in cross section, with a
copper can over it. The coil is located
1 mm (0.04 in.) from the opening in the
shield. The field distribution for this
arrangement is shown in Fig. 23b. This,
when compared to Fig. 11a (same coil,
without shield), immediately reveals the
disadvantage of eddy current shielding.
The flux lines in Figs. 23b and 11a can be
compared directly because, starting with
the outermost line, each line represents a
flux density value identical to that of the
corresponding line in the other figure.

Figures 23c and 23d show the same
probe at a liftoff of 4 mm (0.16 in.) over a
nonmagnetic slab (Fig. 23c) and over a
magnetic slab (Fig. 23d). It should be
noted that, because of the weak field,
relatively little penetration occurs in
either case. Figures 23e and 23f show
corresponding results for zero liftoff. Here
the penetration is considerably higher

The field distribution for the copper
shielded probe described here is
summarized in Figs. 24 to 26. Figure 24
describes the normal component of flux
density below the probe at seven different
locations, 0.5 through 125 mm
(0.02 through 5.0 in.). The peaks caused
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by the coils are present, together with
(1) minima on both sides of the coils
caused by the shield and (2) two minor
peaks beyond the shield location,
indicating that the field extends further in
space. This can be seen in Fig. 23b and is
a result of the fact that the shielding is
only partial. Figure 25 represents the
tangential component of the field at the
locations mentioned above and is very
similar to Fig. 24 in terms of minima and
maxima. Figure 26 is the normal
component of the field on a vertical line
passing through the shield (or outside it)
FIGURE 25. Tangential component of the magnetic field for
copper shielded probe at same locations as in Fig. 24.
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FIGURE 26. Normal component of magnetic field on vertical
cross sections at six radial locations.
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for six locations at radial distances of
8.5 mm (0.33 in.) through 125 mm
(5.0 in.) from the center of the coil. The
shape of the field inside the shield (three
largest curves) is normal but is very low
outside the shield (three lowest curves).
Also notable is the complete shielding
above the shield, as indicated by the
abrupt decay to zero on the right side of
the curves.

Liftoff Characteristics
The liftoff characteristics of shielded
probes are shown in Fig. 27 and are
compared to those of a simple absolute air
core probe of identical dimensions in
Fig. 28. In both cases, the frequency used
is 100 kHz.

The copper shield used here is a simple
example of shielding. A similar shield
could be used at a larger distance from the
coil to reduce losses and reduce the
decrease in probe field. As pointed out
147Probes for Electromagnetic Testing

FIGURE 27. Liftoff curves for shielded probes: (a) over
nonmagnetic material; (b) over magnetic material.
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above, the field is greatly diminished by
this type of shielding. In some
applications, this is acceptable or even
desirable (as in the case of testing
nonconductive coating thickness).
Otherwise, magnetic shielding should be
used.

Inside Diameter Probes
In addition to surface probes, inside
diameter or feed-through probes are
widely used. There are two distinct types
of inside diameter probes, absolute and
differential.

Absolute probes consisting of a single
coil are very common but differential
probes usually offer superior noise
148 Electromagnetic Testing

FIGURE 28. Comparison of liftoff characteristics of shielded
and unshielded probes: (a) liftoff curves over nonmagnetic
materials; (b) liftoff curves over magnetic materials.
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rejection characteristics and high
sensitivity to sudden changes in geometry
or material properties.

Unlike surface probes, where the probe
axis is frequently perpendicular to the test
material, inside diameter probes usually
lie parallel to the test object axis and
therefore the dominant field distribution
is called the lateral field.

When inside diameter probes are used
to test relatively thin walled tubes made
of nonmagnetic materials, it can be
expected that through-wall penetration
will occur and both tube surfaces can be
tested. With thicker walls or with
magnetic materials, where the standard
depth of penetration is significantly
smaller than the wall thickness, the test
becomes a test more of the surface than of
the tube wall.

Both absolute and differential inside
diameter eddy current probes are treated
extensively in the literature.18-22 The
treatment here will therefore be limited to
basic examples of both as they relate to
testing of tubes and circular cavities.

In many inside diameter probe
applications, the probe impedance is
monitored. For other inside diameter
probes, the induced voltage is
measured.5,23 The treatment in this
discussion precludes neither of these
techniques but uses some simple
examples to represent typical aspects of
testing with inside diameter probes.

The field distribution of a simple
absolute coil in air is presented in
Fig. 11a. This coil, when inserted in a
nonmagnetic tube (Unified Numbering
System N06600 nickel chromium alloy)
with a wall thickness of 3 mm (0.12 in.)
produces the field distribution shown in
Fig. 29a. The field distribution and
FIGURE 29. Absolute inside diameter probe
inside tube with 3 mm (0.12 in.) wall:
(a) nonmagnetic tube material (nickel
chromium alloy); (b) magnetic tube
material (carbon steel).

(a) (b)



FIGURE 31. Impedance plane trajectories for
different conditions in gap and ring of
steam generator: (a) schematic diagram;
(b) clean gap; (c) gap full of magnetite;
(d) gap full of copper deposits; (e) ring of
magnetite around tube; (f) ring of copper
around tube; (g) gap and ring full of
magnetite; (h) gap and ring full of copper
deposits.

(a)

Ring

Tube
Gap
impedance have changed. The flux has
the same general form but a smaller
spatial distribution, penetrating through
the wall as would be expected with a
relatively thin, nonmagnetic material. The
same coil, when inserted in a magnetic
(carbon steel) tube has the distribution
shown in Fig. 29b. The flux penetrates
through only part of the tube because of
the high permeability and smaller
standard depth of penetration.

The patterns in Fig. 3 show the
magnetic fields when the coil currents
flow parallel to each other, that is, in the
same direction relative to each other.24

As a striking example of the flexibility
of inside diameter absolute probes, the
results obtained from simulation of
impurities in the crevice gap region of a
nuclear power plant steam generator18 are
presented here.

The crevice gap tends to fill with
foreign materials that are either magnetic
(magnetite) or nonmagnetic (copper).
Figure 31 helps classify the test results.
Figure 31b is the signal (impedance plane
trajectory) obtained from a clean gap with
an absolute probe. Figures 31c and 31f
show the signals obtained from the
crevice gap filled with magnetite and
copper, respectively. Figure 31d and 31g
represent the signals obtained by
simulating a 2 mm (0.08 in.) ring
(region 2) of magnetite (Fig. 31d) or
copper (Fig. 31g) to represent the
common ridge of foreign material found
in steam generators. The crevice gap itself
is clean in this simulation. Figures 31e
and 31h are the impedance plane
trajectories when both the crevice gap and
the ring are present.

The signals in all cases are distinct and
it is possible to distinguish between the
various accumulations. This point is
important and is further explained in
Fig. 32, where three representative signals
FIGURE 30. Differential probe testing of
tubes.
are plotted together. All three signals start
at the same point but describe
significantly different paths. Figure 33
shows the field distribution around the
absolute coil in the vicinity of the crevice
gap. The field penetrates the stainless steel
tube but penetrates very little into the
carbon steel tube sheet. This behavior is
useful because it tends to concentrate the
field in the crevice gap and creates an
enhanced sensitivity to materials in the
crevice gap.

The field projection of absolute probes
has been discussed earlier. It may be
useful however to examine the projection
of differential eddy current probe fields as
well. Figure 34 is the normal component
of the field below the probe (at the seven
locations mentioned above). Figure 35
shows the tangential component of flux
density for six locations at radial distances
from 8.5 mm (0.33 in.) to 125 mm (5 in.).
The three peaks in the field (one between
the probes and two on the outer side of
each coil) are clearly visible.
149Probes for Electromagnetic Testing
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FIGURE 32. Comparison of impedance signals obtained from
simulation of crevice gap conditions.
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FIGURE 33. Flux distribution around coil in gap region.
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FIGURE 34. Normal component of magnetic field for
differential probe. Field is calculated at seven axial locations
below lower coil.
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FIGURE 35. Tangential component of magnetic field in same
locations as in Fig. 34.
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FIGURE 37. Absolute probe over round bars: (a) nonmagnetic
bar; (b) magnetic bar.

(a) (b)
To illustrate the dependence of the
signal on permeability, Fig. 36 shows the
flux distribution of the absolute probe
used in Fig. 29.

Encircling Coil Probes
Encircling coils are by design identical to
inside diameter coils but they differ in
function. Encircling coils are used
primarily to test the outside diameter
surfaces of objects that pass through the
coils. Although the coil is the same in
encircling and inside diameter probes, the
field distribution is somewhat different.
The flux density gradient tends to be
more uniform inside the coil and
decreases to zero at the center of the
tested material. Thus, even with low
frequency measurements, it is only
feasible to test part of the material’s
volume. All other aspects relating to eddy
current testing (such as skin effect) are
present and must be considered.

Figure 37a represents the coil
mentioned above, around a 16 mm
(0.63 in.) diameter nonmagnetic round
bar. Figure 37b shows the field
distribution when the bar is magnetic.
The field penetration into the bar is
clearly visible in both cases but is greater
in Fig. 37a.

MOVIE.
Encircling
probe.
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FIGURE 36. Absolute probe inside 28 mm
(1.12 in.) diameter hole: (a) nonmagnetic
material; (b) magnetic material.

(a) (b)



PART 3. Hall Effect Detectors25
Principles of Hall Effect
Detectors
The hall effect creates potential
differences at right angles to the direction
of current flow in a conductor when a
magnetic field is present. Detectors use
the hall effect extensively in magnetic
flux leakage test applications and to a
lesser extent in eddy current probes. The
following discussion briefly describes
these detectors.

An external magnetic field reacts with
electrical charge carriers within solid state
conductors in much the same way that it
reacts with electric currents flowing in a
wire. The component of magnetic flux
density normal (perpendicular) to the
direction of electric current flow results in
a force on the charge carriers that tends to
move them at right angles both to the
direction of current flow and to the
direction of the magnetic field. In the case
of a metallic wire, where conduction is
provided by the motion of electrons
(negative charges), the magnitude of this
transverse force on a charge carrier
electron e is given by:

(15)

where Bn represents the normal
component of magnetic induction (in
tesla, where 1 T = 1 Wb·m–2), e is the
electron charge (–1.6 × 10–19 C), Fe is the
transverse force (newton) acting on the
electrons and v is the velocity (meter per
second) of electrons along the wire.

Charge Carriers in Hall Effect
Detectors
The charge carriers in semiconductors can
consist of: (1) negatively charged electrons
only, in the case of n type
semiconductors; (2) positively charged
holes or vacancies at locations where an
electron is missing from the normal
equilibrium distribution of charge (such
holes can move in response to electrical
fields like a positive charge whose
magnitude equals that of an electron, for
the case of p type semiconductors); and
(3) combined movements of negative
electrons and positive holes (in opposite
directions) under the action of an electric
field. The total current is the sum of the

F evBe n=
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contributions of the motions of positive
and negative charge carriers.

If the crystal lattice provides electron
carriers, then each displaced electron
leaves a positive hole at its former site.
Such holes can appear to move or be
diffused when a nearby electron falls into
the first vacant hole and this electron in
turn leaves its own place empty. Small
proportions of impurities or elements
added to an otherwise pure element in a
semiconductor can influence the number
of charge carriers and their lifetimes.
Special combinations of elements (as from
Groups III and V of the periodic table) can
be selected to optimize selected response
characteristics, such as the response of
semiconductors to magnetic fields.

Action of Magnetic Fields on
Semiconductor Charge Carriers
In semiconducting devices, when an
external magnetic field acts on (1) the
electrons, (2) the positive holes or
(3) both types of charge carriers
simultaneously, the external magnetic
field creates transverse forces, in
accordance with Eq. 15, on both the
moving electrons and the oppositely
moving positive holes. Because the signs
(+ or –) of the electric charge e and the
velocity v are both reversed, the magnetic
forces tend to deflect both types of charge
carriers in the same transverse direction.
The net result is transverse deflection of
the normal flow lines of the electric
current within the semiconducting
material.

This magnetic disturbance of the
current flow lines produces two detectable
effects within hall effect detectors. The
first effect is to develop potential
differences at right angles to the current
flow lines, through the phenomenon
known as the hall effect. The second effect
is to change the resistance along the
direction of the current flow paths,
through the phenomenon of the
magnetoresistive effect. The hall effect is
readily applied to detection of weak
magnetic field intensities and directions,
whereas the magnetoresistive effect is
most evident with very strong magnetic
fields.



Hall Element
The hall effect results from the action of
externally applied magnetic fields on
charge carriers in metals or
semiconductors. Figure 38 shows a sketch
of a simple hall element, consisting of a
thin layer of semiconducting material in
the form of a rectangle. A typical hall
device might consist of indium arsenide,
indium antimony, germanium or other
semiconducting materials selected for
large hall effect and for minimum
response to temperature variations.
Typical dimensions of the rectangular
layer might be 0.4 mm (0.015 in.) wide by
0.8 mm (0.03 in.) long by 0.05 mm
(0.002 in.) thick. However, for such an
element, the effective sensing area might
be about 0.4 mm (0.015 in.) in diameter.
Smaller hall effect detectors are feasible,
with maximum dimensions of only
0.1 mm (0.005 in.). Precise placing of
electrical connections on the hall element
becomes more difficult as size is reduced.

Electrical Circuit of Hall Element
As shown in Fig. 38a, an external source
supplies a steady direct current control
current (typically a few milliampere) to
electrodes at either end of the hall
FIGURE 38. Hall element circuit and operation: (a) basic
electric circuit of hall effect detector (uniform control current
flowing along length of hall element in absence of magnetic
field); (b) bending of current paths when magnetic field acts
vertically through face of hall element.

(a)

(b)

Equipotential line

Control current
bus at each end

V = 0Ic

V = VH
Ic

Bn

Bn
device.25 This control current Ic passes
longitudinally along the semiconductor,
providing a uniform current density J
across the width of the layer in the
absence of external magnetic fields. Signal
electrodes are located at the midpoints of
the long sides of the rectangular layer.

These connections are placed carefully
to minimize the signal voltage when
control current flows along the layer
longitudinally in the absence of external
magnetic fields. Ideally, the hall
voltage VH appearing across the signal
electrodes in the absence of a magnetic
field should be zero but usually it is not.
External correction circuits must be used
to reduce this signal to zero and to
provide temperature compensation.

When an external magnetic field with
a normal induction Bn acts
perpendicularly on the face of the
rectangular layer, the charge carriers are
deflected by the force acting transversely
(across the width of the layer, between the
two signal electrodes). The control current
paths are no longer longitudinal but
instead are bent to one side by the
magnetic field (see Fig. 38b). The two
signal electrodes are no longer at the same
voltage potential. Instead, a voltage
difference VH, known as the hall voltage,
appears across the signal electrodes. The
hall voltage is proportional to the product
of the control current magnitude Ic and
the magnitude of the normal component
of the external magnetic field Bn.

(16)

where KH is the hall coefficient, or hall
constant.

Operating Characteristics of Hall
Effect Detectors
With constant magnitude direct control
current, the output signal voltage from
the hall effect detector is directly
proportional to the instantaneous
magnitude of the normal component Bn
of the external magnetic field. Magnetic
field components parallel to the face of
the rectangular element have no effect on
the hall voltage between the signal
electrodes. However, it is essential to
minimize the cross sectional area of the
loop created by the external signal leads,
because varying magnetic flux passing
through this loop can produce induced
voltages (90 degrees out of phase with the
hall voltage and proportional to the
frequency of the varying magnetic field).
Special lead wire arrangements have been
developed to limit the spurious induced
voltage signals to negligible magnitudes
for test frequencies up to 100 kHz.

V K I BH H c n=
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Hall effect detectors developed for
electromagnetic test systems can be used
for very low test frequencies including
direct current magnetization and can
provide constant sensitivity to magnetic
field magnitudes over the operating range
from direct current to 100 kHz.
Consequently, they can also be used as
detectors with pulse, square wave,
multiple frequencies and other complex
waveforms within their frequency
limitations.

Also, because the hall effect detector is
essentially an instantaneous multiplier of
the control current Ic and the normal
component of the external magnetic field
Bn, other forms of control current can be
used for special purposes. If an alternating
control current of a single frequency is
used, a hall signal voltage related only to
the identical frequency component of a
complex magnetizing field waveform can
be selected. If the control current Ic is
used as a gate (by using rectangular pulses
of limited duration during each cycle of
the test frequency), signals indicative of a
small segment of each cycle of the
magnetizing coil frequency can be
selected.
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FIGURE 39. Directional response characteristics of hall effect
detectors: (a) magnetic field directed at angle θ to normal
(vertical dashed line perpendicular to horizontal face of
semiconductor): (b) directional effect upon hall effect
detector signal voltage, showing Bn = B cos θ. Only
normalized component Bn contributes to hall effect detector
output signal voltage VH.
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Two or more magnetizing coils, of
different shapes or sizes and operating at
different frequencies, can be used to
explore the test material simultaneously.
The hall effect detector signal will then
contain both test frequency signals;
separation into discrete frequency bands
can be done in external circuitry. In
addition, multiple hall effect detectors can
be placed in any desired position and
orientation in the magnetic field of the
test system to provide local measurements
of the magnetic field intensity.

Directional Response of Hall Effect
Detectors
With detectors such as the one shown in
Fig. 38, the output hall voltage signal is
responsive to the angle that the local
external magnetic field makes with the
normal direction. The normal axis is a
line perpendicular to the face of the
rectangular hall element. If, as sketched in
Fig. 39a, the angle between the magnetic
field direction and the normal is θ, the
output signal is given by:

(17)

where B is the total magnetic flux density
(tesla) and the normal component of this
magnetic induction Bn = B cos θ.

The maximum output signal is
obtained when θ = 0. As θ increases, the
test signal is reduced along the cosine
curve of Fig. 39b. When the external
magnetic field direction is parallel to the
face of the hall device, the output hall
voltage signal is zero. Thus, hall effect
detectors can be arranged to select any
desired directional component of the
magnetic field intensity B in
three-dimensional space. The face of the
hall device is simply placed perpendicular
to the direction of the magnetic flux lines
to be measured.

Hall Effect Detector
Configurations

Multidimensional Arrays
Because of their directional response
characteristics, two or three hall effect
detectors can be mounted in mutually
perpendicular planes, in a compact probe
that simultaneously measures magnetic
field intensity components in two or
three spatial directions. From such
multiple measurements, the intensity and
direction of the magnetic field can be
determined precisely, regardless of its
orientation. In many cases, the direction
of the magnetic field distortion in

V K IH H c  = B cos θ



electromagnetic tests contains useful
information concerning discontinuities
and local property variations.

Such local field distortions, when small
in area compared to conventional coil
probes, usually cannot be detected by the
larger coils because they integrate the
effect of all flux lines enclosed within the
circumference of the coils, regardless of
their spatial direction. Because of the
small dimensions of hall effect detectors,
they can often resolve such effects clearly.
Figure 40 illustrates two-dimensional and
three-dimensional arrays of hall effect
detectors. Other directionally sensitive
detector arrays are specially designed for
unique application problems.

Linear Multichannel Arrays
Because of their relatively small
dimensions, numerous hall effect
detectors can be arranged adjacent to one
FIGURE 40. Multidimensional arrays of hall effect detectors
used to measure directional components of magnetic field
intensity: (a) two-dimensional array of hall effect detectors,
in which components of magnetic field in X,Y plane are
sensed individually; (b) three-dimensional array of hall effect
detectors, in which each detector senses magnetic field
component perpendicular to face of semiconductor.
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B = magnetic flux density

EH = electric field detected in X, Y or Z direction
IC = control current
K = hall coefficient
another in the same plane, as shown in
Fig. 41a. The density of these detectors
can be very high, depending on the width
of each hall element. If the multiple hall
effect detectors are arranged along a
straight line, within a suitable
magnetizing coil field, adjacent areas of
the test object can be scanned through
separate signal channels. If a test object,
such as a fusion weld, is scanned
longitudinally, each detector can sense a
different area across the width of the
weld. This permits separation of cracks
and property variations associated with
(1) the fusion zone, (2) the heat affected
zones and (3) the adjacent areas of the
unaffected base material, simultaneously
in one test operation.

In another arrangement, linear arrays
of hall effect detectors can be positioned
around the circumference of an encircling
coil (through which circular bars or tubes
are passed longitudinally) and can be used
to provide a sensitive electromagnetic test
of the entire 360 degree surface in one
pass. One magnetizing coil provides the
exciting field for all the hall effect
detectors (Fig. 41b). Concentricity of
conductors within insulating coatings, or
uniformity of conducting coatings on
155Probes for Electromagnetic Testing

FIGURE 41. Linear arrays of hall effect
detectors in eddy current magnetizing coils:
(a) linear array of hall elements within single
magnetizing coil, for multichannel
longitudinal scanning of fusion weld zones;
(b) linear array of hall effect detectors within
circumference of encircling magnetizing
coil, for multichannel longitudinal scanning
of bars or tubes. For a 25 mm (1 in.)
diameter coil, there must be about 100 hall
elements each about 0.75 mm (0.03 in.)
long for 100 percent coverage.
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concentric cores, may be evaluated with
this type of probe. Longitudinal
discontinuities, such as seams and laps in
hot rolled bars or tubes, can also be
detected continuously, rather than
intermittently by, for example, orbiting
probe coil test systems.

Bridge Arrays
An alternative arrangement of small area
hall effect detectors within a single test
coil corresponds to the wheatstone bridge
circuit used in many electrical
measurements. As sketched in Fig. 42a,
the detectors are in the corners of a small
square in the test surface and are excited
by a single large magnetizing coil. Four
local measurements are made
simultaneously. Signals from the four
discrete channels can be compared in
various combinations in the external
circuitry of the electromagnetic test
156 Electromagnetic Testing

FIGURE 42. Differential and bridge arrays of
hall effect detectors within field of circular
magnetizing coil: (a) simple bridge array of
hall effect detectors within circular
magnetizing coil (signals are compared in
external circuitry to determine parameters
such as anisotropy, crack direction, probe
alignment or probe position relative to
weldments); (b) differential arrangement of
two hall effect detectors in symmetric
locations of magnetizing coil field
(subtraction of signals in external circuitry
permits local property variations or
discontinuities to be detected while average
test object properties are nulled out).
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A, B, C, D = hall effect detectors

Im = magnetizing current
instrumentation. Such an arrangement is
responsive to the degree and orientation
of anisotropic properties in test materials
or to the directions and severity of
discontinuities such as cracks. An
alternative is to align coils precisely with
the flat surfaces of test materials to
measure tilt or surface waviness. Other
arrangements of multiple hall effect
detectors over an area of the test object
surface can be applied for special
measurement problems.

Differential Systems
Two hall effect detectors can be located at
various spacings and their signals
subtracted from one another in the
external circuitry, to provide differential
measurements. A single coil can provide
excitation for both detectors (Fig. 42b).

With a differential array (as with
differentially connected electromagnetic
coil transducers), average or slowly
varying properties of the test material and
conditions of the eddy current test can be
eliminated from the test indication. For
example, with flat, vertical dipole probe
coil excitation in electromagnetic tests of
sheets, the effects of probe liftoff and the
effects of slow variations in test material
properties and sheet thicknesses are
minimized by differential measurements.
On the other hand, local discontinuities
and property variations can be easily
indicated, because any variation from a
null output signal can be greatly
amplified.

Systems using differential hall effect
detectors within the field of a single
exciting coil have been applied effectively
to locate and follow weldments in tubes
and pipe or to guide welding equipment
along the groove for butt weld
preparations with high precision. For this
purpose, two hall effect detectors are put
on a line transverse to the length of the
weld to sense material property variations
in the weld fusion zone or its heat
affected zone. When the probe coil and
detectors are centered over the weld line,
the differential test signal is zero. If the
probe is displaced (even slightly) from
exact positioning over the weld line, the
differential hall effect detector output is
used to provide appropriate phase and
amplitude data to servo mechanisms that
move the probe to the desired center of
the weld zone or weld preparation groove.

In weld testing, a second differential
probe system is used with the hall effect
detectors displaced along the weld line, to
compare adjacent areas of the weld for
local discontinuities. Here, the lack of
response to liftoff and to slowly varying
properties such as wall thickness are
helpful in permitting detection of small
discontinuities.



PART 4. Probes for Magnetic Flux Leakage26

FIGURE 44. Schematic of magnetodiode.

p+ i n+
Description of Method27

Magnetic flux leakage testing is an
electromagnetic technique that can
provide a quick assessment of the
integrity of ferromagnetic materials. The
technique is often used instead of eddy
current testing when the test object is
ferromagnetic. The test object is
magnetized during testing and the sensor
detects the magnetic flux that is said to
leak from the magnetic field at a surface
discontinuity.

Flux leakage tests are used in many
industries to detect a wide variety of
discontinuities. Typical applications of
magnetic flux leakage testing are by
producers of steel products — blooms,
billets, rods, bars, tubes and ropes.
Examples of inservice applications are the
testing of used wire rope, installed tubing
and retrieved oilfield tubular goods.

Coil Probes
Coil probes are sometimes used in
magnetic flux leakage applications.
Consider a pancake coil whose
dimensions are extremely small in the
context of the spatial distribution of the
magnetic field to be measured. The
voltage V is induced in the small coil:

(18)

where d indicates a derivative, N is the
number of turns in the coil, t is time
(second) and φn represents the flux
normal to the plane of the coil.

If the variations in the flux density
over the area of the coil are negligible,
then the component Bn of the flux

V N
d
dt

= − φn
FIGURE 43. Integration used in combination with coil to
measure magnetic flux leakage field.

Voltage signal
proportional to Bn

Integrator

Coil
density normal to the plane of the coil is
given by:

(19)

where A is coil area (square meter) and V
is potential (volt). Consequently, to
measure Bn, it is necessary to integrate the
output of the coil as shown in Fig. 43.

The coil cannot be used to measure the
magnetic leakage field under static
conditions, for dφn·(dt)–1 and hence V
would then be zero. Coils can be used to
measure the magnetic field either when
the field is time varying or when the test
object is moving relative to the coil probe.

Other Indicating Means
for Magnetic Flux Leakage
It is possible to use transducers other than
inductive coils for magnetic flux leakage
testing.

Magnetodiode
The magnetodiode is a solid state device,
the resistance of which changes with
magnetic field intensity. It consists of p
zones and n zones of a semiconductor,
separated by a region of material that has
been modified to create a recombination
zone (Fig. 44). Active areas typically

B
A NA

Vdt
t

n
n= = − ∫φ 1

0
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FIGURE 46. Frequency response of magnetodiode at ambient
temperature of 25 °C (77 °F).
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measure 3.0 × 0.6 × 0.4 mm
(0.12 × 0.024 × 0.016 in.) and output
signals are generally larger than for hall
elements, although the response to field
intensity is not so linear for higher fields
as shown in Fig. 45.

Figure 46 shows that frequency
response is flat from direct current field to
3 kHz and Fig. 47 shows that sensitivity is
stable without temperature dependence in
the range of –10 to 50 °C (14 to 122 °F).

Magnetic Recording Tape
For the testing of flat plates and billets, it
is possible to scan the surface with wide
strips of magnetic recording tape.
Discontinuity signals are taken from the
tape by an array of tape recorder heads.
Elongated magnetic balloons also exist for
the testing of the inside surface of tubes.
Scale, dirt or oil on the test surface can
contaminate the tape. Surface roughness
can tear the tape.

Magnetic Particles
Magnetic particles are finely ground high
permeability magnetic material,
sometimes dyed for visible contrast with
the test surface. Ideal test conditions
occur when a fine spray of such particles
is intercepted by a magnetic flux leakage
field and some of them stick to the field.
An advantage over other forms of
magnetic indicators is that the particles
158 Electromagnetic Testing

FIGURE 45. Response of magnetodiode is linear up to about
40 kA·m–1 (500 Oe) at ambient temperature of 25 °C (77 °F)
and potential of 6 V.
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have zero liftoff from the discontinuity
field. In a simple approximation, the force
Fmag holds the particles in the leakage
field:

(20)

where ∇ is the vector differential operator
(gradient operator), H is the local flux
leakage field intensity (ampere per meter),
Vvol is the volume (cubic meter) of the
particle, α is a factor related to the
demagnetization factor of the particle and
µ0 is the permeability of free space
(µ0 = 4π × 10–7 H·m–1).

The force that holds the particle to the
discontinuity leakage field is proportional
to the result of a vector calculus operation
on the leakage field. This force can be
computed for simple leakage fields by
using approximations such as those by
Förster28 and by Zatsepin and
Shcherbinin29 or more accurately by using
finite element techniques such as those
described elsewhere, in this volume’s
chapter on modeling. The force is also

F Vmag vol= ⋅∇( )α µ0 H H
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FIGURE 47. Temperature dependence of magnetodiode.
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related to the shape of the particle, which
is implied by the term α. For spherical
particles, α = 3. For particles with a
prolate ellipsoidal shape and an axis ratio
of 2:1, α = 5.8. As particles become more
elongated, α increases and the magnetic
force on them in a given leakage field also
increases. Elongation of the particle
decreases the demagnetization factor for
the particle. Additional decreases in
demagnetization factor (or increases in α)
are achieved when particles stick together,
end to end.

Other forces acting on the particles are
(1) gravity, (2) friction and (3) spray force.

1. The pull of gravity is reduced if
particles are very small. Large particles
are used to detect only deep cracks
that scale off during reheating.

2. Friction is reduced if the particles are
suspended in water or light oil. 

3. Spray application should be gentle to
avoid washing particles off cracks.

Optimum visual conditions occur
when the particles emit light in that
portion of the visible spectrum where the
eye is most sensitive (yellow green). This
is particularly effective when all other
visible light has been removed. This
situation is achieved when low energy
ultraviolet radiation is used to irradiate
the particles and their dye absorbs this
energy and reemits it as visible light.

Magnetic particle testing is performed,
either in active or residual field, for a wide
variety of parts. It is performed as the
primary test, or as a followup test when
discontinuities have been found by other
methods. The method is described in
detail elsewhere.30
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PART 5. Eddy Current Imaging with
Magnetooptic Sensors

FIGURE 48. Eddy currents being induced in
electrically conducting plate by magnetic
field B produced by coil of wire carrying
alternating current: (a) view of eddy current
distribution in plate; (b) view of eddy
current penetration into plate. By Lenz’s law,
direction of induced eddy currents (current
density J = σE at one point) is opposed to a
change in direction of currents in coil (solid
and dotted lines represent currents and
fields roughly 180 degrees out of phase).
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Magnetooptic Imaging
Principles
Magnetooptic imaging is a real time eddy
current imaging technology that relies on
the faraday magnetooptic effect. This
technology has been used to image cracks
and other discontinuities in electrical
conductors such as aging aluminum
airframes. The following discussion briefly
describes such imaging devices and gives
examples of both surface and subsurface
indications obtained with this approach.

Both conventional and unconventional
eddy current techniques rely on Faraday’s
law of electromagnetic induction:

(21)

In differential form this law describes the
connection between magnetic field vector
B and electric field vector E at points of
three-dimensional space at time t (second)
— including points located inside
electrical conductors.31,32 In particular,
this law shows that a time varying
magnetic field B (produced by a moving
permanent magnet, the field from a coil
of wire carrying a changing current or
some other source) in the vicinity of any
electrical conductor having conductivity
σ, will induce a time varying electric field
E and thus a time varying eddy current
density J at an arbitrary point near the
surface of the conductor:

(22)

To gain a general understanding of the
relevant relationships and concepts,
consider the familiar case of a time
varying magnetic field B produced by an
external alternating current in a coil of
wire.

By Lenz’s law,31 the direction of the
vector J at any point in the conductor
and hence the direction of the eddy
currents is always opposed to the change
in the direction of the external electric
currents that produced B in the first place.
This opposition is illustrated in Fig. 48,
where a standoff or noncontact coil
carrying an alternating current near a
conducting plate has induced eddy
currents in the plate. The magnetic fields
in Fig. 48 tend to be excluded from the

J E= σ

∇ × = − ∂
∂

E
B1

c t
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conducting plate, especially at high
frequencies. The magnitude of the eddy
currents diminish as the depth increases.

Sheet Eddy Current
Generation
Coils similar to those in Fig. 48 form the
basis for conventional coil based eddy
current techniques. Note that the induced
eddy currents form a kind of image of the
coil currents in the conducting plate,
meaning that the magnitude of the eddy
currents is greatest just under the circular
footprint of the coil. Consider an
unconventional eddy current induction
technique called sheet current induction as
illustrated in Fig. 49.33,34

In Fig. 49, just as in the case of the coil
of Fig. 48, Lenz’s law ensures that the



FIGURE 50. Arrangements for production of
magnetooptic images: (a) reflection optical
arrangement; (b) sensor magnetization and
resultant image at different time than for
Fig. 50c; (c) sensor magnetization and
resultant image but at different time than
for Fig. 50b.
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(a)

Viewer
direction of the eddy currents is opposed
to the change in the direction of the
currents in the foil (solid and dotted lines
represent currents roughly 180 degrees
out of phase). As in the case of the coil of
Fig. 48, eddy currents diminish as the
depth increases. Note that the eddy
currents under the footprint of the foil —
unlike eddy currents concentrated near
the coil (Fig. 48) — tend to be very
uniform. Moreover, these eddy currents
have return paths outside the footprint of
the foil, unlike a coil where the return
paths are located in a circular region
falling mostly within the footprint of the
coil. This technique of inducing eddy
currents is crucial for the operation of
magnetooptic eddy current imaging
devices.

Magnetooptic Imaging
and Eddy Current
Principles Combined
To understand how magnetooptic eddy
current devices produce eddy current
images, it is useful to consider the
magnetooptic part of the technology and
how it can be combined with the sheet
current induction technique (Fig. 49) to
make real time eddy current images of
cracks and other conditions, such as
corrosion, in such objects as aluminum
lap joints in aging aircraft.

Magnetooptic Image Displays
Figure 50 illustrates a reflection optical
arrangement for producing images of the
FIGURE 49. Eddy currents being induced in conducting plate
by magnetic field (not shown) from flat, electrically
conducting foil carrying alternating current produced by
transformer arrangement shown above conducting plate.

Primary leads

Conducting foil

Induced eddy
currents in
conducting plate

Secondary leads
magnetic fields H (static or dynamic)
associated with discontinuities such as
cracks. These images are produced by
observing the effect on the magnetization
M of the magnetooptic sensor using a
source of polarized light and an analyzer,
which is another polarizer.33,34 It happens
that the magnetooptic sensors can have
only two states of magnetization (that is,
+M or –M) as shown by the arrows
representing M in the two drawings in
Figs. 50b and 50c. When viewed in
polarized light, one of these two states of
magnetization (+M in this case) can be
made to appear dark by rotating the
analyzer; –M will then appear light by
comparison. Hence, a magnetooptic
sensor is essentially a two-state (dark and
light) imaging device. Any magnetic field
H, including a magnetic field associated
with eddy current distortions caused by
161Probes for Electromagnetic Testing
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discontinuities, can with such an optical
arrangement produce magnetooptic
images of discontinuities that closely
resemble the actual discontinuities.

Although the present discussion
emphasizes nonmagnetic electrical
conductors similar to aluminum, it should
be clear from Fig. 50 that magnetooptic
displays could, in principle, be used to
form images of surface breaking cracks in
magnetic materials such as steel. In this
case, either static or slowly varying
magnetic fields are used to magnetize the
material and the magnetooptic display is
used to form an image of the magnetic
flux leakage from the crack.35

Magnetooptic Imaging of Sheet
Current Induction
By combining the two technologies
illustrated in Figs. 49 and 50 and adding a
bias coil,33,34 it is possible to make real
time eddy current images as illustrated in
Fig. 51. Figure 51 illustrates how linear
sheet current excitation — rotating sheet
current excitation is discussed below — is
combined with the reflection
magnetooptic imaging technique of
Fig. 50 to produce real time magnetooptic
eddy current images.

Figure 51 illustrates the current paths
in both the conducting foil and the work
piece. Currents in the first half cycle of a
full current cycle are indicated by solid
lines whereas currents in the second half
cycle are indicated by dotted lines.
162 Electromagnetic Testing

FIGURE 51. Magnetooptic sensor must be modulated by bias
magnetic field to provide magnetooptic image of
discontinuity (open hole) by using linear sheet eddy current
induction in reflection optical arrangement. Light source and
crossed polarizers are not shown. Erase pulse precedes image
formation.33,34
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Distortions in the induced eddy currents
caused by electrical discontinuities in the
test object such as rivets or cracks,
produce magnetic fields perpendicular
(normal) to the surface of the work piece.
These are the only magnetic fields that
can be detected by the magnetooptic
probe because only these magnetic fields
lie parallel to the sensor’s easy axis of
magnetization.

Solid and dotted lines at the top of
Fig. 51 also illustrate the normal
(perpendicular) component magnetic
fields corresponding, respectively, to the
eddy currents induced in the test object
during the first and second half cycles of a
given current cycle. These time varying
magnetic fields H, associated in this case
with a hole, are able to alter and then
temporarily maintain the probe’s
magnetization M because of the presence
of a magnetic field with a nearly static
bias. This magnetic field points in one
direction only and adds to the field from
the discontinuity in such a way that only
those fields directed along the bias field
can alter and then temporarily maintain
the magnetization M. Only these regions
of the sensor where M has been so altered
and maintained can form a high contrast
visible image in crossed polarizers (dark
for +M and light for –M). In the absence
of a bias magnetic field, the time averaged
magnetooptic image would be washed out
because the magnetization M (Fig. 51)
would be rapidly switching from +M to
–M at the peak of each current half cycle.

However, with the bias present only
half of the image is produced during the
first half cycle (see one of the two half
moon shaped image segments illustrated
in Fig. 51). Because the magnetooptic
probe also has an effective memory, this
image is remembered by the probe until
the next half cycle, which completes the
other half of the image to form a
FIGURE 52. Schematic illustration of magnetooptic eddy
current imager. This reflection geometry has reflective
surface behind sensor. Bias coil supplies bias magnetic field
needed in image formation (see Fig. 51).
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composite image that looks like the head
of a slotted screw (see Fig. 51).

The magnetooptic eddy current imager
(Fig. 52) combines the concepts discussed
above. The vertical extent and position of
the bias coil (not shown to scale or actual
position) can be chosen in such a way
that the component of the bias magnetic
field perpendicular to the probe is
essentially constant across the entire
sensor. Consequently, every rivet or other
area imaged in the field of view
experiences essentially the same (normal
component) bias field. There is no need to
compensate for variations across the field
of view.

Magnetooptic Indications
Figure 53 illustrates idealized and actual
magnetooptic eddy current images for two
different techniques of eddy current
excitation. Magnetooptic eddy current
images are always accompanied by a
background of serpentine magnetic
domains that are required to form the
images and cannot be completely
eliminated. Adjusting the bias magnetic
field can minimize background domains.
The eddy current frequency used in the
images of Fig. 53 is 50 kHz.

Linear versus Rotating Induction
Figure 51 shows how images are formed
when linear sheet current induction —
FIGURE 53. Magnetooptic eddy current images of rivet with
crack extending to right: (a) linear eddy current excitation
mode; (b) rotating eddy current excitation mode. 

Idealized image Actual image

Idealized image Actual image

(a)

(b)
produced by the transformer arrangement
in Fig. 49 — is used. However, by
modifying the transformer of Fig. 49 as
described in greater detail elsewhere,33,34 it
is possible to obtain rotating sheet current
induction.

The practical significance of this is that
the orientation of the magnetooptic eddy
current imager, on the surface of the test
object, is irrelevant when rotating eddy
current excitation is used but orientation
can be important when linear eddy
current excitation is used. As shown in
Fig. 53a, the linear eddy current excitation
direction must be perpendicular to the
long axis of the crack to detect the crack.
That is, if the eddy current direction is
parallel to the crack, the crack will not be
detected because there is no effect on the
paths of the eddy currents in this case.
Clearly, this is not a problem when
rotating eddy current excitation is used
(see Fig. 53b).

Although there are advantages to using
linear instead of rotating eddy current
excitation in some applications, rotating
eddy current excitation generally
produces better defined images because
they are not split as in the case of linear
excitation. This advantage is especially
important for irregularly shaped
discontinuities such as areas of subsurface
corrosion that may be difficult to detect
when the corresponding magnetooptic
eddy current image is split in half.

Magnetooptic Image
Interpretation
Figures 53 to 55 demonstrate that,
although the length of surface breaking
cracks can be estimated roughly from
magnetooptic eddy current images, these
same images are not at all appropriate for
determining crack width. For example,
the apparent crack width in Figs. 53 and
55 is considerably wider than the actual
crack width because these are images of
the magnetic fields near the crack that are
produced by the flow of eddy currents
around the crack. These eddy currents are
significant only within about one
standard depth of penetration from the
crack as measured parallel to the surface
of the test object.

A rough rule of thumb for surface
breaking cracks is that the apparent width
of the crack is roughly twice the standard
depth of penetration δ, so there is no way
to estimate actual crack width. The actual
crack length is roughly given by the
apparent crack length, as seen on the
image, minus the standard depth of
penetration δ. This approximation works
best at high frequencies and low power
where the rivet edge is discernable and
readily located.
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FIGURE 55. Magnetooptic eddy current images made with
rotating eddy current excitation and corresponding to
artificial discontinuities in Fig. 54: (a) image of discontinuity
free rivet, corresponding to notch A, made at 100 kHz;
(b) image of notch B, made at 100 kHz; (c) image of
notch C, made at 100 kHz; (d) image of notch D, made at
10 kHz; (e) image of hole E, made at 10 kHz.

(a) (d)
Using the foregoing rule of thumb, the
higher the eddy current frequency, the
smaller the standard depth of penetration
δ and the narrower the apparent crack
width w = 2δ. The magnetooptic eddy
current images in Fig. 53 were made at an
eddy current frequency of 50 kHz with a
standard depth of penetration δ = 544 µm
(0.021 in.) in a wrought aluminum alloy
(Unified Numbering System A97075,
temper 6, or 7075-T6) but current
technology permits images at frequencies
up to 200 kHz with a standard depth of
penetration δ = 305 µm (0.012 in.) in the
same material. Hence, the apparent crack
width in aluminum at 200 kHz will be
w = 533 µm (0.021 in.) whereas at 50 kHz
the apparent crack width will be twice as
large, namely, w = 109 µm (0.043 in.). At
still lower frequencies in aluminum, the
apparent crack width is wider still. At
10 kHz in the wrought aluminum alloy,
for example, the standard depth of
penetration δ = 117 µm (0.046 in.) and
therefore the apparent crack width
w = 2.34 mm (0.092 in.).

To make magnetooptic eddy current
images that resemble actual
discontinuities as closely as possible, the
highest possible eddy current frequency
that still permits detection of the
164 Electromagnetic Testing

FIGURE 54. Two-layer setup standard in
which each layer is 1 mm (0.04 in.) thick
aluminum (Unified Numbering System
A82024, temper 3) containing electric
discharge machined notches and second
layer hole. 

Legend
A. Rivet without anomaly.
B. First layer electric discharge machined notch of

45 degrees, 2.5 mm (0.10 in.) long.
C. Horizontal electric discharge machined notch,

1.8 mm (0.07 in.) long.
D. Second layer electric discharge machined notch,

5.0 mm (0.20 in.) long.
E. Hole in second layer, 9.55 mm (0.376 in.) in

diameter, mimicking corrosion.

A

B

C

D

E

discontinuity should always be used. This
is true for both surface and subsurface
discontinuities.

Discontinuities that are more than one
standard depth of penetration below the
surface of a material can sometimes be
difficult to detect unless the eddy current
magnitude is sufficient. Accordingly, high
power settings are invariably used when
attempting to detect subsurface
discontinuities or corrosion at depths of
two or more standard depths of
penetration from the surface of materials
such as aging aluminum airframes.
Typically, the highest possible power level
(b)

(c)

(e)



is selected and the highest workable eddy
current frequency is one that achieves the
best possible discontinuity resolution.
Some designs of magnetooptic eddy
current imaging devices permit eddy
current magnitude to be much greater
than normal. This improvement permits
discontinuities at three or four standard
depths of penetration below the surface of
a material to be detected, depending on
the size and nature of the discontinuity.

Reference Standards and Selected
Magnetooptic Images
Figure 55 shows magnetooptic images of a
small set of surface breaking electric
discharge machined notches shown in
Fig. 54. Note that the small notch 1.8 mm
(0.07 in.) from rivet shank C in Fig. 54
produces a small bump or elongation on
the right side of the rivet image in
Fig. 55c. The shank diameter of rivets
shown is 4 mm (0.16 in.) and exposed
rivet heads are 6 mm (0.24 in.) in
diameter and flush with the outer surface.
Notch lengths are measured from the rivet
shank.

In a still picture such as this, it can
sometimes be difficult to detect small
discontinuities. However, in practice,
FIGURE 56. Simulated aluminum aircraft lap joint consisting of
three rows of rivets spaced 25 mm (1.0 in.) apart: (a) plane
view; (b) cross section. Numerous radial surface breaking
fatigue cracks indicated on upper row were induced by
thousands of cycles under tensile load directed vertically in
illustration. Thickness of aluminum sheets was 1.0 mm
(0.04 in.).

(a) (b)
when the magnetooptic eddy current
imager is moved, this small notch
indication appears to move along the
rivet circumference as the imager is
rotated slightly in the plane of the
sample. In general, moving the
magnetooptic eddy current imager makes
images appear to move in various ways.
This fact, combined with the capabilities
of the human eye to process moving
images, has been found to improve the
ability to detect discontinuities, especially
discontinuities such as corrosion that are
small or whose boundaries are difficult to
define.

Figure 56 shows a simulated aircraft lap
joint and fatigue cracks. Finally, Fig. 57
shows a mosaic of actual magnetooptic
eddy current images that resulted from an
examination of the simulated aluminum
aircraft lap joint illustrated in Fig. 56. The
mosaic shows rivets and in some cases
fatigue cracks radiating from the rivets.
Acceptable rivets show perfectly circular
images whereas rejectable rivets have
easily detected crack indications. Figure 57
shows the visual impression when such a
lap joint is scanned in real time. A section
of rivets this long can be scanned in
about 12 s (one rivet per second) with a
magnetooptic eddy current imager.

Summary
Magnetooptic imaging displays are
combined with unconventional sheet
eddy current induction techniques to
form real time magnetooptic eddy current
images of cracks and discontinuities in
electrical conductors such as aging
aluminum airframes. Magnetooptic eddy
current images of simple test objects
reveal both surface and subsurface
discontinuities, such as cracks in a
simulated aircraft lap joint.
165Probes for Electromagnetic Testing

FIGURE 57. Mosaic image of upper row of rivets spaced
25 mm (1.0 in.) apart and associated with aluminum aircraft
lap joint in Fig. 56.  Numerous radial surface breaking
fatigue cracks are visible. Eddy current frequency was
200 kHz.
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PART 1. Introduction to Eddy Current
Instrumentation
Four techniques of electromagnetic testing
are well developed and used for
commercial applications: alternating
current field measurement, eddy current
testing, magnetic flux leakage testing and
remote field testing. Each of these four
electromagnetic techniques has specific
application areas where it has shown
some advantage over the other three as
well as other nondestructive test methods.
All four share core instrumentation
concepts and many of the following
details are applicable to all four
techniques. A general purpose eddy
current instrument can be adapted to
perform any of these tests.

In addition to these four techniques,
several additional electromagnetic test
processes provide some test capabilities
but are less developed. This chapter
focuses specifically on instrumentation for
the eddy current technique.

Functions

Purpose
The purpose of an eddy current
instrument is to drive an eddy current
transducer, or probe, with an excitation
signal and to analyze the signal
modulated by that transducer for
information pertinent to the application.

Applications for eddy current
instrumentation vary from use on a
manufacturing floor for verification of
whether a part has been heat treated to
evaluation of nuclear steam generator
tubing.

Test frequencies may range from a few
hertz for testing ferromagnetic parts to
megahertz for testing thin titanium. The
instrument may use a fixed frequency for
testing a single property, as does a simple
conductivity meter, or it may use multiple
frequencies for discrimination of multiple
conditions when analyzing heat treated
materials or heat exchanger tubing.

A wide variety of instrumentation
exists today. Single-frequency units with
an analog meter allow an operator to
distinguish discontinuities by needle
position. Other single-frequency units use
a bar graph to display a single parameter
and trigger an alarm to allow a controller
to properly dispose of a bad part.
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Complex, general purpose instruments
may be used in multifrequency tests of up
to 32 frequencies over six orders of
magnitude, from 10 Hz to 10 MHz. These
instruments range from handheld and
desktop units to remote data acquisition
systems on networks of dedicated
workstations that also control robotics
and run sophisticated data analysis
programs.

Critical Specifications
Several specifications critical to an eddy
current test must be carefully considered
by the instrumentation designer.
Frequency Accuracy. The frequency is
absolutely critical because it determines
eddy current depth of penetration and the
amplitude and phase of a discontinuity
response. Distortion of the applied
waveform should be minimized and
quantified because distortion is caused by
other frequency components in the
signal.
Drive Accuracy. The amplitude of the
drive determines the amplitude of the
response. It should be well controlled and
its frequency response should be specified.
Gain Linearity and Accuracy. The
amplitude and phase characteristics of all
gain stages must be qualified for
adherence to a standard or specification
appropriate to the application, especially
so that adjustment of variable gain stages
does not distort a signal.
Horizontal and Vertical Deviation. Gain of
the in-phase and out-of-phase
components of a signal must be
controlled to prevent unwanted distortion
of a signal. A flattened appearance caused
by unequal gains is a liability for some
applications but is very useful in others.
In a typical heat exchanger test, a
flattened appearance would cause
misrepresentation of the data whereas, in
the rotating test of a rivet hole for surface
breaking cracks, it can be used to
minimize liftoff noise and accentuate a
crack signal.
Quadrature Accuracy. The phase of
reference signals must be well controlled
and the response of the display must be
designed to ensure that the in-phase and
out-of-phase components are truly at
90 degrees electrically and that they are
displayed orthogonally.



Digitization Rate. The digitization rate for
a digital system is the number of samples
per unit of transducer travel. This rate is
critical for determining the response to a
discontinuity. Too few samples over the
length of the test object may cause a
discontinuity to be missed altogether or at
least to be highly distorted. Digitization
rate must be determined from the
application criteria. If detection is the
only requirement, a lower digitization rate
may be sufficient to produce a signal that
breaks the desired alarm level. If analysis
of the signal is required, the digitization
rate must be high enough that an
accurate picture of the discontinuity
signal is presented without distortion.
Sample Rate. The sample rate for a digital
system is the number of interrogations per
unit of time, often given as samples per
second. To calculate the required sample
rate for a test, the transducer speed is
multiplied by the desired digitization rate.
Because the sample rate is the
determining factor for the digitization
rate, it must be high enough to permit the
required transducer speed and must be
accurate so that the digitization of signals
is evenly spaced along the surface of the
test object(s).

Some instruments have an external
sample trigger that may be activated by
an encoder system measuring actual
distance traveled. This trigger ensures an
accurate digitization rate for varying
transducer speed as long as the maximum
sample rate of the instrument is not
exceeded.
Bandwidth. Bandwidth is not to be
confused with sample rate. Rather than
the number of samples taken, bandwidth
governs the response of the system as a
function of frequency and is measured in
hertz. It is usually determined by
demodulator and filter characteristics.
Exceeding the bandwidth of the
instrument will cause signals to be
attenuated and distorted because some of
their frequency components will be
filtered out. Although distortion may be
acceptable in situations where
detectability can be demonstrated, as with
known types of discontinuities on a high
speed manufacturing line, distortion may
prevent detection of discontinuities or
adversely affect the ability to characterize
them. A variable frequency, external
modulator is often used to measure and
characterize bandwidth through all stages
of an instrument.
Stability. System stability and response to
temperature and aging variations must be
demonstrated to ensure that excessive
drift does not occur between calibration
intervals. This is especially important in
the manufacturing world where a very
small alarm may be placed around a
baseline signal and the equipment run
continuously for months or even years at
a time.

Two factors govern the design of any
test instrumentation: (1) signal-to-noise
ratio and (2) dynamic range. These factors
are linked to one another and, in the
design of an instrument, care must be
taken to maximize the signal-to-noise
ratio and to allow adequate dynamic
range for signals of interest.

Ultimately, the goal of a nondestructive
test is to produce a discontinuity signal
distinguishable from surrounding noise
and to view a desired range of signals
without distortion.

Dynamic range can be defined as the
ratio of the total signal range of an
instrument divided by the amplitude of
the noise signal. This range can be
expressed either as a ratio or as decibels or
bits in a digital system. For example, a
16-bit analog-to-digital converter with a
±10 V input may have one bit (305 µV) of
noise. This noise level yields a dynamic
range of 15 bits (range of 16:1 noise bit),
65 574:1 (20 V to 305 µV) or 96 dB.

If the minimally acceptable
signal-to-noise ratio for a test is 3:1, then
the dynamic range available for signals is
the total range divided by the minimum
signal or is the total range divided by
three times the noise.

Noise is a very general term and can be
defined as any unwanted signal affecting
the test. Common sources of noise in
electromagnetic testing are the following:
(1) electronic noise inherent to the
instrumentation; (2) external
electromagnetic interference, radiated or
conducted; (3) transducer imbalance;
(4) triboelectric, or microphonic, noise in
the transducer cabling; and (5) test object
irregularities, such as wall thickness
variations in a rotating pancake coil tube
test. These all contribute to a reduction in
both signal-to-noise ratio and dynamic
range.

Each stage of the instrumentation acts
as a dynamic range window, or
bottleneck, and adds some amount of
noise to a test.

Presentation of Eddy
Current Data
Any eddy current or remote field system is
measuring an alternating magnetic field
as modified by a test object. The voltage
signal from the transducer may be
represented as a phasor in the complex
plane with an amplitude and phase angle
(Fig. 1). The technique used to display the
phasor depends on the application of the
test being performed.
173Eddy Current Instrumentation



In the simplest instruments, the
amplitude of this phasor alone may
contain the desired information. A voltage
readout in the form of a meter or bar
graph may constitute the only display,
usually supplemented by an alarm output,
triggered when the voltage exceeds a set
level.

In most instruments, however, the
incoming signal is processed to obtain
either amplitude and phase or real and
imaginary components of the phasor. This
provides two known components per
phasor, which allows the separation of
two variables. Multiple frequencies add
additional known values for
discriminating additional variables. These
components are most commonly
displayed on an oscilloscope display,
where the resultant dot moves around the
display as the signal changes. Different
mechanisms produce characteristic
patterns of change of the signal voltage
and these patterns may be scrutinized in
detail to evaluate the object being tested.

To maximize the dynamic range and
signal-to-noise characteristics of an
instrument, various nulling (balancing)
techniques are used. These basically
subtract out the phasor of a null signal
from a transducer on a good area of a test
object so that the resultant dot is centered
at the zero point of the display. The signal
patterns are then rotated around the zero
to show the discontinuity patterns as
desired. It is common for the operator to
choose a frequency at which the liftoff of
the transducer from the test object lies on
the horizontal axis of the display and the
desired discontinuity signal displays
174 Electromagnetic Testing

FIGURE 1. Phasor in complex plane.
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vertically. Operators can then watch for
vertical indications and ignore the liftoff
signal. A number of simple eddy current
instruments use this technique and
display only one component on a meter
or bar graph with capabilities of triggering
an alarm on signals that exceed a set
level.

A number of specialized instruments
process the phasor signal for a particular
quantity. Conductivity meters are a
typical example. The signal is processed
by algorithms that calculate the
conductivity of a specimen and display it
as a number on a digital readout. Some
conductivity meters also calculate and
provide a number for the distance of the
transducer from the specimen for
measurement of coating thickness. There
are dedicated coating thickness gages
available too.

Hugo Libby laid his groundwork
measuring the impedance of eddy current
coils with which he performed his test.1
He called the complex plane on which he
displayed data the impedance plane. The
impedance plane has become the most
common display for electromagnetic test
data, whether used with impedance
probes, reflection (driver pickup or
send/receive) probes or even display of
remote field data.

When Libby built his first eddy current
instrument, he attached the cables to the
oscilloscope to display the in-phase
component (which he called imaginary)
on the horizontal axis and the
out-of-phase component (called real) on
the vertical axis. He then rotated the field
to get the real component back onto the
horizontal axis. This rotation leaves a
phase angle of zero on the left horizontal
axis and phase angle increasing in a
clockwise direction. This is in contrast to
the true complex plane, which has a
phase angle of zero on the right
horizontal axis and phase angle increasing
in the counterclockwise direction. This
interesting artifact is often confusing for
engineers new to nondestructive testing.
In practice, most testing is done relative
to a reference standard with the field
rotated such that zero phase is defined to
be a particular indication, most often the
transducer liftoff signal.



PART 2. Eddy Current System Functions
For an eddy current system to provide
information to an inspector, five
functional steps have to be performed
(Fig. 2): excitation, modulation, signal
preparation, signal demodulation and
signal display. An optional sixth step
would be test object handling equipment.

Excitation
The excitation portion of an eddy current
instrument consists of signal generation
and amplifiers to drive the transducers.

The signal generator (or oscillator)
provides sine wave excitation for the test
coil. Single-frequency systems have one
fixed frequency whereas multifrequency
systems can apply several frequencies to
provide multiple-parameter options. The
application determines the required
frequency and the number of frequencies
to be used. Additional frequencies are
selected to provide additional test
parameters for specimens with multiple
variables. In this way, the number of
measured parameters will equal or exceed
the number of variables to allow
discrimination of all desired discontinuity
types. More complex test specimen
problems require more sophisticated
FIGURE 2. Internal functions of eddy current test instrument.
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instrumentation to test the specimens
adequately.

Early systems had what were called
frequency modules, designed to generate
one frequency only. If a different
frequency was wanted, then the physical
module was replaced with another that
would operate at a different frequency.
Most modern systems have a frequency
generator that will operate over a very
wide frequency range. This means that
the operator can make the best choice of
frequencies to apply to a given
application. On analog systems, this
would be controlled through a switch. On
digital systems, it can be accomplished
through defining the digital parameters
on a menu of available options.

The signal generators themselves vary
from simple, fixed frequency, schmitt
trigger oscillators, to phase locked loops,
sine lookup tables and digital data
synthesizers. Some digital systems filter a
square wave clock to provide an
adequately clean sine wave to apply to the
transducer. The design emphasis in this
stage is to produce a signal of adequate
frequency accuracy, frequency stability
and low distortion for a reliable test. If
frequency is inaccurate, depth of
penetration is not as expected and
analysis of any resulting signal is
175Eddy Current Instrumentation
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FIGURE 3. Time domain multiplexed
waveform.
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correspondingly inaccurate. If the
frequency is allowed to drift, results will
vary accordingly throughout the test, with
the result that good parts may be rejected
or that critical discontinuities may be
ignored — or both. Excessive distortion
on the excitation signal introduces into
the test additional frequencies that may
cause undesired signal results or may
simply reduce the signal-to-noise ratio of
the test. A certain amount of broadband
electronic noise is present on any signal.
It is important that it be minimized here
because excitation is the beginning of the
signal train through the instrument.

Many instruments also derive the
timing functions for the demodulation
stage from the oscillator. The amplitude
and frequency characteristics must be well
controlled because any inaccuracy,
frequency jitter or voltage noise on these
reference signals will be added into the
test signal in the demodulator stage. The
quadrature, the relative timing, of these
signals must be accurately controlled so
that the in-phase and out-of-phase
components of the test signals are
accurately demodulated at 90 degrees
from each other.

Modulation

Multiplexing
Single-frequency testers apply one selected
frequency to the transducer. This
frequency may be permanently set as in a
60 kHz conductivity meter, which uses a
dedicated coil to discriminate liftoff and
conductivity.

Single-frequency instruments intended
for general purposes allow selection of the
frequency to fit the application and are
capable of driving a wide range of
transducers.

Multifrequency testers are normally set
up to generate from two to 32 different
frequencies selectable by the operator.
Multifrequency testing is accomplished
through three different techniques:
(1) time domain multiplexing,
(2) frequency domain multiplexing and
(3) pulsed frequency testing.

Multiplexing means sending multiple
frequencies over a single channel to the
test coil. Instruments using time domain
and frequency domain multiplexing
generate and switch among a number of
discrete frequencies. Each technique has
advantages and disadvantages. Some
instruments can multiplex in the
frequency domain, in the time domain or
in both concurrently.

With time domain multiplexing,
multiple frequencies are generated
sequentially (Fig. 3). In digital systems, a
176 Electromagnetic Testing
number of frequency time slots are
selected. Analog systems usually have a
fixed number of time slots. The coil is
energized at one frequency for a
predetermined period of time. The
frequency generator is then switched to a
different frequency in the second time
slot for another specific period of time.
This process continues until all selected
frequencies have been applied to the coil.
The process then starts again with
frequency number one. Timing of each
specific frequency is critical to accurately
process and display the information from
each individual time slot on the output
device.

With frequency domain multiplexing,
multiple frequencies are applied to a coil
at the same time, so this means of
multiplexing is commonly called
simultaneous injection (Fig. 4). In this
scenario, all of the selected frequencies are
applied to the coil continuously. The
recurring pattern in Fig. 4 is not caused by
sequential input of frequencies as in the
time domain multiplexing of Fig. 3.

Pulsed frequency instruments apply a
unit pulse to a transducer. A unit pulse is
a short, rapidly rising and falling pulse
containing an infinite series of harmonics.
This pulse can be mathematically shown
to contain these harmonics. (Harmonics
are an infinite series of frequencies that
are multiples of the base frequency.) These
instruments usually display a time based
result and allow gating of the signal at
selectable time intervals to analyze the
data for a specific frequency. This gating is
very familiar to operators of ultrasonic
testing equipment and provides a



corollary to the time of flight of a sound
wave.

The advantages of time domain
multiplexing are that it permits maximum
power to be applied to the transducer and
that it permits maximum use of the
dynamic range of an instrument at each
discrete frequency. Drive and gain stages
can be optimized for each time slot.
Optimizing can be very helpful for
analyzing a wide range of frequencies on
the same transducer, where the response
at certain frequencies may be much
greater than at others. A large number of
frequencies can be used for a single test
with instruments capable of 32 time slots,
each addressable to a different frequency.
The test frequency applied during an
individual time slot in a well designed
system is monotonic and free of spurious
signals. Although hardware is minimized,
timing processes become very critical and
adequate settling time must be provided
when switching time slots.

Disadvantages of time domain
multiplexing include ringing on high
inductance coils. Ringing is feedback that
occurs when a coil is switched on or off.
Ringing may be suppressed in some
applications with passive networks at the
transducer interface. This technique does
not lend itself to remote field testing,
because the high inductance coils respond
to the multiplexing frequency more than
to the multiplexed waveforms.

The advantage of frequency domain
multiplexing is the application of a
continuous waveform to the transducer.
There are no switching transients between
time slots, so there is no ringing of high
inductance coils. This lack of ringing is
advantageous particularly in low
frequency situations such as remote field
testing. Some fixed frequency instruments
FIGURE 4. Frequency domain multiplexed
waveform, for simultaneous application of
frequencies at 400, 200, 100 and 20 kHz.
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with wide frequency separation may have
very high bandwidths and, if they have
the same demodulation filters, may be
capable of testing at higher speeds than
time domain multiplexed instruments. In
practice, however, the additional filtering
required to separate the multiple
frequencies narrows the bandwidth, so
the speed capabilities are somewhat
similar. The tradeoff is between frequency
separation and bandwidth. If selected test
frequencies are separated by less than the
pass band of the demodulators, then there
is interference between the test
frequencies. Some instruments use
bandpass filters to separate the individual
frequencies before the demodulator stage
in order to increase the dynamic range of
each demodulator and these then limit
the test frequency separation.

The major disadvantage of frequency
domain multiplexing is that all
frequencies share the dynamic range of
the instrument. Total drive to the
transducer is divided among the
individual frequencies. Gain in the
amplifier stages and dynamic ranges of
the demodulators in some instruments are
limited by the response of the frequency
that yields the greatest signal. With an
increasing number of frequencies applied,
the drive and dynamic range of each
frequency is reduced.

Pulse frequency instruments have the
advantage of showing a response over a
wide sweep of frequencies and allowing
analysis of the frequency response itself.
The dynamic range is limited by the
maximum response and the
signal-to-noise ratio diminishes with
separation from the frequency at which
this occurs. A disadvantage is that the
drive power is spread over the entire
spectrum. The advantages of these
instruments are in data display and data
analysis. The circuitry is very simple,
requiring little hardware, and most of the
processing is performed digitally.

Drive Configuration
The eddy current transducer is a coil that
presents an inductive load, so the total
power is given with the compound unit of
volt ampere (V·A), accounting for the
phase angle between the current and the
voltage being driven. This power appears
greater than the true power (in watts)
dissipated by the current over the
resistance of the load.

The other part of the instrument
required for excitation is the drive
amplifier, which has many variants
tailored to different applications.
Handheld testers usually have a drive
capability limited to a few volts to
conserve battery power whereas remote
field testers may apply up to 40 V·A to a
177Eddy Current Instrumentation



coil to project a magnetic field through
thick walled ferromagnetic tubing. The
basic requirement of the driver is to have
the current capability to drive the
specified voltage to the transducer over
the specified frequency range. There are
three basic drive types used in eddy
current instruments: absolute, differential
bridge and driver pickup (Fig. 5).

An absolute drive consists of an
amplifier powering a single-coil
transducer through a drive resistor. The
voltage change at the junction of drive
resistor and coil is monitored with a
single-ended amplifier. Impedance
changes in the coil modulate this voltage.
This technique has an inherently limited
178 Electromagnetic Testing

FIGURE 5. Drive coil arrangements: (a) absolute;
(b) differential bridge; (c) driver pickup, shown with
differential driver pickup.
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pickup
dynamic range because there is always a
background noise level of the applied
waveform using part of the dynamic
range of the input amplifier, limiting its
sensitivity.

The differential bridge system reduces
the handicaps of the absolute system by
driving two coils through separate
resistors from the same driver. The voltage
across one coil is then subtracted from the
voltage across the other coil and the
difference becomes the test signal. In a
well designed system, with balanced
transducers at equal temperature and on
identical test specimens, the residual
carrier signal will be zero and the full
dynamic range of the instrument will be
available for the test. All of the inherent
advantages of a differential bridge
minimizing noise common to both
transducers allow for a highly sensitive
test with great noise rejection.

It should be noted that the term
absolute is commonly applied to a remote
differential test. In a remote test, a
reference transducer is applied to a known
test object or reference standard and a
separate test transducer performs the
actual test. The resultant signals form
identically to those from a true absolute
probe but have the advantages of wide
dynamic range and noise rejection of the
differential bridge. One limitation of this
test is that the two transducers are in
physically separate locations — noise may
appear on one transducer but not the
other and hence not be cancelled out by
the bridge configuration. Like any
absolute test, this test technique is
susceptible to electromagnetic
interference, as well as to temperature
differences between the two transducers
and between test and reference parts.

Drive impedance is an important
specification to consider. Most eddy
current instruments operate at either
50 or 100 Ω. Because most eddy current
probes consist of a coil on the end of a
cable, they appear electrically as a
resonant tank circuit and have the highest
sensitivity near the resonant frequency.
The tradeoff is that higher impedance
instruments have greater sensitivity
whereas lower impedance instruments
have greater bandwidth. Correspondingly,
a 50 Ω probe on a 100 Ω instrument will
have a peak response at twice the
frequency as on a 50 Ω instrument.

The driver pickup technique has as
many names as variations. It is also
known as the exciter pickup, send/receive
and reflection technique. The basic
concept is that the drive coil or coils in
the transducer are coupled only by
magnetic field to the sensor or sensors in
the transducer. Sensors are usually coils
but may also be hall effect devices or
magnetoresistors.



The drive amplifiers for driver pickup
transducers are intended to create the
magnetic field. In some instruments, a
current driver circuit is used to maintain a
constant current and therefore a constant
magnetic field if the impedance of the
driver coil changes. This constant field is
especially useful for eliminating the
secondary effects of the changing driver
impedance in an absolute measurement
device such as a conductivity meter. Some
instruments use a bridge drive, driving
either side of a drive coil at 180 degrees
phase difference to apply greater current
to high impedance coils.

The remote field technique is
inherently a driver pickup technique. It
uses a characteristically high impedance
drive coil driven by an amplifier capable
of supplying tens of volt amperes to create
a magnetic field that can penetrate
ferromagnetic tubing at the frequencies
required.
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PART 3. Demodulation
Signal modulation occurs in the
electromagnetic field of the transducer
assembly. It is the primary magnetic field
created by the transducer that provides
the energy transfer into the test specimen.
This magnetic energy is modulated by the
test specimen and the resultant signal is
returned to the instrument for processing.

Preparation
After modulation, the signal is processed
for demodulation and analysis. The
purpose of this step is to amplify the
probe signal and reject extraneous noise.
This part of the instrument may consist of
a single-ended amplifier in an absolute or
simple driver pickup system or differential
amplifiers for a differential bridge or a
more sophisticated system of driver and
pickup. Eddy current signal levels at the
transducer are often in the tens of
microvolts. Remote field systems have
very high gain input amplifiers capable of
resolving signals down to the nanovolt
level.
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FIGURE 6. Residual carrier signal and dynamic range of
instrument.
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The noise to be rejected at this point
consists of external electromagnetic
interference, thermal variations in the
transducer and a residual carrier signal
due to transducer imbalance (Fig. 6).
Electromagnetic interference and thermal
variations can be minimized with a
differential input that rejects these as
common mode noise. This stage may also
include a balancing network to minimize
the residual carrier signal and maximize
the dynamic range of the signal fed to the
demodulator (Fig. 7).

Ideally, the balanced network should
be the transducer. With a minimized
carrier signal and balanced impedance
into differential inputs, an amplifier can
be configured for maximum common
mode noise rejection. For a
single-frequency instrument, a balancing
network can be incorporated as part of
the instrument input. The network may
consist of a balance coil (for an absolute
probe), an adjustable balance impedance
or an adjustable bridge balance (Fig. 8).

Carrier suppression by signal injection
is also used in some instruments to null
out the residual signal (Fig. 9). In this
technique, the unbalanced transducer
signal is summed with the carrier signal
and a carrier signal that is phase shifted,
usually by 90 degrees. By adjusting the
amplitude of these summing signals, the
residual carrier can be nulled out. This
technique can be applied to both time
domain multiplexed and frequency
domain multiplexed, multifrequency
FIGURE 7. Inductive carrier suppression controls.
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systems. It should be noted that whenever
a signal is added into the system, some
amount of noise is also added, reducing
the signal-to-noise ratio of the entire
system. It is therefore very important to
ensure the minimum noise possible on
any injected waveforms. In addition to
this, the input gain in these systems has
to be lower to accommodate the
transducer imbalance, reducing the signal
size and therefore reducing the
signal-to-noise ratio at the input stage.
The cleanest signals possible will always
come from a well balanced transducer.

Some frequency domain multiplexed
instruments also contain bandpass filters
in the signal preparation stage to separate
the individual frequencies and maximize
the dynamic range of the demodulator for
each frequency. Bandpass filtering works
the best for fixed frequency instruments
because adjustable frequency bandpass
filters are difficult and expensive to
construct.
FIGURE 8. Bridge balance with I and R
controls.
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FIGURE 9. Carrier suppression by signal injection.
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Demodulation and
Analysis
In the next functional step of
instrumentation, data about the test
object are extracted from the carrier
signal.

If only a single parameter such as
hardness or presence of a crack is being
measured with no other signals present,
then only the amplitude of the signal is
required. An amplitude detector can be as
simple as a single diode detector followed
by a resistor and capacitor integrator
(Fig. 10). This design will yield a signal
following the envelope of the carrier as it
is modulated by the transducer. The
bandwidth of the system is determined by
the integrator. A precision rectifier may be
constructed using operational amplifiers
followed by a low pass filter, which
eliminates diode drops and distortion to
provide a signal that follows the envelope
of the carrier with high accuracy. The
bandwidth of the system is determined by
the low pass filter. Very high linearity
detectors can also be constructed using
phase locked loops.

A phase sensitive detector is required to
reduce the signal for both phase and
amplitude information. The classic lock-in
amplifier or synchronous demodulator
technique is widely used to perform this
function. The signal from the transducer
is demodulated by a reference signal in
phase with the drive waveform and by a
reference signal 90 degrees out of phase
from the drive waveform. These in-phase
and out-of-phase components of the
signal are then filtered and presented as
the horizontal and vertical components of
the phasor representing the signal
waveform. This synchronous
demodulation essentially subtracts the
carrier frequency and the
postdemodulator filter appears as a
bandpass filter centered at the test
frequency.

The simplest circuit is the half wave
averaging phase sensitive detector, in
which a simple field effect transistor
switch is driven by the reference
waveform and switches the signal into a
resistor capacitor filter (Fig. 11). An
181Eddy Current Instrumentation

FIGURE 10. Diode amplitude detector with
capacitor integrator.
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inverting amplifier may be added to
produce a full wave averaging, phase
sensitive detector. The phase sensitive
detector provides bipolar switching and
yields lower ripple, allowing less filtering
and therefore greater bandwidth (Fig. 12).
A single-diode phase sensitive detector
can be used for sine wave demodulation
as well (Fig. 13).

A sampling phase sensitive detector
takes samples of the test waveform at two
points separated by 90 degrees and
usually digitizes these points directly
(Fig. 14). This approach allows a fast
system response but requires a very clean
signal because the detector is very
sensitive to whatever noise is present at
the instant of sampling and has no
postdemodulator filtering. Pulsed eddy
current instruments may use this
technique to sample at a specific time
182 Electromagnetic Testing

FIGURE 11. Half wave averaging, two-quadrant, phase
sensitive detector: (a) circuit diagram (Vref = 1 when switch
closed; Vref = 0 when switch open); (b) Vsig in phase with Vref;
(c) Vsig 90 degrees out of phase with Vref; (d) Vsig
180 degrees out of phase with Vref. Shading indicates part of
signal that is being averaged.
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delay to obtain response relating to a
particular frequency.

The four-quadrant multiplier is the
most accurate demodulator (Fig. 15). It
has no diode drops or switch artifacts to
cause nonlinearity. In a four-quadrant
multiplier, both the reference and the
signal inputs may swing in both positive
and negative directions. This flexibility is
in contrast to the operation of a
two-quadrant multiplier (Fig. 11).

Integrated circuit multipliers with low
noise and high linearity are available off
the shelf from manufacturers. Even so, the
multiplier is usually the noise bottleneck
of the system. It has a characteristic noise
level and a limited input range, so it is
desirable to maximize the use of that
input range for optimal signal-to-noise
performance.
FIGURE 12. Full wave averaging phase sensitive detector:
(a) circuit diagram; (b) Vsig in phase with Vref;
(c) Vsig 90 degrees out of phase with Vref; (d) Vsig
180 degrees out of phase with Vref.

Legend
DC = averaged voltage of direct current component of waveform
Vout = output signal amplitude
Vref = reference signal amplitude
Vsig = test signal amplitude
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The reference signals used for
demodulation may be either sine waves or
square waves. The square waves are easily
generated from logical timing signals and
require little hardware to produce a clean
and accurate reference. The signal can be
expanded in a series of odd harmonic
terms:
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FIGURE 13. Single-diode phase sensitive detector: (a) circuit
diagram; (b) Vsig in phase with Vref; (c) Vsig 90 degrees out of
phase with Vref; (d) Vsig 180 degrees out of phase with Vref.
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R1, R2 = resistors
Vout = output signal amplitude
Vref = reference signal amplitude
Vsig = test signal amplitude
where n is the nth frequency term, V is
the amplitude (volt) of the signal at any
time t (second), Vm is the maximum or
peak amplitude (volt) and ω0 is 2π times
the fundamental frequency (hertz).

This results in demodulation of the
odd multiples of the carrier frequency as
well. In a frequency domain multiplexed
system, this would prevent the instrument
from running frequencies that are odd
multiples of one another. In any system,
this restriction makes the test susceptible
to noise occurring at those frequencies.
For example, a 300 kHz test being
performed on a steam generator may be
contaminated by 900 kHz noise from a
nearby motor drive that is actually
switching at 100 kHz but generating an
odd harmonic that coincides with one
being demodulated in the eddy current
instrument.

The purest means of demodulation
then is to put a sine wave reference signal
into a high quality multiplier. This
demodulation requires extra hardware to
generate a second reference sine wave at
183Eddy Current Instrumentation

FIGURE 14. Sampling phase sensitive detector: (a) circuit
diagram; (b) Vsig in phase with Vref; (c) Vsig 90 degrees out of
phase with Vref.

Legend
DC = averaged voltage of direct current component of waveform
Vout = output signal amplitude
Vref = reference signal amplitude
Vsig = test signal amplitude
Vsw = sampled waveform amplitude
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90 degrees out of phase from the driving
waveform. When these two reference
signals are clean and free of harmonic
distortion, the in-phase and out-of-phase
points will be the truest representation of
the end points of the phasor that
represents the test signal.

Note that an eddy current transducer
acts as a bandpass filter, filtering out noise
that may be present on the driving signal
and yielding a signal actually cleaner than
the reference signal. If this reference
signal is used for demodulation, the noise
is put right back into the signal.
Therefore, attention must be taken to
properly filter the sine wave references in
order to minimize noise. It is easier and
requires much less hardware to generate a
very low noise square wave for
demodulation than it is to produce a sine
wave of similar noise level in a digital
system, especially when that system is
184 Electromagnetic Testing

FIGURE 15. Analog multiplier, four-quadrant, phase sensitive
detector: (a) circuit diagram; (b) Vsig in phase with Vref;
(c) Vsig 90 degrees out of phase with Vref; (d) Vsig
180 degrees out of phase with Vref.
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required to operate over a broad
frequency range.

Time domain multiplexed instruments
require a single set of demodulators for
each transducer input. The reference
waveforms are multiplexed synchronously
with the test signal and the individual
frequencies are demodulated in a serial
fashion. Frequency domain multiplexed
instruments require a set of demodulators
operating at each frequency for each
transducer input. The synchronous
demodulator acts as a bandpass filter
centered on the carrier frequency. The
postdemodulator filter on each channel
must be narrow enough to reject the
other test frequencies. Time domain
multiplexed instruments typically have
much greater flexibility with frequency
selection because the filters are not
required to reject the other frequencies.

After the signal has been demodulated,
the system presents a useful
representation of the condition of the test
object. At this point, the results can be
analyzed by many means. The signal may
be directed to an analog meter or bar
graph for display or it may be digitized for
further manipulation and analysis.

Simple instruments used for
accept/reject testing of easily
distinguishable components on a
manufacturing line need only a
rudimentary display and will have a
comparator that analyzes the signal to
determine if it exceeds a set limit. The
only controls on such an instrument are
frequency, gain, phase and alarm level.
The frequency is determined by the
application. The gain is set to get an
adequate signal, the phase is rotated so
that the parameter of interest is
maximized on the display, the alarm level
is set and the instrument is ready. The
alarm may be audible or visible for
indication to a technician or it could
activate a sorting gate or a marking or
cutting device.

Analog instruments requiring two or
more parameters in analysis may use the
in-phase and out-of-phase signals as
horizontal and vertical components for
display on a cathode ray tube.

These analog instruments are limited
in bandwidth only by the operating
frequency, the number of frequencies used
and the bandwidth of the filters. They can
be constructed to perform extremely fast
testing. For example, there are
instruments with up to 60 kHz bandwidth
for use in bar, tube and wire applications
at part speeds up to 150 m·s–1

(29 500 ft·min–1).
Digital instruments use an

analog-to-digital converter to digitize the
in-phase and out-of-phase components for
analysis and display. Time domain
multiplexed instruments use a pair of



analog-to-digital converters for each input
and digitize the signal from each
frequency sequentially. Frequency domain
multiplexed instruments may have a pair
of analog-to-digital converters sampling
simultaneously for each input or they
may have simultaneous sample-and-hold
circuits that are then sequentially
switched into a pair of analog-to-digital
converters.

The resolution and range of the
analog-to-digital converters is critical.
Generally, converters with a larger
number of bits have better signal-to-noise
performance. The greater the number of
bits, the greater the resolution, so a
converter must be selected for the
resolution desired for the application.
With a ±10 V input, an eight-bit
analog-to-digital converter has 78 mV per
bit resolution, a 12-bit analog-to-digital
converter has about 5 mV resolution and
a 16-bit analog-to-digital converter has
305 µV resolution. To take advantage of
16 bits of resolution, the instrument noise
must be less than 1 mV.

Analog-to-digital converters have an
inherent noise floor and a limited input
range, so null and gain circuitry is often
used before the analog-to-digital
conversion to maximize the dynamic
range of the signals being digitized.
Generally a digital-to-analog converter is
used to generate a signal subtracted from
the test signal to obtain a null value. The
transducer is normally placed on a known
good part or on a clean reference standard
and a software routine calculates the null
values required and writes them to the
digital-to-analog converter. A digitally
adjustable gain may then be applied to
the signal to maximize use of the
dynamic range of the analog-to-digital
converter.
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PART 4. Output
Display
The displays of analog instruments are
relatively simple, enabling the user to
view and perform simple manipulations
of raw data. Generally, controls for phase,
gain, alarm levels and some filtering are
available. Analog recording of data via
magnetic tape and strip chart recorders
was common in the twentieth century but
has largely been replaced by digital data
storage. Analog instruments are used in a
few niche applications.

Digital data are generally displayed in a
complex plane presentation with
supporting strip chart and C-scan displays
as required by the application. The point
described by the in-phase and
out-of-phase components of the signal is
displayed as a flying dot and the digital
capabilities of the instrument allow
variable persistence, centering of the dot,
rotation of the signal and scaling of the
display. Digital systems allow setup of
calibration curves constructed from stored
data and automated analysis of signals as
compared to these curves.

Digital conductivity meters, calibrated
from conductivity reference standards,
feed subsequently acquired data into
algorithms that calculate conductivity and
distance of the conductivity probe from
the material surface for display in a
numerical format.

Filtering2

Digital systems allow considerable
filtering capability. The primary use for
filtering of demodulated signals is to
separate desired from undesired signals
generated by the eddy current test. For
instance, if the signal contains a low
frequency component from probe motion
and a high frequency component from a
crack to be detected, then a high pass
filter could be used to attenuate the low
frequency component from the probe
motion while still passing the high
frequency component from the crack.

Time differentiation or high pass
filtering of test signals can be used if the
change in the state of the eddy current
signal conveys useful information but the
steady state output has no useful
information or masks the effect of the
useful information. An example of this is
the detection of cracks in wire or tubing
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with a through-coil transducer. The steady
state signal does not convey useful
information. The signal will be generated
by motion of the wire laterally within the
coil or by the drift of the test system.
These effects would interfere with the
system’s ability to detect discontinuities of
a dynamic, time changing nature due to
the constant motion of the wire through
the coil. By differentiating the signal from
the demodulator, the effects of drift and
lateral motion will be rejected whereas the
discontinuity signals will still be seen.

Time integration of test signals can also
be used to minimize undesired
information. When unwanted noise is
present, it will often have a random and
widely spread frequency distribution
whereas the desired signal will not. If a
proper integration time constant is
selected, random noise can often be
reduced whereas the desired signal is left
relatively unchanged.

Time domain differentiation and
integration can also be interpreted in the
frequency domain. Differentiation
removes direct current components and
enhances high frequency components. It
acts as a high pass or low cut filter.
Conversely, a time integrator accentuates
direct current components and tends to
suppress high frequency components. It
acts as a low pass or high cut filter.

These filters can be combined with the
proper selection of cutoff frequencies
(time constants) both to remove low
frequency components from drift and to
suppress higher frequency random noise.
This composite filter is essentially a
bandpass filter.

Signal Recognition
Digital mixing, the combination of
components from different test
frequencies, allows the suppression of
unwanted parameters or signals from
structures such as support plates in tubing
applications while retaining the signature
of discontinuities beneath those
structures.

The combination of filtering, mixing
and signal recognition can be combined
with decision making algorithms to
produce powerful automated analysis
systems used in some applications.

Alarms can be constructed digitally as
amplitude levels, boxes, ellipses or
whatever shape can be digitally described



for rejection or acceptance of parts.
Alarms from various frequencies or
transducers can be tagged and or or to
allow discrimination of different test
object conditions.

Control
Eddy current instruments are often used
as a component in a test system or
material handling system and so require
input and output capability to interface
with the controllers.

In the nuclear industry, robotic
manipulators are used to position and
manipulate the probes. The instruments
are part of an ethernet network, which
consists of data acquisition stations, data
analysis stations, data management
stations and control systems, some of
which may be thousands of kilometers
away. The instrument itself essentially
feeds data into this system for analysis
and control of the job.

In the manufacturing industry, an eddy
current instrument may communicate
with a programmable logic controller that
runs a material handling station or the
instrument may be required to perform
material control functions itself. These
instruments must have application
specific input and output capability to
provide the communications that can
perform the required control in a
demanding industrial environment.
Instruments are basically required to
trigger an alarm on certain conditions and
provide an output to mark, cut or reject a
part. Accept and reject information may
be digitally stored by an instrument or
accessed over a network for process
control.
187Eddy Current Instrumentation
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PART 1. Signal Enhancement
Signal and image processing techniques
are valuable for the accurate and
consistent interpretation of signals in
nondestructive testing. Signal processing
performs important functions in data
analysis — ranging from simple noise
filtering for enhancing the ratio of signal
to noise to automated signal classification
for improving discontinuity detectability.
This chapter focuses on some of the more
advanced signal processing techniques.
Classical texts can provide a fundamental
understanding of the subject.1,2 A
schematic diagram for the overall
approach used in nondestructive test
signal analysis is shown in Fig. 1.

Techniques of signal processing can be
broadly classified into procedures for
(1) enhancement, (2) restoration,
(3) classification and (4) characterization.
These techniques are described below.

Signal enhancement techniques are
used to minimize high frequency noise
and artifacts in a signal. These techniques
generally do not require a precise
understanding of the factors that
contribute to the distortion. Techniques
for enhancing the ratio of signal to noise
can range from simple averaging and low
pass filtering1 to more sophisticated
190 Electromagnetic Testing

Raw signal

FIGURE 1. Overall approach for signal analysis
in nondestructive testing.
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techniques such as wavelet shrinkage
denoising. In general, the noise contained
in a signal can be attributed to several
sources, including instrumentation, probe
wobble and variations in liftoff and
surface roughness. Signals can be
enhanced using simple standard linear
low pass filters, band stop filters and band
pass filters.2 These filters are often
implemented in either hardware or
software and available as special features
in the instrument. However, these filters
are effective only when the signal is
stationary. A signal is considered
stationary when its statistical properties
such as mean or variance do not vary
with time. Nondestructive test signals that
contain time localized discontinuity
indications are, as a rule, nonstationary.
Such problems are addressed using
techniques such as wavelet shrinkage
denoising,3 described next.

Wavelet Shrinkage
Denoising Filter
Consider a noisy signal yi represented by
the discrete time sequence:

(1)

where i = 0, 1, …, n–1; subscript i is the
time index of the signal; n is the length of
the time sequence; xi is the desired signal;
and zi represents conventional white
noise (indicating that the noise is
uncorrelated1,2) with standard deviation
σ . The discrete wavelet transform
decomposes a signal y into a weighted
sum of basis functions ψv,k:

(2)

where v and k are integer values. The basis
functions ψv,k are derived by using
dilations and translation operations from
a single function ψ, referred to as the
mother wavelet:
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where v and k are the dilation and
translation parameters respectively. (Here,
the terms dilation and translation should
not be confused with the morphological
operations called erosion and dilation.)
Dilation is a scaling operation that
compresses the time axis (that is, the X
axis and not the Y axis) of a signal.
Translation involves shifting a signal in
time. As in the case of fourier series
coefficients,1,2 the wavelet transform
coefficients cv,k are determined by
projecting the signal onto the wavelet
basis set ψv,k. The wavelet transform W of
Eq. 1 can be expressed as:

(4)

for orthonormal basis functions (such as
fourier bases), where wi represents W(zi).
Solving for xi yields:

(5)

Because σwi is in general unknown,
denoising can be accomplished by
removing the noise contribution from
each wavelet coefficient by applying a
data dependent soft threshold.3

Wavelet shrinkage has found increasing
use in nondestructive test applications.
Programs for fast implementation of the
discrete wavelet transform are available
commercially. The result of implementing
the wavelet shrinkage denoising filter on a
typical eddy current signal in Fig. 2a is

x W W y wi i i= ( ) −[ ]−1 σ

W y W x W z

W x w

i i i

i i

( ) = ( ) + ( )
= ( ) +

σ

σ

S

FIGURE 2. Eddy current signals: (a) raw signal; (b) wavelet
denoised signal.
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shown in Fig. 2b. Although the resulting
signal is relatively noise free, it contains
low frequency trends, which are
undesirable.

In many inspection processes, the
statistical properties of noise can vary
spatially, making conventional invariant
position filters not very useful. In such
situations, adaptive filtering procedures
are needed for noise removal.

Adaptive Filtering
Adaptive filtering approaches make use of
statistical correlation properties of noise
and target signals. An adaptive noise
cancellation scheme is shown in Fig. 3.4,5

The reference signal di and the primary
input signal ui, obtained from adjacent
positions of the transducer, are applied to
the filter H(z) and the filter output is
represented by yi. Assuming that the noise
is uncorrelated with the input signal, an
adaptive filter can be designed to cancel
the noise by minimizing the square error.
The mean square error is given by the
expectation E of the squared error:

(6)

If it is assumed that the reference signal
di contains both signal and noise (that is,
di = si + ni where si and ni are the
discontinuity signal and grain noise
components respectively), then:

(7)

If ni is uncorrelated with si and yi the last
term reduces to zero:

(8)

and:
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FIGURE 3. Overall schematic diagram of adaptive noise
cancellation.
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(9)

where pn is the noise power.
When the filter is optimized, the error

is a minimum pn and the filter output
yi = si is completely noise free. 

Figure 4a shows a magnetic flux
leakage signal obtained during tests of gas
transmission pipelines. The measurements
are corrupted by a periodic noise caused
by helical variations introduced by the
manufacturing process. The result of
applying adaptive filtering (Fig. 3) is
shown in Fig. 4b.5

Signal Restoration
Signal restoration procedures are used
when the distortion processes that
introduce specific artifacts in the signal
are known and can be expressed in the
form of a mathematical function. Two
classes of signal restoration procedures are
discussed below: (1) low frequency trends
and (2) the effect of the transducer
footprint. These distortions can be
eliminated by using restoration
procedures such as detrending and
deconvolution, which are described next.
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FIGURE 4. Results obtained from application of a
magnetic flux leakage data; (b) output after no
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Detrending
Noise and trends are common forms of
distortion that are often present in eddy
current and magnetic flux leakage signals.
Trends are low frequency changes in the
signal levels caused by several factors
including instrument drift and gradual
variations in probe orientation. In the
case of eddy current nondestructive
testing, low frequency trends are
introduced in the signal because of
gradual variations in probe liftoff. The raw
eddy current signal in Fig. 2a shows
typical distortion introduced by slowly
varying trends. A commonly used
technique for eliminating such artifacts is
based on zero phase high pass filters,
which can be implemented by using the
discrete cosine transform.

Discrete Cosine Transform
The discrete cosine transform is a special
case of the discrete fourier transform1

where the basis functions consist of
cosines instead of complex exponentials.
The discrete cosine transform of an
N-dimensional discrete time signal x is
given by Eq. 10:
daptive noise cancellation algorithm: (a) raw
ise cancellation.
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(10)

where B(k) denotes the N transformed
values and where the coefficients for c(k)
are given by:

(11)

and:

(12)

for 1 ≤ k ≤ N – 1.
To get rid of the low frequency trends,

the low frequency coefficients in the
transformed signal B(k) are set to zero and
the signal is reconstructed. This technique
results in removing the low frequency
trends and the mean without affecting the
phase information, crucial in eddy current
signals. Figure 5 shows the results of
discrete cosine transform based
detrending of the eddy current signal in
Fig. 2a.

Deconvolution
A second source of distortion is the
blurring of a signal because of the point
spread function or impulse response of
the transducer. Deconvolution techniques
can be used to eliminate transducer
responses from signals and thereby
estimate the true response. One of the
most popular restoration techniques uses
the wiener filter.

Wiener Filtering
The wiener filter models the measured
signal y(t) as the output of a linear time
invariant system corrupted by noise n(t):6
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FIGURE 5. Eddy current signal after detrending of signal in
Fig. 2a.
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where h(t) represents the impulse response
of the measurement system or the point
spread function, x(t) represents the true
signal and the symbol ∗ is the
convolution operator. The fourier
transform of Eq. 13 yields:

(14)

The estimation of the true function
X(f ) from Y(f ) is performed using the
wiener filter Ĥ(f ), characterized in the
frequency domain by:6

(15)

where H∗(f ) is the complex conjugate of
H(f ) and Q is related to the ratio of signal
to noise. Wiener filters6 use a constrained
least squares minimization procedure to
estimate x(t) from the measurement y(t).
Although this technique is well
established, it requires knowledge of H(f ).
In cases where the distortion kernel H(f )
is not available, blind deconvolution
algorithms can be used as described
below.

Blind Deconvolution
Blind deconvolution techniques are
particularly attractive because they do not
require specification of the distortion
kernel. These algorithms iteratively
estimate the kernel (in this case the point
spread function of the probe) from the
available data. Another advantage
associated with blind deconvolution
algorithms is the ease with which
constraints can be added. This property
can be used to constrain the size of the
kernel based on the size of the probe
used. The blind deconvolution technique
based on the richardson-lucy algorithm7

uses maximum likelihood principles and
obtains high quality reconstructed images
even in the presence of noise. Consider
the experimental (convolved) eddy
current image data c(x,y) obtained using a
raster scan of a test object. Let f(x,y)
represent the true image that would be
obtained with a point sensor.

The richardson-lucy algorithm is based
on Bayes’ theorem:

(16) P x y
P y x P x

P y x P x dx
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FIGURE 6. Images from pancake coil probes: (a) true image;
(b) gaussian point spread function kernel; (c) measured,
convolved image; (d) result of blind deconvolution.

(a) (b) (c) (d)

FIGURE 7. Eddy current test with two closely
spaced discontinuities: (a) raw image;
(b) result of blind deconvolution algorithm.

(a) (b)
where P(y|x) is the conditional probability
of an event y, and the probability P(x) of
an event X. In the context of
deconvolution, P(x) and P(y) are identified
with the unknown f(x,y) to be estimated
and the convolved (or measured) image
c(x,y), respectively. Also, the conditional
probability P(y|x) is identified as the
kernel function or the point spread
function centered at (x,y), that is, g(x,y).
Equation 16 can be used to derive the
iterative form of the deconvolution
algorithm7 in the discrete domain as:

(17)

where i is the iteration number. All
quantities in Eq. 17 are two-dimensional
and depend on two spatial variables m
and n. Given the point spread function
g(m,n) and an initial guess of the original
image f(m,n), the reconstructed image can
be obtained by iteratively applying Eq. 17
until convergence.

The inverse iterative equation, derived
by reversing the role of the reconstructed
image and the point spread function in
Eq. 17, is given by:

(18)

The inverse iterative equation is also
referred to as a richardson-lucy operation.

The blind deconvolution algorithm
consists of a two-step procedure. At the
kth iteration, the point spread function
gk(y,x) is calculated from Eq. 19 by
performing a specific number of
richardson-lucy operations, given the
knowledge of the reconstructed image
f k–1(m,n) obtained from Eq. 20 after the
(k–1)th iteration:

(19)

Here, k denotes the iteration number and
i denotes the number of richardson-lucy
operations during each iteration. The new
estimate of the deconvolved image f k(m,n)
is obtained by performing the same
number of richardson-lucy operations
(Eq. 20), given the point spread function
gk(m,n) obtained from Eq. 19 above:
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(20)

These two steps are repeated until
convergence is achieved.

Some typical results of applying this
algorithm to data from an eddy current
pancake coil probe are presented in Fig. 6.
Figure 7 shows the results of blind
deconvolution on experimental eddy
current measurements, illustrating how
the process of deconvolution can help in
resolving two closely spaced
discontinuities.
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PART 2. Signal Classification
Signal classification techniques often rely
on pattern recognition for interpreting
nondestructive test data. Pattern
recognition techniques help to classify
signals into one of a known set of classes.
Such techniques may be used, for
example, to discriminate between
multiple types of discontinuities or
between discontinuities and benign
sources. In the case of steam generator
tube tests, for example, such techniques
could be used to distinguish eddy current
signals from those caused by cracks, tube
supports and antivibration bars. The
parameters of the classifier are generally
determined by using a data bank of
signals from expected discontinuity types.
The collection of signals, referred to as the
training database, is used for training the
classification algorithm. Most
classification techniques use a two-step
procedure.

1. In feature extraction, characteristic
features in the signal that carry
discriminatory information are
identified and extracted. These
features serve as a compact signature
of the signal.

2. The feature vector is classified by using
a standard pattern classification
technique such as a clustering
algorithm or a neural network.

Feature Extraction
Feature extraction serves two major
functions, namely data compression and
invariance with respect to parameters
such as frequency and gain. Features are
data attributes that capture similarities in
signals from the same class as well as
dissimilarities in signals from different
classes. In addition to containing
discriminatory information, the feature
vector is typically of lower dimension
than the signal, resulting in data
compression. Features can be physical or
structural (peak value, rise time,
peak-to-peak separation and others) or
transform based (fast fourier transform,
discrete cosine transform and others).
Transform based features are more easily
implemented by using numerical
algorithms. Examples of commonly used
transform based features are discrete
fourier transform coefficients,1 discrete
S

cosine transform coefficients8 and scale
based features such as discrete wavelet
transform coefficients,9 principal
components10 and linear predictive
coding coefficients.11 These feature
extraction schemes are described below.

Discrete Fourier Transform
One of the earliest and simplest
techniques used for feature extraction is
the discrete fourier transform. The discrete
fourier transform of a signal x(n) can be
expressed as the weighted sum of complex
exponential basis functions. For a series
x(n) with N samples, the discrete fourier
transform is expressed as:

(21)

where k = 0, 1, …, N–1.
For smooth signals, the magnitude of

the coefficients can be shown to decay at
the rate of n–2 with the result that the
energy can be compacted in very few
discrete fourier transform coefficients.
Magnitudes of the discrete fourier
transform coefficients are the simplest
and most commonly used feature vector
for representing signals for classification.

Discrete Cosine Transform
The discrete cosine transform is a special
case of the discrete fourier transform
where the basis functions consist of
cosines instead of complex exponentials.
Repeating Eq. 10, the discrete cosine
transform of an N-dimensional discrete
time signal x is given by:

(22)

where Bk denotes the N transformed
values and where the coefficients for c(k)
are given by:

(23)

and:
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(24)

for 1 ≤ k < N – 1.
This technique results in a feature

vector composed of a smaller number of
coefficients Bk that can represent the
signal.

Discrete Wavelet Transform
The discrete wavelet transform9 of a signal
x(n) is a joint time scale transform that
provides both time and frequency
localization of a signal. The discrete
wavelet transform can be expressed as the
weighted sum of basis functions:

(25)

where realizations of the wavelet basis
function ψv,k(n) are derived from a single
function ψ(n), referred to as the mother
wavelet, by dilations v and translations k
according to:

x n C nv k v k
kv

( ) ( ), ,= ∑∑ ψ

c k
N
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FIGURE 8. Filter bank approach for discrete wa
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(26)

The discrete wavelet transform
coefficients Cv,k are determined by
projecting the signal x(n) onto the wavelet
basis set ψv,k(n). It is usually implemented
as a series of subband filters. The most
common version is the two-band discrete
wavelet transform, which uses two finite
impulse response filters — a low pass filter
and a high pass filter.

The computation of the discrete
wavelet transform coefficients for a data
vector x of length n (where n indicates the
number of points in the signal) is
indicated in Fig. 8, which presents a fast
implementation of the discrete wavelet
transform using a filter bank approach.
The output of each filter is downsampled
by a factor of 2 by discarding every other
sample. The output of the high pass filter
represents the discrete wavelet transform
coefficients at the first resolution level.
The output of the low pass filter is then
applied to the same set of filters and
sampled again. The output of the high
pass filter is retained as the discrete
wavelet transform coefficients at the
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k
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second resolution level. This process is
repeated until the number of samples is
reduced to 1. The number of possible
resolution levels is given by α:

(27)

Because the discontinuity related
information is typically present in the
discontinuity scale subspace, an
appropriate set of coefficients in the
discontinuity subspace can be used as
features.

Principal Component Analysis
Principal component analysis is a
statistical technique that linearly
transforms a time series sequence into a
substantially smaller set of uncorrelated
variables that contains most of the
information in the original data set.10 The
overall goal of principal component
analysis is to reduce the dimensionality of
the original data set. Principal component
analysis allows the reconstruction of the
original pattern from linear projections
required to have sequentially maximal
variances. The basis vectors of the
representation are constrained to be
mutually orthonormal. If X is an n × n
data matrix of measurement vectors with
mean Mx and covariance matrix Σx (where
subscript x represents a datum) an
orthogonal set of eigenvectors may be
found that diagonalizes the covariance
matrix. By arranging the eigenvectors in a
matrix in accordance with decreasing
eigenvalues (largest first), an ordered
orthogonal basis may be created that has
the greatest degree of variability of the
data along the first eigenvector. Retaining
only p largest eigenvalues provides a
feature extraction operator ΦΦ, a p × p
matrix of p eigenvectors. Using this
transformation matrix, a data set X may
be transformed to matrix Y:

(28)

making Y an orthonormal projection of X
onto the columns of the transformation
matrix. The inverse transformation may
be used to reconstruct the original data
set X by:

(29)

where ΦΦT represents the transpose of
matrix ΦΦ. The matrix Y represents X in
the domain spanned by the vectors φφ1, …,
φφp. These columns of Y are referred to as
the principal components of the data set X
and are of a lower dimension than the
original data vectors.

X Y MX= +ΦΦT

Y X MX= −( )ΦΦ

α = log2 n
S

Linear Predictive Coding
Coefficients
Linear predictive modeling11 is commonly
used in the processing of speech signals.
Linear predictive coding coefficients are
known to accurately represent speech
signals with a small set of parameters. The
approach can be used also for extracting
features from test signals.

In linear predictive coding analysis, it
is assumed that the present value of the
sample s(n) can be represented as a
weighted sum of the past samples. The
linear predictive coding coefficients are
estimated by minimizing the mean
squared error between the predicted value
and true value. The error ε(n) is given by:

(30)

where αj represents the estimates of the
linear predictive coding coefficients.
Setting the partial derivatives of the mean
squared error with respect to αj to zero for
j = 1, 2, …, p gives:

(31)

for i = 1, 2, …, p. Equation 31 can be
rearranged:

(32)

for i = 1, 2, …, p, where φn is the
autocorrelation function:

(33)

The linear predictive coding coefficients
in Eq. 33 can be solved recursively by
using Durbin’s algorithm.11

Nondestructive test signals can be
represented by a small set of linear
predictive coding coefficients, thereby
achieving data reduction and compaction.
The coefficients represent the signal and
serve as a reduced dimensional feature
vector.

Feature Evaluation
Once the features are computed, a feature
evaluation and selection step may be used
to eliminate redundancy in the
representation and to evaluate the
features on the basis of the discriminatory
information. More importantly, the
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selection step offers an opportunity to
choose features invariant either to
changes in test conditions or to some
selected aspect of the test object
properties. Because nondestructive test
signals are acquired under varying test
conditions, the results are sensitive to
instrument drift and to variations in
probe characteristics, scanning speeds,
gain settings, operating frequencies and
test object conductivity and permeability.
A major challenge lies in the development
of signal processing schemes to
compensate the signal for variations in
experimental test parameters. Such
schemes are crucial for rendering the
overall signal classification performance
insensitive to the environment in which
the signal was acquired.

A number of procedures capable of
selecting features on the basis of
discriminatory information in them have
been proposed. The process begins with
the selection of candidate features.12,13

Each candidate is then evaluated and
either accepted or rejected on the basis of
the amount of discriminatory information
contained in it. In the second step, the
goal is to identify features that contain
the greatest amount of discriminatory
information. One popular technique for
feature reduction is called fisher linear
discrimination.14 The technique uses a
statistical weight function for each feature
to determine the optimum feature set
with the greatest amount of
discriminatory information to be selected
for signal classification. Fisher linear
discrimination quantifies the
discriminatory content of the different
features. 

A typical fisher linear discriminant
implementation is carried out by using
scatter matrix analysis. The within-class
and between-class scatter matrices are
computed as follows:

Let ΣΣi be the scatter matrix of the
sample vector x in class Ci around their
respective mean mi:

(34)

Then Sw can be defined:

(35)

and:

(36)

where Sw is the within-class scatter matrix
showing the average scatter ΣΣi of the
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sample vector x in class Ci around their
respective mean mi, where P(Ci) is the
prior probability of class Ci and where Sb
is the between-class scatter matrix,
representing the scatter of the conditional
mean vectors mi around the overall mean
vector m.

Various measures are available for
quantifying the discriminatory power, the
commonly used one being:

(37)

Here W is the optimal discrimination
projection vector, which can be obtained
by solving the generalized eigenvalue
problem:

(38)

where λ is an eigenvalue.
An example of a feature extraction

procedure that offers dimensionality
reduction as well as invariance properties
involves fourier descriptors.15 The
technique has been used for representing
eddy current impedance plane trajectories.
The model not only represents the signal
by a few coefficients, which are invariant
under rotation, translation and scaling of
the eddy current impedance plane
trajectory, but also allows the resynthesis
of the original signal from the stored
coefficients. 

Classification Algorithms
The features computed in the previous
step are applied as input to a classification
algorithm for data interpretation. Two of
the most widely used pattern
classification techniques are (1) clustering
algorithms and (2) neural networks. These
techniques are described next.

K Means Clustering
Clustering algorithms treat a feature
vector as a point in the N-dimensional
feature space.16 Feature vectors from a
similar class of signals then form a cluster
in the feature space. The most popular of
the clustering algorithms is the K means
clustering algorithm, which uses an
iterative procedure that classifies each
input signal into one of K classes.

K Means Algorithm
The objective of the K means clustering
algorithm is to partition the feature space
into K mutually exclusive regions. The
partitioning is performed in a way that

S W S Wb w= λ

J W
W S W
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minimizes a performance index or cost
function F equal to the sum of the square
of distance between the cluster center and
all points within the cluster.

Let the number of patterns be Nc.

1. Assign any K (first K, randomly
selected K or user assigned K) patterns
as the K cluster centers zi, where i = 1,
2, …, K.

2. Assign each of the remaining Nc–K
patterns at the jth iteration to one of
the K clusters whose center is closest
(using the euclidian norm):

(39)

where wm
j is the mth cluster in the jth

iteration and:

(40)

for 1 ≤ m, n ≤ K.
3. Update the cluster centers zi

j+1, i = 1, 2,
… K, in a manner that minimizes the
performance index:

(41)

where Fi
j is the cost function

corresponding to the ith cluster in the
jth iteration and Nc

j is the number of
patterns in the cth cluster in the jth
iteration. It can be shown that the
centers zi

j+1, i = 1, 2, …, K), which
minimize the above performance
index, are the sample mean of all
points within the cluster:
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4. If zi
j+1 = zi

j for all i = 1, 2, …, K, the
algorithm has converged and the
process can be terminated. Otherwise
go to step 2.

The K means algorithm converges if the
classes are linearly separable and the
performance generally is better if the
initial cluster centers are chosen from the
K classes.

Neural Networks
Neural networks provide an alternate
approach for classification. Interest in this
approach arose from a desire to mimic
biological nervous systems with respect to
architecture as well as information
processing strategies.17 The network
consists of simple processing elements
interconnected by weights. The network is
first trained using an appropriate learning
algorithm for the estimation of
interconnection weights. Once the
network is trained, unknown test signals
can be classified. The class of neural
networks used most often for
classification tasks is the multilayer
perceptron network.

The multilayer perceptron network
(Fig. 9) generally consists of an input layer
of nodes, one or more hidden layers of
nodes and an output layer of nodes.
Nodes within the same layer are not
connected. However, each layer of nodes
is fully interconnected to the nodes in the
next layer. All units within a layer process
data in parallel but the outputs of
different layers are calculated sequentially
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starting from the input layer and moving
toward the output layer. Each node
generates an output that is a nonlinear
function of the weighted sum of all its
input signals. This nonlinear function is
primarily used to limit the output of a
node between the values of 0 and 1.

The network is trained using the
backward error propagation algorithm18

where training patterns are sequentially
applied to the network. The overall
algorithm is summarized in Fig. 10. The
algorithm uses a gradient search
technique for minimizing the squared
error between the actual output and the

desired output by adapting the
interconnection weights iteratively. The
algorithm cycles through the training data
repeatedly until the error drops below a
specified threshold value. Neural networks
have been used with success for the
classification of eddy current and
ultrasonic signals.19
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PART 3. Signal Characterization
Signal characterization involves a more
complete solution to the inverse problem.
In material science, the inverse problem
involves reasoning from effects (that is,
indications) in order to draw inferences
about test objects. Characterization
techniques use information contained in
the signal to estimate the size, shape and
location of discontinuities. In other
words, characterization procedures
involve the full two-dimensional or
three-dimensional reconstruction of
discontinuity profiles in terms of the
spatial distribution of the material
properties of the test object. In general,
the objective of the signal or
discontinuity characterization procedure
can be described as the identification of a
mapping f such that:

(43)

where S represents the measurement
vector from a scan in two dimensions M
and Q:

(44)

and D represents the discontinuity profile:

(45)

The value of dij represents the depth of
the discontinuity at a location (i,j).

Several approaches have been
developed for solving the inverse problem
in nondestructive testing. These solutions
can be categorized as either
phenomenological or
nonphenomenological. Phenomenological
techniques are based on the underlying
physical process of the nondestructive test
technique. Examples of the
phenomenological approach for inversion
are based on analytical solutions of the
underlying governing equation, which is
in general a difficult problem.
Nonphenomenological approaches do not
depend on the physics of the inspection
technique. These approaches model the
nondestructive test system as a black box
or as a linear system and use signal
processing techniques to invert the
measured signal. Typical signal processing
approaches for inversion use neural

D dij R P
= { } ×

S = { } ×
sij M Q

D f= ( )S
S

networks for solving the discontinuity
characterization problem. An approach
using a radial basis function neural
network for the inversion of magnetic
flux leakage signals is described next.20

Radial Basis Function
Networks
Radial basis function networks can be
viewed as tools for multivariate
interpolation.20 Such networks can be
used for estimating a hypersurface that
provides what can be called the best fit to
the training data. The architecture of the
radial basis function network is in many
respects similar to that of a multilayer
perceptron, defined above. A nonlinear
transformation of the signal is performed
between the input and hidden nodes
followed by a linear transformation
between the hidden and output nodes.
Mathematically, the radial basis function
network computes a multidimensional
function:

(46)

where φi is a set of basis functions, ci are
the basis centers and wi are the weights.
Substituting the values in the training
data {xi, f(xi), i = 1, …, N} in Eq. 46 makes
it possible to derive the matrix equation:

(47)

The training of the radial basis function
network consists of estimating the
expansion coefficients, which can be done
by inverting Eq. 47:

(48)

Once the weights are estimated by
using the training data, the radial basis
function network can be used to invert a
test signal x according to Eq. 46.

Reconstruction results can be further
improved by using a variation of the
radial basis function network, a
multiresolution approach that uses neural
networks with wavelet basis functions.21
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FIGURE 11. Architecture of wavelet basis
function network.
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FIGURE 12. Neural network characterization of magnetic flux lea
discontinuity: (a) magnetic flux leakage signal; (b) discontinuity
(d) prediction using wavelet basis function network.21
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These networks, called wave nets, use a
hierarchical architecture associated with
multiple levels of resolution or scale for
both global and local interpolation as
shown in Fig. 11. The network is trained
hierarchically, first to learn the mapping
between inputs and outputs at the
coarsest resolution and later to augment
the mapping with details at higher
resolutions.

Mathematically, the approximation of
a scalar function f(t) can be expressed as:

(49)

where dj
k denotes the corresponding

expansion coefficients; f(x), the mapping
function to be estimated; sj

L, the scaling
coefficients; ψj

k(x), the wavelet basis
functions generated via translations and
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dilations of a mother wavelet ψ(x); and
φj

L, the scaling basis functions at
resolution L.

The first term represents the
approximation of the function at the Lth
resolution and the second term represents
additional information pertaining to the
details at the corresponding resolution.
The accuracy of the discontinuity
reconstruction can then be controlled by
selecting the number of resolution levels
in the network architecture. The training
algorithm for wave nets is similar to that
used for training a radial basis function
network.

Initial results obtained using both
radial basis function networks and
wavelet basis function networks using a
two-dimensional magnetic flux leakage
signal as input are shown in Fig. 12. The
magnetic flux leakage signal is obtained
from a rectangular notch machined on
the pipe wall. The results obtained using
the trained radial basis function network
and the wavelet basis function network
are compared with the true profile. These
results show that such
nonphenomenological techniques for
inversion can be trained to perform well
for measurements as long as the
measurements are similar to those used
for training the network.

Summary
Advances in digital processing have made
sophisticated signal and image processing
techniques available for practical
applications in nondestructive testing.
When integrated in software programs for
discontinuity classification, signal
processing algorithms make possible the
automation of diagnostic procedures and
quality assurance protocols.
203Signal and Image Processing for Electromagnetic Testing
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Remote Field Testing



PART 1. Background
Introduction
Remote field testing is popular because of
its ability to inspect regions not only near
the probe but also throughout the
thickness of the material. This
characteristic is especially valuable for the
testing of thick walled ferromagnetic
tubing, where the technique shows high
sensitivity to inside and outside surface
pipe wall heterogeneities. Remote field
testing often does not require cleaning of
the pipe and is not sensitive to internal
coatings. Since 1970, remote field testing
has grown into a mature and recognized
nondestructive testing technology. This
chapter introduces remote field testing —
its history, applications, strengths and
limitations.

History
The remote field effect was first noted in
the 1940s and was patented by W.R.
MacLean in 1951.1 In the late 1950s,
Thomas R. Schmidt independently
rediscovered the technique while
developing a tool for the inspection of oil
well casings. Shell Development
purchased the patent rights from MacLean
and had great success with the tool. At
that time, no electromagnetic techniques
for examining the casings
nondestructively were available.2 Schmidt
spearheaded the development of the
technique and named it remote field eddy
current testing to distinguish it from
conventional eddy current testing. The
technique as used in industry is now
referred to as remote field testing. The term
minimizes confusion with conventional
eddy current testing and emphasizes the
magnetic field interactions exhibited by
remote field testing.3 Shell encouraged the
commercialization of the technique by
licensing it to interested parties in the
1980s. Several manufacturers immediately
recognized the value of remote field
testing for the examination of ferrous
heat exchanger tubes and began
manufacturing remote field test
equipment.

Over the last 20 years remote field
testing has attracted the interest of
researchers around the world.4 The
research was triggered by Schmidt’s 1984
208 Electromagnetic Testing
publication on the usage of a
circumferential array of detectors.5
W. Lord and others gave remote field
testing a firm theoretical basis by
publishing the first in-depth finite
element study.6 Later Mackintosh and
Atherton developed powerful analysis
tools by recognizing remote field testing’s
through-transmission character.7 The
improved understanding of how remote
field testing worked increased its accuracy
and acceptance. This resulted in
tremendous growth in the late 1980s and
early 1990s. Systems were developed using
internal probes to examine gas
distribution pipelines, oil and gas well
casings, cast iron and steel water mains,
heat exchangers and boilers.
Developments since 1990 include the
testing of flat plates (for example, storage
tank floors)8 and steel pipes using external
probes that use a technique similar to
remote field testing.

Early remote field testing systems were
much like the eddy current test systems of
the 1980s: both used analog circuits,
cathode ray tube displays and paper chart
recorders for data storage. Modern
instruments use computers to display and
store data and more advanced systems
also have automated signal analysis
routines.



PART 2. System Components

FIGURE 2. Electronic components of remote
Probe Configuration
In the basic remote field testing probe
(Fig. 1), there is one exciter coil and one
detector coil. Both coils are wound
coaxially with respect to the tested tube
and are separated by a distance greater
than twice the tube diameter. This axial
distance is very characteristic of remote
field testing. If the exciter and detector
were to be placed close together the
detector would measure only the field
generated by the exciter in its vicinity. In
that case the setup would basically be a
standard eddy current test setup in send
and receive mode.

To observe remote field testing’s unique
through-wall transmission effect the
detector needs to be moved away from
the exciter. The actual separation depends
on the application and the probe
manufacturer but will always be a
minimum of two pipe diameters. It is this
separation that gives remote field testing
its name — the detector measures the
electromagnetic field remote from the
exciter. Although the fields have become
very small at this distance from the
exciter they contain information on the
full thickness of the pipe wall.

The dimensions of the coils will vary
from manufacturer to manufacturer. The
fill factor is the ratio of the effective cross
sectional area of the primary internal
probe coil to the cross sectional area of
the tube interior. Although the fill factor
of the coils can be as low as 70 percent it
will usually be similar to the fill factor for
eddy current probes: 85 percent or more.
A lower fill factor reduces sensitivity to
small discontinuities but does not
otherwise affect the quality of remote
field testing data. The ability to function
with a low fill factor makes remote field
FIGURE 1. Simple probe for remote field
testing.

Tube Energy flow

Corrosion

Detector coilExciter coil
Probe

lead
testing especially attractive for pipes with
internal coatings and tight bends. 

Remote field testing probes often
contain arrays of receiver coils. The coils
are connected to a remote field testing
instrument by coaxial cable, where the
outer conductor is used to shield the
inner conductors from ambient noise. The
coaxial cable is usually housed in a stiff
plastic tube that lets the probe be pushed
into a heat exchanger tube or pipe for
distances up to 30 m (100 ft).

Instrumentation
Besides the coils and coaxial cable a
remote field testing system contains four
other major components.9

1. An oscillator is used as the signal
source for the exciter coil and as a
reference for the detector signal.

2. A power amplifier increases the power
level from the oscillator signal so that
it can be used to drive the exciter coil.

3. The phase and amplitude detector
measures the detector coil signal.

4. A microcomputer based storage device
processes and stores the data.

Figure 2 shows how the different
electronic components interact.

Driving of Remote Field Test
Probe
The exciter coil is energized with
alternating current at frequencies ranging
from 50 Hz to 1 kHz for ferrous materials.
Higher frequencies are used for
nonferrous tubes. The exciter coil
typically carries a current of 0.1 to 1.0 A,
209Remote Field Testing
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the limitation being probe temperature
and, for some probes, magnetic saturation
of the probe core. The detector signal
depends directly on the exciter current
and frequency. Thicker wall penetration
can be obtained by lowering the
frequency and increasing the exciter
current. The actual test parameters (such
as test frequency, drive voltage and
sample rate) are chosen by taking into
consideration factors such as probe pull
speed, discontinuity sensitivity
requirements, magnetic permeability µ,
tube electrical conductivity σ and tube
wall thickness τ.

In general, a lower frequency (up to
250 Hz) is used for thick walled and high
permeability pipe. For superior sensitivity
or high test speeds, a higher frequency is
preferred. The frequency is chosen as high
as possible while minimizing noise and
remaining in the remote field zone.
Because remote field testing is used in
very diverse applications, it is important
to check for the presence of any
electromagnetic interference noise
sources, such as welders, electric motors,
power inverters and pumps. Such devices
tend to generate noise in the frequency
range of remote field testing. Modern day
remote field testing equipment
manufacturers sometimes provide the user
with a noise spectrum, showing the
environmental noise for a range of
frequencies. Some technicians prefer to
place the probe in a thick walled block to
determine the baseline noise at a given
frequency.

Because remote field testing signals are
often quite small (1 to 10 µV) it is
advisable to avoid using line voltages and
their harmonics (60 Hz or, in Europe,
50 Hz), which can cause interference.

The inspector needs to minimize the
background noise while keeping in mind
the test factors mentioned above.
210 Electromagnetic Testing



PART 3. Detector Signal
Remote Field Energy Zones
For a remote field probe, there are two
distinct sensing zones with a transition
zone between them (Fig. 3).10 In order,
the zones are the direct field zone, the
transition zone and the remote field zone.

As the detector coil distance from the
exciter coil is increased, the dominant
field energy changes from direct coupled
energy (between the exciter and detector
coils, inside the tube) to energy that is
coupled to the detector coil primarily by
transmission through the tube wall.
Between these two distinct zones, there is
a transition zone where the direct coupled
energy and the indirect coupled energy
are comparable in magnitude. The
location of the transition zone changes
with frequency, wall thickness,
permeability and conductivity.

In an idealized situation (infinite
alternating current sheet over a
conducting half space), the eddy current
density in the case of conventional eddy
current techniques decays exponentially
FIGURE 3. Zones in remote field testing. Profiles
used to indicate direct field region, transition a
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with depth. This phenomenon, called skin
effect, in general limits the application of
conventional eddy current techniques to
the detection of surface or shallow
heterogeneities. The remote field eddy
current technique seemingly violates the
skin effect limitation in that it is equally
sensitive to inside surface and outside
surface discontinuities. Lord and others
simulated the underlying physical process
and examined the field distribution to
look for clues to explain this seeming
contradiction.6 A brief summary of their
findings are reported below.

Finite Element Simulation
Electromagnetic induction phenomena
associated with conventional and remote
field eddy current nondestructive
techniques are both described by the
complex form of the vector poisson
equation:
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FIGURE 5. Flux distribution in pipe as function of time in steps
of 4.1667 ms, which corresponds to 0.5 rad (30 deg)
increments of ωt (product of angular frequency ω and
time t) when frequency f = 40 Hz: (a) 0 rad (0 deg);
(b) 0.5 rad (30 deg); (c) 1.0 rad (60 deg); (d) 1.5 rad
(90 deg); (e) 2.0 rad (120 deg); (f) 2.5 rad (150 deg). Only
top half of pipe longitudinal section is shown. Flux lines are
plotted logarithmically to increase dynamic range of plot.
Test conditions and specimen are similar to those in Fig. 4.
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where A is magnetic vector potential
(volt), J is applied current density (ampere
per square meter), µ is magnetic
permeability (henry per meter), σ is
conductivity (siemens per meter) and ω is
angular frequency (radian per second).
Lord and others used the finite element
technique to study a test geometry
consisting of an axisymmetric excitation
and detector coils in a ferromagnetic
pipe.6

Figure 4 shows experimental and
model predictions of the detector coil
signal magnitude and phase as a function
of the distance (expressed in multiples of
the pipe diameter) between the excitation
and detector coils. The phase
measurements are made with reference to
the excitation signal. The magnitude of
the detector signal decreases rapidly with
distance until a transition region is
reached (after about two pipe diameters in
length), after which the rate of decrease is
much slower. The phase angle, in
contrast, changes rapidly in the transition
region. Some insight into the underlying
physical process can be gained by
examining the magnetic flux plots.

Figure 5 shows the variation in the flux
distribution at various points in the
sinusoidal excitation cycle. The excitation
frequency is 40 Hz and the plots show the
evolution of the magnetic flux pattern as
a function of time in steps of 4.1667 ms,
which correspond to 0.524 rad (30 deg)
increments in ωt. The flux lines are
plotted on a logarithmic basis to increase
the dynamic range of the plot. The plots
show that the flux density decays rapidly
close to the exciter (near field). The decay

1 2

µ
ωσ∇ = − +A AJ js
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FIGURE 4. Experimental and finite element predictions of
signal magnitude and phase for detector coil for 38.1 mm
(1.5 in.) inside diameter ferromagnetic pipe of 5.1 mm
(0.2 in.) wall thickness. Test frequency f = 40 Hz; relative
permeability µr = 250; conductivity σ = 143 S·m–1.
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FIGURE 7. Equiphase contour plots corresponding to Fig. 8,
indicating existence of phase knot (point where phase is
undefined) in transition region. Test conditions and
specimen are similar to those in Fig. 4.

Phase
knot

OS

IS

PA
0 1 2 3 4

Ra
di

al
 d

is
ta

nc
e

(p
ro

p
or

tio
na

l s
ca

le
)

Axial distance from excitation coil
(distance unit equivalent to pipe diameter)

Legend
rate is much lower in the remote field
zone. As an example, at ωt = 1.57 rad
(90 deg), the four bands of flux lines
contain 90 percent, 9 percent, 0.9 percent
and 0.09 percent of the total flux.

Additional insight can be gained by
reviewing the equivector magnetic
potential contour and equiphase contour
plots shown in Figs. 6 and 7. The
equivector magnetic potential contour
plot shows the existence of a potential
valley (that is, a point where the magnetic
vector potential reaches a minimum) in
the transition region where the root mean
square of the vector magnetic potential is
zero. Similarly, Fig. 7 shows the existence
of a phase knot (that is, a point where the
phase is undefined) in the transition
region. The presence of these unusual
artifacts indicates that the energy flows in
an unusual pattern.

Figure 8 shows model predictions of
the real component of the poynting
vector, which shows the magnitude and
direction of the energy flow at each point
in space. The plot shows that the field
pattern in the transition region arises as a
consequence of the interaction between
two energy streams. The outward bound
energy stream interacts with the inwardly
directed energy stream in the transition
region, giving rise to the potential valley
and phase knot. The presence of potential
valley leads directly to the magnitude plot
shown in Fig. 4. Because the energy flow
loop includes the regions near the outer
and inner walls of the pipe and because
the detector coil output is a function of
the field that it is immersed in, the
FIGURE 6. Equivector magnetic contour plots showing
existence of potential valley (point where magnetic vector
potential reaches minimum) in transition region. Test
conditions and specimen are similar to those in Fig. 4.
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technique is sensitive to both inside
surface and outside surface
discontinuities. In other words, the field
in the vicinity of the detector coil is a
consequence of the superposition of the
fields generated by the energy flows near
the inner and outer walls of the pipe.
Consequently, the method is equally
sensitive to inside surface and outside
surface discontinuities.

A detector placed in the remote field
zone will provide information from two
pipe wall transitions: one at the exciter
and one at the detector. The total
attenuation (in decibel) and phase change
213Remote Field Testing
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PA = pipe axis

FIGURE 8. Finite element model predictions of real
component of poynting vector, showing magnitude and
direction of energy flow pattern in region.
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(in degrees) is the sum of the attenuation
and phase change at both locations.
Schmidt5 discovered that the attenuation
and phase change could be derived
approximately by using the skin effect
equation for depth of penetration:

(2)

and:

(3)

where f is frequency (hertz), δ is standard
depth of penetration (meter), µ0 is
magnetic permeability of free space
(ratio), µr is relative magnetic permeability
(ratio), σ is tube electrical conductivity
(siemens per meter) and τ is tube wall
thickness (meter).

When the probe is in the nominal tube
wall setting, the signal from the remote
field testing detector coil is used as the
reference voltage against which changes
caused by wall thinning and other
discontinuities are measured. The
attenuation and phase rotation angles of
remote field test signals are governed by
rules like those for eddy current signals.
Equation 1 shows that, if the frequency,
conductivity or relative permeability goes
up, then the standard depth of
penetration into the material goes down
— and vice versa. Therefore, a relatively
high test frequency (500 Hz to 1 kHz)
would be chosen to test thin materials —
for example, a wall less than 1 mm (0.04
in.) — or to test materials that have a low
permeability such as magnetic stainless
steel or low electrical conductivity such as
nickel. Conversely, if the tube wall is thick
— for example, greater than 3 mm (0.12
in.) — or has a high relative permeability
(for example, seamless carbon steel), then
a lower frequency would be more
appropriate (for example, 50 to 200 Hz).
The quantity that sets the standard depth
of penetration is the product of the
frequency, permeability and conductivity.
Instead of resolving these factors
separately, it is often more convenient to
determine their product.

To analyze remote field discontinuity
signals using the skin effect theory, the
wall thickness must be expressed in
standard depths of penetration, where a
standard depth of penetration is
equivalent to a radian (rad) and 1 rad =
180·π–1 ≅ 57.3 degrees. Consider a case
where the nominal wall thickness of the
pipe is five standard depths of penetration
and wall loss at one point is fully
circumferential and 1.5 standard depths of
penetration deep. When diffusing
through the pipe wall, the signal will be

Phase lag r= µτ π µ σf 0

δ
π σ

=
µ µ

1

0f r
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delayed by five standard depths of
penetration or 5 rad (286 degrees)
through nominal thickness and by 3.5 rad
(201 degrees) at the circumferential
discontinuity. As the detector coil moves
from nominal pipe into the area of metal
loss, its phase lag will decrease by 1.5 rad
(86 degrees), which makes the phase
increase by 1.5 rad (86 degrees), a positive
change at metal loss. A similar analysis
can be applied to the amplitude. In
nominal pipe, the signal is attenuated by
a factor of exp (5) = 148 whereas at the
discontinuity location the amplitude is
reduced by a factor of exp (3.5) = 33. The
detector coil output will therefore increase
in amplitude by a factor of exp (1.5) = 4.5.

In general, the relatively simple skin
effect equation describes remote field
testing behavior very well. However, when
a discontinuity’s depth is such that the
remaining wall thickness is less than one
standard depth of penetration, the remote
field response will actually start to deviate
from the skin effect equation.7 The
deviations are especially noticeable in
amplitude. In those cases, more
sophisticated techniques such as those
described elsewhere, in this volume’s
chapter on modeling, are required.



PART 4. Selection of Remote Field Testing
Features of Remote Field
Testing11

Remote field testing can be used for all
conventional carbon steel material
specifications, diameters and wall
thicknesses. It is therefore used in many
different types of heat exchangers,
including fossil fuel boilers (especially in
water wall and generator bank tubes),
black liquor recovery boilers, shell and
tube exchangers and air fin coolers.

Remote field testing operates at
relatively low frequencies. Typical
frequencies are in the range of 40 to
500 Hz.

The test speed for carbon steel tubes is
about 150 mm·s–1 (30 ft·min–1). A
two-person crew can examine from 200 to
500 tubes measuring 9 m (30 ft) long in
an 8 h shift, depending on access, setup
time, number of discontinuities
encountered and other factors.

Remote field testing is a noncontact
technique, so the probes have minimal
friction with the pipe wall and require no
couplant.

Sensitivity
The accuracy for remote field testing in
the straight part of the tubes is about
10 percent of wall thickness for general
wall loss. The accuracy is generally less
(20 percent of wall) for highly localized
discontinuities and in bends or near
external conducting objects because of the
changes in magnetic properties of the
tube in the bend area and because of
shielding effects of external objects.
TABLE 1. Techniques used for nondestructive t

Electrom_____________________
Eddy Current _____________________

Characteristic Conventional Satura

Skilled technicians required yes yes
Speed (m·s–1) 0.9 to 2.0 0.61
Wall loss identifieda yes yes
Minimum probe fill factor 0.8 0.7
Ferromagnetic tube test no sligh

a. Inside diameter versus outside diameter.
b. Ultrasonic testing requires seals to center the probe and
Remote field testing is also equally
sensitive to inside and outside surface
discontinuities but usually cannot
discriminate between them without the
help of near field coils. Remote field
testing is relatively insensitive to scale and
magnetic debris.

A large fill factor is not required for
remote field testing and centralization is
not critical (as it is with ultrasonic, eddy
current and flux leakage testing).
However, a small fill factor will result in
decreased sensitivity to small
discontinuities.

Other Test Techniques
To fully appreciate the strengths and
weaknesses of remote field testing, it is
useful to compare it to other techniques
used in industry. Included here are eddy
current testing, saturation eddy current
testing and magnetic flux leakage testing.

Although eddy current testing is
predominantly used for the testing of
nonferromagnetic tubing, it can be used
to test slightly ferromagnetic materials
such as nickel copper alloy by using it
with a direct current biasing field strong
enough to magnetically saturate the pipe
wall. This saturation eddy current technique
is unsuited for thick walled, highly
magnetic material, such as carbon steel;
however, various methods have been
found useful for carbon steel tubes and
pipes. These include the magnetic flux
leakage technique and ultrasonic testing.
Table 1 provides a quick comparison of
different nondestructive test methods for
heat exchanger testing.
215Remote Field Testing

esting of heat exchanger tubes.

agnetic Techniques________________________________
Techniques Magnetic Ultrasonic__________________
tion Remote Field Flux Leakage Testing

yes yes yes
0.61 0.61 0.04
no yes yes
0.7 0.8 noteb

t yes yes yes

 retain fluid coupling.



Eddy Current Testing versus
Remote Field Testing
In typical eddy current testing
instruments, the impedance of the
inspection coil is measured. Usually the
coil is part of a bridge circuit that
becomes unbalanced as the coil passes
over a change in material thickness,
permeability or conductivity.
Discontinuities are characterized and sized
by the phase rotation and attenuation of
the signal as compared to a reference
standard. The test coil in eddy current
testing can be an energized coil or it can
be a passive coil that receives its energy
from a separate energized coil in close
proximity (send and receive
configuration). Common coil
configurations are absolute or differential
coils; axial or radial coils; and bobbin or
pancake coils.

Remote field testing has many
similarities to eddy current testing but
there are also major differences.

1. In remote field testing, the exciter coil
is always separated from the receiver
coil or coils by at least two tube
diameters. As such, remote field test
coils are always in a send and receive
configuration.

2. In remote field testing, the energy
from the exciter coil passes through
the tube wall twice, once when
leaving the exciter and again when
passing back through the wall at the
detector.

3. The sensitivity to discontinuities on
the outside of a tube is reduced in the
eddy current technique whereas
remote field testing maintains almost
equal sensitivity to discontinuities
either inside or outside the tube.

4. Remote field test systems measure the
phase and amplitude of a signal. Eddy
current test systems may measure the
same quantities in send and receive
configurations or may measure the
impedance of the test coil.

5. Eddy current technique probes are
sensitive to changes in the proximity
of the test coil to the tube surface.
This change is known as probe wobble
— as the probe passes through the
tube, it can be pushed to one side of
center by internal scale or dents. Even
if the tube is clean, the eddy current
testing probe can wobble unless it is
centered with mechanical guides.

6. Remote field probes are relatively
insensitive to probe wobble and are
forgiving if the probe is undersized or
pushed to one side of the tube.
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7. Because of the much lower test
frequencies used for remote field
testing in steel (and because the
measurement of phase usually requires
at least one time period of the
excitation signal), remote field probes
must be moved more slowly than
eddy current probes. The remote field
probe must be near the smallest
discontinuity required to be detected for at
least one cycle in order to detect the
discontinuity.

8. Absolute coils for both remote field
and conventional eddy current
techniques are both sensitive to
temperature variations over the length
of the tube.

9. In steel tubes, remote field testing is
more sensitive to circumferential
cracks that interrupt the lines of
magnetic flux. Eddy current bobbin
probes are more sensitive to axial
cracks in tubes, which interrupt the
eddy currents.

10. Because of its so called
through-transmission nature, remote
field testing can examine thicker
materials than eddy current
techniques can.

11. Because it is commonly used for steel
and cast iron, remote field testing is
generally carried out at a lower
frequency than eddy current
techniques are.

Magnetic Flux Leakage versus
Remote Field Testing 
With a magnetic flux leakage probe, the
energy source is an axially aligned
magnetic field (as with a remote field
testing probe). Discontinuities are
detected by the magnetic flux leakage
probe as some of the magnetic flux lines
leak out of the pipe and are detected by
passive coils or sensors passing though the
leakage field. This arrangement is similar
to that for remote field testing except that
the remote field test probe generates an
alternating current field whereas magnetic
flux leakage testing uses a direct current
field. When pickup coils are used, the
remote field testing probe itself does not
need to be moving to measure the wall
thickness, because the excitation is
alternating.

The remote field eddy current signal is
likely to offer additional information
because both phase and amplitude of the
signal can be analyzed. In contrast, only
the amplitude of the magnetic flux
leakage signal is available. Consequently,
remote field testing provides two pieces of
information, usually enough to permit
calculation of tube wall thickness.



PART 5. Signal Analysis
Data Presentation

Strip Chart
Remote field test data are recorded in
computer memory or hard drive and
phase amplitude diagrams (voltage planes)
are displayed on instrument monitors in
near real time as the test progresses. The
raw data from the detector are stored
either in phase amplitude format or as
in-phase and quadrature components. The
data can be recalled for display, analysis
and reporting purposes after the test
process is completed.

A strip chart displays coordinates from
the phase amplitude diagram (for
example, an x,y display, a phase display or
FIGURE 9. Strip chart recordings: (a) phase and log amplitude
signals for absolute probe; (b) x,y voltage signals;
(c) differential signals; (d) mixed frequency signals.

(a) (b) (c) (d)
a log amplitude display) as a function
either of time or of the axial distance
along the length of the tube. In the strip
chart of Fig. 9, which shows phase and
log amplitude for an absolute coil,
deflections to the left represent metal loss
and, on the right, wall thickening as in
the case of tight fitting support plates or
baffle plates. Phase and log amplitude are
the preferred quantities for the absolute
coil strip chart display because they are
both linear indicators of overall wall
thickness (as opposed to the in-phase and
quadrature components, which make a
more suitable display for differential
coils). To display phase and amplitude on
the same strip chart, the amplitude is
multiplied by the factor for conversion
from radian to degree (180·π–1).

Complex Plane Displays
The voltage plane and x,y displays provide
maps of the detector coil output in polar
coordinates (Figs. 10 and 11). On polar
217Remote Field Testing

FIGURE 10. Phase amplitude diagram: voltage plane
recording.
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0,0
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FIGURE 12. Strip charts and phase amplitude diagrams show
indications from short discontinuity.
displays, signals are drawn as vector
points with the angle representing the
phase and the radius representing the
amplitude. Remote field testing signals on
the voltage plane or x,y display are scaled
and rotated to a convenient position for
viewing. This manipulation makes it
easier to measure and recognize deviations
from the nominal position. With absolute
detectors the signals can be scaled and
rotated about the origin to place the
nominal signal at (1,0) in rectangular
coordinates. In other words the signal for
nominal tube is placed at 1 V normalized
at zero degrees. With differential detectors
the signal is often shifted to place it at the
origin (0,0) even though the signal is
usually not actually zero.

Besides the detector trace, the voltage
plane has a number of static components:
the origin, the exponential skin depth
reference curve and the X and Y axes. The
reference curve is a feature unique to
remote field testing and is very helpful
when identifying and sizing anomalies.
The curve starts at 0,0 (that is, zero
voltage at origin) and follows an
exponential spiral path as the overall wall
thickness of a tube is decreased. It is
theoretically possible to place thickness
values for full circumferential
discontinuities directly on this curve;
however, the values would be different for
short discontinuities versus long
discontinuities, as explained below.
Although axial distance information is
not displayed on a voltage plane, it
remains a very powerful tool for sizing
discontinuities. Strip charts are useful
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FIGURE 11. Phase amplitude diagram: x,y plane recording.

X axis

Y axis

Signal angle
with respect

to X axis

Zero voltage point

0,0

x,y display
because they usually show distance
information.

As mentioned before, the strip chart
records what the detector coils senses as
the probe is pulled through the tube
being tested whereas the voltage plane
shows selected discontinuity signatures at
any point along the strip chart. As a
result, the strip chart displays and x,y
voltage plane displays are often put side
by side. This presentation lets the
technician use the complex planes to
identify and size discontinuities while
simultaneously using the strip chart to
find the axial location of the
discontinuity. Combining both displays
accelerates discontinuity reporting.

Signatures of Short and
Long Discontinuities
In the remote field technique,
discontinuity indications are recognized
by their shape and size. As each of the
exciter and detector coils in the basic
probe passes a discontinuity, there is a
change in the voltage of the receiver coil.
Therefore, if the discontinuity is shorter
than the distance from exciter to detector,
there will be two distinct signals — one as
the exciter passes the discontinuity and a
second one as the detector passes it
(Fig. 12). When the physical sizes of the
exciter and detector coils are about equal,
the two strip chart responses will be
Absolute signals Differential signals

Phase amplitude
and log signals

Differential
signal

Voltage plane display

Phase amplitude diagrams

x,y plane display



FIGURE 13. Voltage plane signals from long discontinuity
show direction of wall thickness changes.

Absolute signals Differential signals

Strip chart signals Phase amplitude diagrams
comparable. However, in some cases, the
exciter coil design is optimized for
generating the electromagnetic field
whereas the detector dimensions are
optimized for resolution and sensitivity.
As a result, the exciter coil may be longer
than the detector.

The voltage plane trace in Fig. 12
corresponds to the gated area in the strip
charts. The double response is also
exhibited on the voltage plane by two
distinct traces moving from the normal
wall point (0,0 for differential and 1,0 for
absolute coils) vertically to the
exponential skin depth spiral. The fact
that the voltage plane traces terminate on
the reference spiral shows that the
discontinuity must extend fully around
the entire circumference of the pipe. The
angle of the traces with respect to the
horizontal axis permits calculation of the
depth of the discontinuity.

The X,Y display in Fig. 12 is
characteristic of a differential detector
setup. A differential detector coil consists
of two identical coils displaced axially
from each other and wound in opposite
directions. Differential coils are excellent
edge detectors and can neutralize to some
extent the double response characteristic
of remote field testing. As such,
differential detectors improve remote field
testing’s sensitivity to small
discontinuities. Differential detectors are
less sensitive to tapered or smooth wall
loss. The origin for the differential coil
trace is chosen at 0,0 because under
nominal pipe wall the two halves of the
differential detector cancel each other out.

As soon as one half moves underneath
a discontinuity, the detector circuit will
become unbalanced and a resultant signal
is measurable. When the second half of
the detector moves underneath the same
discontinuity, it will produce a similar
trace in the opposite direction. The two
opposite responses from a differential
detector as it moves underneath a pipe
anomaly is very characteristic and is often
referred to as a differential kick. The
differential kicks are clearly visible on the
second strip chart in Fig. 12. The angle of
the differential kick on the phase
amplitude diagram can also be used to
estimate the depth of the discontinuity.

Eddy current test technicians will often
prefer to rotate the differential signal from
a through hole to 40 degrees so that it
looks like a familiar signal on an eddy
current impedance plane. However, this is
where the similarity ends. In remote field
testing, signals from increasing wall loss
(outside diameter or inside diameter)
always rotate counter clockwise. Eddy
current test signals from inside diameter
discontinuities rotate clockwise and
outside diameter discontinuities rotate
counter clockwise as they increase in
depth.

With the absolute coil, if the
discontinuity is longer than the spacing
from exciter to detector, the signal phase
and the log of the signal amplitude will
both double in size, resulting in a head
and shoulders signal (Fig. 13). This signal is
the result of the overlap of the exciter and
detector responses. The corresponding
trace on the voltage plane is called a dog
leg because of the bend in the indication
with machined discontinuities. Notice
that the discontinuity is much harder to
characterize with differential detectors
because of its long and gradual nature.

Voltage Plane Polar Plot
Display
In remote field testing, the material
volumes at the exciter and again at the
detector are both interrogated
simultaneously. As a result, the sensitivity
to discontinuities located on the inside of
the tube is about the same as the
sensitivity to external discontinuities;
however, there is no way to tell them
apart unless a separate, high frequency
coil is added in the direct field (which
would be sensitive mainly to internal
discontinuities). On the voltage plane
polar plot display, thickness decreases
(due to metal loss) rotate the signal
counter clockwise either along or inside
the reference curve (see Figs. 14 and 15).

The shape and orientation of a
discontinuity will affect the remote field
testing indication. Two small
discontinuities with the same amount of
219Remote Field Testing



FIGURE 15. Voltage plane signals indicate discontinuity depth
and discontinuity volume.
volume loss but different depths will
show different indications. In general,
deeper discontinuities will show up as
larger, more pronounced signals unless
they are extremely small in volume.

The orientation of the discontinuity is
also of importance. From eddy current
testing, it is intuitively expected that
discontinuities aligned in the axial
direction show larger responses than
discontinuities oriented circumferentially:
an axially aligned discontinuity interferes
more with the circumferentially flowing
eddy currents. In remote field testing, the
opposite is true: discontinuities oriented
in the circumferential direction are more
pronounced.

This difference exists because the
magnetic field interaction exhibited by
remote field testing makes it behave
somewhat similar to magnetic flux
leakage testing. A circumferential
discontinuity forms a large interruption
for the axially aligned magnetic flux
whereas a thin axial discontinuity barely
influences the flux. The disturbance in the
magnetic field caused by the
circumferential discontinuity results in a
larger remote field test signal response,
which can then be used to estimate the
circumferential extent of the
discontinuity.

If the tube wall is locally thinned on
one side of the tube, a line can be drawn
from the nominal point through the
signal tip; the line will point toward the
spot on the reference curve that
represents the same reduced wall
thickness if the thinning were all around
the circumference. By measuring the
phase angle of the signal the remaining
wall thickness can be estimated. By
220 Electromagnetic Testing

FIGURE 14. Voltage plane indication of long
discontinuity, made with absolute and
differential coils. Overall thickness of tube
decreases evenly from point A to point B.
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Full wall is normalized
at point A, where
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calculating the ratio of the signal height
from a one-sided discontinuity to a signal
from a circumferentially thinned tube
wall, the circumferential extent can also
be calculated. Phase angle, wall thickness
and circumferential extent can be
critically important when characterizing
discontinuities.

By observing the signal shape, phase
angle and relative size on the voltage
plane many discontinuities can be
characterized and sized for depth and
circumferential extent. The axial length of
a discontinuity can also be measured by
recording the data on a strip chart as the
probe is pulled through the tube. Virtually
all remote field test instruments display
the data as strip charts and voltage planes.
Many instruments have automatic depth
sizing and reporting software.

Common Signatures in
Remote Field Testing
Signals from tubes can be categorized as
follows: (1) general wall loss (with long
length and extensive circumferential
extent), (2) long one-sided discontinuities,
(3) short circumferential discontinuities
and (4) small volume, local
discontinuities.

General Wall Loss
Discontinuities that are longer than the
probe are classified as long
discontinuities. These discontinuities, if
1

4

Legend
1. Increasing depth.
2. Increasing depth and increasing volume.
3. Increasing depth.
4. Increasing volume.
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they affect the entire circumference of the
tube evenly, will produce signals on the
voltage plane that closely follow the
reference curve. Technicians identify
discontinuity length from the strip chart
recording and decide if the discontinuity
is long or short. On the strip chart, the
phase and log amplitude signals will track
in synchronization with each other if the
discontinuity is perfectly circumferential.

The phase and log amplitude signals of
long discontinuities are roughly double
those from short discontinuities of similar
depth, so it is important that the
technician recognize the characteristics of
each signal type. Figure 16 shows general
wall loss as well as signals from short
discontinuities.

Long One-Sided Discontinuities
Discontinuities that occur on one side of
the tube and are longer than the distance
from the exciter coil to the detector coil
are classified as long one-sided
discontinuities. Such discontinuities will
produce signals inside the reference curve
(that is, left of the curve) that may follow
a track that is parallel to the curve and
that may have an included loop that does
not return all the way to the nominal
point at 1,0. These discontinuities often
taper at each end back to nominal
thickness. On the strip chart recording,
the phase and log amplitude signals of
one-sided discontinuities do not track
FIGURE 16. Examples of general wall loss plus local pitting
(chelant corrosion, inlet erosion and general pitting
corrosion).

Phase
trace

Log amplitude trace

Signals from small
volume, local
discontinuities

Tube support
plate signal

General wall loss
signals follow
reference curve

Strip chart signals Phase amplitude diagram
together. The phase trace will generally
deviate further from the baseline position
than the log amplitude trace. Examples
are steam impingement erosion and tube
to tube fretting (midspan erosion).
Carbon dioxide corrosion can also be long
and one-sided.

Short Circumferential
Discontinuities
Discontinuities that are shorter than the
probe (that is, shorter than the distance
from exciter to detector coil) and are all of
the way around the tube are classified as
short circumferential discontinuities
(Fig. 17). These discontinuities produce a
typical double signal on both voltage
plane and strip chart. The phase and log
amplitude strip chart traces will track
synchronously if the discontinuity is
perfectly circumferential. Examples are
baffle wear and condensate grooving.

Small Volume, Local
Discontinuities
Discontinuities that are primarily on one
side of the tube and have limited axial
and circumferential length are classified as
small volume, local discontinuities.
Examples are pitting and cracking. These
discontinuities produce signals that are
very small in amplitude and are left of the
reference curve on the voltage plane. The
signals are sharp and will repeat as each
221Remote Field Testing

FIGURE 17. Short, circular discontinuity caused by condensate
grooving next to support plate.

Nominal tube support signal

Support signal with
condensate groove

on each side

Strip chart signals Phase amplitude diagram



coil passes the discontinuity. Differential
detector coils are preferred for detection
of small volume discontinuities because
they produce a signal twice as large as
that from an absolute probe. 

Reference Standards
All nondestructive test methods use
reference standards to compare
discontinuity signals with those from
known machined discontinuities. Remote
field testing is no different: its reference
standards are tubes with artificial
discontinuities for calibration. However,
remote field testing requires reference
standards for each variation in tube
diameter, wall thickness (tube gage),
conductivity and permeability. In each
reference standard, reference
discontinuities must be machined to
closely simulate the discontinuities
expected in the tube or pipe being
examined. ASTM E 2096-00 mentions two
possible reference tube styles.11 Customers
may specify different discontinuity types
if they expect to encounter discontinuities
other than the suggested types.

When ordering the manufacture of a
reference tube it is important to provide
the following specifications.

1. Specify the tube material.
2. Specify the tube diameter and gage.
3. Specify the tube manufacturing

technique, whether seamless or
electric resistance welded.

4. Describe any heat treating that the
tubes to be tested have undergone.

5. Space the discontinuities at least four
tube diameters apart and at least four
tube diameters from each end.

6. Require the reference discontinuities
to be machined with a series of small
cuts using sharp machine tools and
copious coolant. This machining
prevents local heating that can change
the permeability and conductivity of
the tube material.

7. Specify the tolerances on the
discontinuity depths and ask for them
to be machined according to the
actual, measured, tube wall — not the
nominal wall thickness that the tube
is specified to be. Tubes are
manufactured to tolerances of, for
example, +12 percent and –10 percent.

8. Specify that all edges of discontinuities
are to be radiused to avoid edge
signals.

9. Specify how the tube is to be
identified with a permanent label,
listing the discontinuity depths,
reference serial number, material and
wall thickness.

10. Specify whether the tube is to be
protected with a coat of paint.
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In an ideal world the reference tube
would be made from the same material as
those in the tube bundle to be tested;
however, this is usually not possible.
Differences between the reference tube
and the tubes tested will introduce
inaccuracies in data analysis. Consider the
fact that the tube wall thickness can vary
by +12 percent to –10 percent (seamless
tubes can vary by this much from one
side of the tube to the other). The
chemical makeup of the tube can have
similar tolerances. Add to this the
machining tolerances; differences in heat
treatment and the magnetic history of the
reference tube and the tube to be
examined and these combined parameters
can lead to substantial differences when
comparing the signals from the two tubes.
An informed inspector can compensate
for most of these differences if that
inspector can identify them.

Effects of Probe Speed
The ability of remote field testing to
detect and quantify discontinuities relies
on the quality of the signal received. The
probe must be in the vicinity of the
discontinuity for at least one excitation
cycle in order to detect it. Ideally the
probe senses a discontinuity for several
cycles so that any noise signals can be
averaged out of the data.

If a test frequency of 100 Hz is being
used, there are 100 opportunities per
second to measure the signal. If the
smallest discontinuity that is required to
be detected has a length of 3 mm
(0.12 in.), then the fastest speed possible
is 300 mm·s–1 (12 in.·s–1). To build in a
safety margin, the test speed should be no
faster than half this speed. The probe pull
speed should be slow enough so that the
digital sample rate allows the field profile
near the probe to be accurately recorded.

It is equally important that the speed
of testing be as constant as possible.
Sudden changes in speed can result in
anomalous signals.

Tube Support Plates
Tube support plates are normally made of
steel and are common in heat exchangers.
These plates have the effect of absorbing
magnetic energy from the probe. In the
vicinity of a tube support plate, the
remote field test signal tends to
concentrate in the plate, creating a
momentary increase in signal amplitude
followed by a substantial decrease when
the exciter and detector coils are on
opposite sides of the plate. Luckily, if
there is any wall loss caused by corrosion
or erosion at, or under, the tube support



FIGURE 19. Remote field testing signals at tube support plate:
before and after frequency mixing.

Normal tube
support plate

signal

Flaw next to tube support plate

Before frequency mixing After frequency mixing
plate, there is usually a residual remote
field test signal that can be used to detect
the loss.

Figure 18 shows a remote field test
support plate response on the voltage
plane. On the voltage plane, the support
plate causes a characteristic whale shaped
signal. The nose of the whale corresponds
to the increase in amplitude just before
the detector or exciter goes beneath the
support plate. This increased amplitude is
caused by the electromagnetic wave
taking the path of least reluctance (that is,
through the support plate), thus causing a
local increase in the field intensity.12 After
the energy has diffused through the air
gap, it suffers heavy attenuation in the
metal. If the tube support plate is thick
and in tight contact with the tube, there
may be no measurable signal left until the
probe has completely passed the plate.
The tail of the whale corresponds to the
situation when transmitter and receiver
are located on opposite sides of the
support plate. The tail is shorter when the
gap between pipe and plate is larger or
when the plate is relatively thin. The nose
of the whale usually occurs at around 1 to
5 mm (0.04 to 0.2 in.) from the edge of
the support plate.

Support plates signatures are
sometimes modeled for calibration
purposes by metal rings with the same
thickness as the desired support plate. The
rings can be too small, causing the
FIGURE 18. Typical tube support plate signal on remote field
testing voltage plane display.
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A. Both transmitter and receiver are located under nominal pipe wall.
B. Amplitude increases as receiver approaches plate.
C. Amplitude decreases rapidly as receiver moves beneath plate.
D. Receiver and transmitter are on different sides of plate.
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electromagnetic wave to wrap itself
around the outside of the ring rather than
squeezing through the gap between tube
and ring. Proper calibration rings should
have diameters of at least 140 mm
(5.5 in.).

Mixed Signals
An effective way to cancel the tube
support plate signal is to mix the signals
from two frequencies in order to enhance
detection of discontinuities under or near
the plate. Figure 19 shows signals from
discontinuities near a tube support plate
both before and after mixing. In remote
field testing, the tube support plate
indication is only suppressed and not
removed. There is still less accuracy and
sensitivity near a tube support plate.
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PART 6. Field Operation

FIGURE 20. Array probe in use on 75 mm (3 in.) pipeline.
Test Considerations12-14

The purpose of a typical remote field test
is to determine the depth and type of
metal loss in each tube. A typical boiler
inspection will have the following
considerations and steps.

1. A technician may decide that cleaning
is required to allow passage of the
probe. In most cases, boiler tubes do
not require cleaning before a remote
field test.

2. The boiler operator generally provides
drawings of the boiler showing the
locations of soot blowers, access
openings, test ports and other areas of
interest. A tube numbering system is
established.

3. If the tubes are 6 m (20 ft) or less in
length, the examination can be
conducted from the mud drum. If the
tubes are longer, it is generally
advisable to remove the steam drum
internals and do the examination
from there.

4. It may be decided to test all the tubes
or only selected tubes in suspected
trouble areas. If damage on the bends
is suspected, it is necessary to examine
many tubes in the same row so that
bend signatures can be compared.

5. During data acquisition, an assistant
handles the probe while the
technician operates the instrument.
All data are stored.

6. When the data are being analyzed, the
technician pays special attention to
the location of soot blowers, to the
direction of gas flow on the hot side,
to types of water treatment and to the
history of previous failures. Knowledge
of these factors helps analysis by
giving insight into types of
discontinuities that might be found.

7. A field report is written on site at the
completion of the job. In this way, the
boiler operator can make immediate
decisions concerning tube plugging,
repairs or replacement. A computer
report can be created that may include
a color coded tube sheet map of the
boiler.
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Special Probes
To improve sensitivity of the remote field
technique to discontinuities close to a
tube support plate or tube sheet, probes
can contain detector coils on each side of
an exciter coil. Alternatively, two exciters
can be used with one or two detectors
placed between them. The disadvantage
of these probes is their increased length
and more complex data.

Pipes with diameters larger than
25 mm (1 in.) often require more than
one detector coil to improve detection of
local discontinuities. Array coils are used
to segment the detector section to
improve small volume discontinuity
sizing. The probe in Fig. 20 is being used
to examine a 75 mm (3 in.) diameter
pipeline used to transport gas from the
wellhead. Figure 21 shows the display
narrowed to array probe signals of
interest.

External probes are similar in design to
remote field testing probes; however,
because external probes are sensitive to
liftoff, probe travel must be carefully
controlled to eliminate false signals.

Array probes require special software to
display and analyze the large quantities of
multichannel data. It is possible for
software to analyze remote field test data
automatically. In all cases of automatic
data analysis the success of the analysis



FIGURE 21. Array probe signals.

Signals from 14
circumferential spot

sensors

Mapped
indications

Channels of
interest 

(channels 3 to 6)

Phase amplitude
diagram of

channels 3 to 6
depends on the criteria that the operator
uses to train the software to recognize
signals of interest. It is also very
important to have a skilled technician
review a percentage of the calls made by
automatic analysis software to verify
accuracy. Only one selected channel at a
time can be displayed on a voltage plane
display.

Summary
Remote field testing is a versatile test
technique that can be used effectively to
test steel tubes, pipes and plates. It can
also be used to test thick walled,
nonferrous tubes with equal sensitivity to
internal and external discontinuities.
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PART 1. Introduction to Magnetic Flux Leakage
Testing
Magnetic flux leakage testing is part of the
widely used family of electromagnetic
nondestructive techniques. Magnetic
particle testing is a variation of flux
leakage testing that uses particles to show
indications. When used with other
methods, magnetic tests can provide a
quick and relatively inexpensive
assessment of the integrity of
ferromagnetic materials.

The theory and practice of
electromagnetic techniques are discussed
elsewhere in this volume. The origins of
magnetic particle testing are described in
the literature1 and information that the
practicing magnetic test engineer might
require is available from a variety of
manuals and journal articles.

The magnetic circuit and the means for
producing the magnetizing force that
causes magnetic flux leakage are described
below. Theories developed for surface and
subsurface discontinuities are outlined
along with some results that can be
expected.

Industrial Uses2

Magnetic flux leakage testing is used in
many industries to find a wide variety of
discontinuities. Much of the world’s
production of ferromagnetic steel is tested
by magnetic or electromagnetic
techniques. Steel is tested many times
before it is used and some steel products
are tested during use for safety and
reliability and to maximize their length of
service.

Production Testing
Typical applications of magnetic flux
leakage testing are by the steel producer,
where blooms, billets, rods, bars, tubes
and ropes are tested to establish the
integrity of the final product. In many
instances, the end user will not accept
delivery of steel product without testing
by the mill and independent agencies.

Receiving Testing
The end user often uses magnetic flux
leakage tests before fabrication. This test
ensures the manufacturer’s claim that the
product is within agreed specifications.
Such tests are frequently performed by
independent testing companies or the end
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user’s quality assurance department. Oil
field tubular goods are often tested at this
stage.

Inservice Testing
Good examples of inservice applications
are the testing of used wire rope, installed
tubing, or retrieved oil field tubular goods
by independent facilities. Many
laboratories also use magnetic techniques
(along with metallurgical sectioning and
other techniques) for the assessment of
steel products and prediction of failure
modes.

Discontinuities2

Discontinuities can be divided into two
general categories: those caused during
manufacture in new materials and those
caused after manufacture in used
materials.

Discontinuities caused during
manufacture include cracks, seams,
forging laps, laminations and inclusions.

1. Cracking occurs when quenched steel
cools too rapidly.

2. Seams occur in several ways,
depending on when they originate
during fabrication.

3. Discontinuities such as piping or
inclusions within a bloom or billet can
be elongated until they emerge as long
tight seams or gouges during initial
forming processes. They may later be
closed with additional forming.

4. Their metallurgical structures are often
different but the origin of
manufactured discontinuities is not
usually taken into account when
rejecting a part.

5. Forging laps occur when gouges or fins
created in one metal working process
are rolled over at an angle to the
surface in subsequent processes.

6. Inclusions are pieces of nonmagnetic
or nonmetallic materials embedded
inside the metal during cooling.
Inclusions are not necessarily
detrimental to the use of the material.

7. The pouring and cooling processes can
also result in lack of fusion within the
steel. Such regions may be worked
into internal laminations.



Discontinuities in used materials
include fatigue cracks, pitting corrosion,
erosion and abrasive wear.

Much steel is acceptable to the
producer’s quality assurance department if
no discontinuities are found or if
discontinuities are considered to be of a
depth or size less than some prescribed
maximum. Specifications exist for the
acceptance or rejection of such materials
and such specifications sometimes lead to
debate between the producer and the end
user. Discontinuities can either remain
benign or can grow and cause premature
failure of the part. Abrasive wear can turn
benign subsurface discontinuities into
detrimental surface breaking
discontinuities.

For used materials, fatigue cracking
commonly occurs as the material is
cyclically stressed. Fatigue cracks grow
rapidly under stress or in the presence of
corrosive materials such as hydrogen
sulfide, chlorides, carbon dioxide and
water. For example, drill pipe failure from
fatigue often initiates at the bases of pits,
at tong marks or in regions where the
tube has been worn by abrasion. Pitting is
caused by corrosion and erosion between
the steel and a surrounding or containing
fluid. Abrasive wear occurs in many steel
structures. Good examples are (1) the
wear on drill pipe caused by hard
formations when drilling crooked holes or
(2) the wear on both the sucker rod and
the producing tubing in rod pumping oil
wells. Specifications exist for the
maximum permitted wear under these
and other circumstances. In many
instances, such induced damage is first
found by automated magnetic techniques.

Steps in Magnetic Flux
Leakage Testing
There are four steps in magnetic flux
leakage testing: (1) magnetize the test
object so that discontinuities perturb the
flux, (2) scan the surface of the test object
with a magnetic flux sensitive detector,
(3) process the raw data from these
detectors in a manner that best
accentuates discontinuity signals and
(4) present the test results clearly for
interpretation. The following discussion
deals with the first step, producing the
magnetizing force.
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PART 2. Magnetization Techniques
Successful testing requires the test object
to be magnetized properly. The
magnetization can be accomplished using
one of several approaches: (1) permanent
magnets, (2) electromagnets and
(3) electric currents used to induce the
required magnetic field.

Excitation systems that use permanent
magnets offer the least flexibility. Such
systems use high energy product
permanent magnet materials such as
neodymium iron boron, samarium cobalt
and aluminum nickel. The major
disadvantage with such systems lies in the
fact that the excitation cannot be
switched off. Because the magnetization is
always turned on, it is difficult to insert
and remove the test object from the test
rig. Although the magnetization level can
be adjusted using appropriate magnetic
shunts, it is awkward to do so.
Consequently, permanent magnets are
very rarely used for magnetization.

Electromagnets, as well as electric
currents, are used extensively to
magnetize the test object. Figure 1 shows
an excitation system where the test object
is part of a magnetic circuit energized by
current passing through an excitation
coil. The magnetic circuit passes through
a yoke made of a soft magnetic material
and through a test object placed between
the poles of the yoke. When the coil
wound on the yoke carries current, the
resulting magnetomotive force drives
magnetic flux through the yoke and the
230 Electromagnetic Testing

FIGURE 1. Electromagnetic yoke for
magnetizing of test object.

Air gap where test
object is inserted

Coil
test object. The total magnetic flux φ
(weber) is given by:

(1)

where I is the current (ampere) in the coil,
N is the number of turns in the coil and
S is the reluctance (ampere per weber) of
the magnetic circuit.

Reluctance S is the sum of the
reluctance Sg of air gaps (between the test
object and the yoke), test object
reluctance Ss and yoke reluctance Sy. The
reluctance values of the air gaps, test
object and yoke are given by Eqs. 2 to 4:

(2)

(3)

(4)

where ax is the cross sectional area (square
meter) of the air gaps, test object or yoke;
Lx is the length (meter) of the air gaps,
test object or yoke; µ0 is the permeability
of free space (µ0 = 4π × 10–7 H·m–1); µr is
relative permeability; and subscripts g, s
and y denote the air gaps, test object and
yoke, respectively. Note that the magnetic
circuit consists of two air gaps, one at
each end of the test object. Both air gaps
need to be taken into account in
calculating the total reluctance of the
magnetic circuit.

To obtain maximum sensitivity, it is
necessary to ensure that the magnetic flux
is perpendicular to the discontinuity. This
direction is in contrast to the orientation
in techniques that use an electric current
for inspection of a test object, where it
may be more advantageous to orient the
direction of current so that a
discontinuity would impede the current
as much as possible.

Because the orientation of the
discontinuity is unknown, it is necessary
to test twice with the yoke, in two
directions perpendicular to each other. A
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grid is usually drawn on the test object to
facilitate the tests.

Magnetizing Coil
A commonly used encircling coil is shown
in Fig. 2. The field direction follows the
right hand rule. (The right hand rule
states that, if someone grips a rod, holds it
out and imagines an electric current
flowing down the thumb, the induced
circular field in the rod would flow in the
direction that the fingers point.) With no
test object present, the field lines form
closed loops that encircle the current
carrying conductors. The value of the field
at any point has been established for a
great many coil configurations. The value
depends on the current in the coils, the
number of turns N and a geometrical
factor. Calculation of the field from first
principles is generally unnecessary for
nondestructive testing; a hall element
tesla meter will measure this field.

Introduction of the test object into the
field of the coil changes the field. The
metal becomes part of the magnetic
circuit, with the result that, close to the
surface of the test object, magnetic field
intensity H is lower than it would be if
the test object were removed. Again, a
hall element tesla meter will show the
field intensity at the test object. This
reduces the need for semiempirical
formulas. With the test object inserted,
the flux density changes and the flux
FIGURE 2. Encircling coil using direct current
to produce magnetizing force.

R

S
QP

I

Legend
I = electric current

P, Q = points of discontinuities in example
R = point at which magnetic field intensity H is 

measured
S = point at which magnetic flux density B is 

measured
lines get concentrated within the test
object. Thus, the fields inside and outside
the test object are not the same. However,
two boundary conditions allow
assessment of the magnetic state of the
test object. The fact that the tangential
field is continuous across the air-to-metal
interface allows measurement of H at the
point R to yield the value of the
tangential field at the test surface. In
addition, because the normal component
of magnetic flux density B is continuous,
a tesla meter at point S will yield B inside
the test object at that point.

Two totally different situations,
common in magnetic flux leakage testing,
are described below.

Testing in Active Field
In this technique, the test object is
scanned by probes near position R in
Fig. 2, in the presence of an active field.
Air fields of 16 to 24 kA·m–1 (200 to
300 Oe) are commonly used. In this
situation, application of small fields is
sufficient to cause magnetic flux leakage
from transversely oriented surface
breaking discontinuities. For subsurface
discontinuities or those on the inside
surface of tubes, larger fields are required.
The inspector must experiment to
optimize the applied field for the
particular discontinuity.

Testing in Residual Field
Test objects are first passed through the
coil field and then tested in the resulting
residual field. Elongating the coil and
placing the test object next to the inside
surface of the coil will expose the test
object to the largest field that the coil can
produce. 

This technique is often used in
magnetic particle testing. The main
problem to avoid is the induction of so
much magnetic flux in the test object that
the magnetic particles stand out like fur
along the field lines that enter and leave
the test object, especially close to its ends.
Optimum conditions require that the test
object be somewhat less than saturated.
The inspector should experiment to
optimize the coil field requirements for
the test object because this field depends
on test object geometry.

Applied Direct Current
If an electric current is used to magnetize
the test object, it may be more
advantageous to orient the direction of
current in a manner where the presence
of a discontinuity impedes the current
flow as much as possible. Bars, billets and
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FIGURE 4. Current carrying clamp electrodes used for testing
ferromagnetic tubular objects with small diameters.

Magnetic flux lines

Current I in

Current I out

Clamp

FIGURE 5. Simple technique for circumferential magnetization
tubes are often magnetized by application
of a direct current I to their ends (Fig. 3). 

Figure 4 shows a system where the
current I is passed directly through a
tubular test object to magnetize the test
object circularly. Figure 5 shows a central
conductor energized by a current source I,
again, to establish a circular magnetic
field intensity H (ampere per square
meter) in a tubular test object:

(5)

where a is area (square meter).

Capacitor Discharge Devices
For the circular magnetization of tubes or
the longitudinal magnetization of the
ends of elongated test objects, a capacitor
discharge device is sometimes used.3,4 The
capacitor discharge unit represents a
practical advance over battery packs and
consists of a capacitor bank charged to a
voltage V and then discharged through a
rod, a cable and a silicon controlled
rectifier of total resistance R.

The full system, considered
mathematically, also contains a variable
amount of inductance, so that if the
current Ic were allowed to oscillate, it
would do so according to the theory of
LCR circuits (that is, circuits described by
inductance L, capacitance C and
resistance R). The theory is complicated
by the time required to magnetize the
material and to induce an eddy current in
the test object. Typical configurations
shown in Fig. 6 illustrate the complexity
of the situation. In the case of the
magnetization of a tube, the current Ic
first rises rapidly, inducing magnetic flux
in the tube. This time varying flux
changes rapidly and induces an
electromotive force in the tube, as

H =
π
I
a2
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FIGURE 3. Circumferential magnetization by application of
direct current: (a) rectilinear bar; (b) round bar; (c) tube.

(a)

(b)

(c)

H

H

H

I

I

I

Legend
H = magnetic field intensity
I = electric current
dictated by Faraday’s law, the result being
that an eddy current Ie flows around the
tube as shown in Fig. 6a, where the
dashed line is the inner surface eddy
current and the solid line is the outer
surface current.

The net result is a lack of penetration
of the field caused by the capacitor
discharge current Ic. For a centered rod, in
effect, the magnetic field intensity in the
test object at radius r is given not by
H = Ic·(2πr)–1 but rather by Eq. 6:

(6)

Here Ie is the amount of eddy current
(ampere) contained within the cylinder of
radius r (meter). Investigation of the effect
of the eddy current is theoretically quite
complicated because of its effect on the

H r
I I

r
( ) = −

π
c e
2

of ferromagnetic tube.

r

H

Current source
I

Legend
H = magnetic field intensity
I = electric current
r = tube radius



inductance, which in turn affects Ic. In
practice, however, measurement of the
magnetic flux density B in the material
will yield the final degree of
magnetization of that material.

A good rule is that, if H(r) in Eq. 6 can
be maintained at about 3.2 kA·m–1

(40 Oe), the material will be magnetized
almost to saturation and can be tested for
both surface and subsurface
discontinuities. Several other practical
conclusions can be drawn from the above
discussion.

1. Pulse duration plays a greater role
than pulse amplitude Ic(max) in
determining the amount of flux
induced in a test object. This is
intuitively seen in direct current tests.
FIGURE 6. Capacitor discharge configurations
causing magnetization perpendicular to
current direction: (a) conductor internal to
test object creates circular field; (b) flexible
cable around test object creates longitudinal
field.

C

(a)

(b)

SCR lc

le

le

Circular field

C SCR

lc

Longitudinal field

Legend
C = capacitor
Ic = capacitor discharge current
Ie = eddy current

SCR = silicon controlled rectifier

Capacitor discharge unit
2. It is not possible to give simple rules
that relate Ic(max) to magnetization
requirements. This relationship can be
shown with a magnetic flux meter.

3. The eddy currents induced during
pulse magnetization play an important
role in the result. They can shield
midwall regions from magnetization.

4. Larger capacitances at lower voltages
provide better magnetization than
smaller capacitances at higher voltages
because larger capacitances at lower
voltages lead to longer duration pulses
and therefore to lower eddy currents.
The lower voltage is an essential safety
feature for outdoor use. A maximum
of 50 V is recommended.5

Magnitudes of Magnetic
Flux Leakage Fields
The magnitude of the magnetic flux
leakage field under active direct current
excitation naturally depends on the
applied field. An applied field of 3.2 to
4.0 kA·m–1 (40 to 50 Oe) inside the
material can cause leakage fields with
peak values of tens of millitesla (hundreds
of gauss). However, in the case of residual
induction, the magnetic flux leakage
fields may be only a few hundred
microtesla (a few gauss). Furthermore,
with residual field excitation, an
interesting field reversal may occur,
depending on the value of the initial
active field excitation and the dimensions
of the discontinuity.

Optimal Operating Point
Consider raising the magnetization level
in a block of steel containing a
discontinuity (Fig. 7). At low flux density
levels, the field lines tend to crowd
together in the steel around the
discontinuity rather than go through the
nonmagnetic region of the discontinuity.
The field lines are therefore more crowded
above and below the discontinuity than
they are on the left or right. The material
can hold more flux as the permeability
rises, so there is no significant leakage
flux at the surfaces (Fig. 7a).

However, an increase in the number of
lines causes ∆B·(∆H)–1 to fall — the
material is becoming less permeable. At
about this point, magnetic flux leakage is
first noticed at the surfaces. Although the
lines are now closer together, representing
a higher magnetic flux density, they do
not have the ability to crowd closer
together around the discontinuity where
the permeability is low.

At higher and higher values of applied
field, the permeability falls. It is, however,
233Magnetic Flux Leakage Testing



FIGURE 7. Effects of induction on magnetic
flux lines at discontinuity: (a) no surface flux
leakage occurs where magnetic flux lines
are compressed at low levels of induction
around discontinuity; (b) lack of
compression at high magnetization results
in surface magnetic flux leakage.

Flux leakage

(a)

(b)
still large compared to the permeability of
air, so the reluctance of the path through
the discontinuity is still larger than
through the metal. As a result, magnetic
flux leakage at the outside surface helps
provide a sufficiently high flux density in
the material for the leakage of magnetic
flux from discontinuities (Fig. 7b) while
partially suppressing long range surface
noise.

For residual field testing, it is best to
ensure that the material is saturated. The
magnetic field starts to decay as soon as
the energizing current is removed.
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PART 3. Magnetic Flux Leakage Test Results

FIGURE 8. Effect of pickup coil orientation on
sensitivity to components of magnetic flux
density: (a) coil sensitive to normal
component; (b) coil sensitive to tangential
component.

Pickup coil

(a) (b)

Pickup coil

Test object Test object
Magnetic flux leakage testing continues to
be one of the most popular
nondestructive test techniques in
industry. A number of factors, including
low cost and simplicity of the data
interpretation process, contribute to this
popularity. The underlying principles and
modeling techniques are described
elsewhere in this volume. The discussion
below focuses on probes and excitation
schemes to detect and measure magnetic
leakage fields.

Magnetic Flux Leakage
Probes
The purpose of probes for magnetic
testing is to detect and possibly quantify
the magnetic flux leakage field generated
by heterogeneities in the test object. The
leakage fields tend to be local and
concentrated near the discontinuities. The
leakage field can be divided into three
orthogonal components: normal
(vertical), tangential (horizontal) and axial
directions. Probes are usually either
designed or oriented to measure one of
these components. Typical plots of these
components near discontinuities are
shown in this volume’s chapter on probes.

A variety of probes (or transducers) are
used in industry for detecting and
measuring leakage fields.

Pickup Coils
One of the simplest and most popular
means for detecting leakage fields is to use
a pickup coil.6 Pickup coils consist of very
small coils that are either air cored or use
a small ferrite core. The voltage induced
in the coil is given by the rate of change
of flux linkages associated with the pickup
coil.

(7)

where N is the number of turns in the
coil, V is the voltage induced in the coil
and φ is the magnetic flux (weber) linking
the coil. It must be mentioned that only
the component of the flux parallel to the
axis of the coil (or alternately
perpendicular to the plane of the coil) is
instrumental in inducing the voltage. This

V
Nd
dt

= − φ
induction direction makes it possible to
orient the pickup coil so as to measure
any of the three leakage field components
selectively. Thus, a coil A whose axis is
perpendicular to the surface of the test
object (Fig. 8a), is sensitive only to the
normal component. In contrast, the coil
in Fig. 8b is sensitive only to the
tangential component. Consider the case
where the pickup coil is moving over the
test object in the X direction. Making use
of the fact that φ = B·A, where B is the
magnetic flux density (tesla) and A is the
cross sectional area (square meter) of the
pickup coil, Eq. 7 can be rewritten:

(8)

This equation indicates that the output
of the pickup coil is proportional to the
spatial gradient of the flux along the
direction of the coil movement as well as
the velocity of the coil. Two issues arise as
a result.

1. It is essential that the probe scan
velocity (relative to the test object)
should be constant to avoid
introducing artifacts into the signal
through probe velocity variations.

2. The output is proportional to the
spatial gradient of the flux in the
direction of the coil.

The output of the pickup coil can be
integrated for measurement of the leakage
flux density rather than of its gradient.

V
Nd
dt

NA
d
dt

NA
d
dx

dx
dt

= − = −

= − ⋅

φ B

B
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Figure 9 shows the output of a pickup coil
and the signal obtained after integrating
the output.7 The coil is used to measure,
in units of tesla (or gauss), the magnetic
flux density B leaking from a rectangular
slot.

The sensitivity of the pickup coil can
be improved by using a ferrite core. Tools
for designing pickup coils, as well as
predicting their performance, are
described elsewhere in this volume.

Magnetodiodes
The magnetodiode is suitable for sensing
leakage fields from discontinuities because
of its small size and its high sensitivity.
Because the coil probe is usually larger
than the magnetodiode, it is less sensitive
to longitudinally angled discontinuities
than the magnetodiode is. However, the
coil probe is better than the
magnetodiode for large discontinuities,
such as cavities.

Hall Effect Detectors
Hall effect detector probes are used
extensively in industry for measuring
magnetic flux leakage fields in units of
tesla (or gauss). Hall effect detector probes
236 Electromagnetic Testing

FIGURE 9. Pickup coil and signal integrator (magnetic flux
leakage) output for rectangular discontinuity.7
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are described in this volume’s chapter on
probes for electromagnetic testing.

Giant Magnetoresistive Probes
Magnetic field sensitive devices called
giant magnetoresistive probes,8,9 at the most
basic level, consist of a nonmagnetic layer
sandwiched between two magnetic layers.
The apparent resistivity of the structure
varies depending on whether the
direction of the electron spin is parallel or
antiparallel to the moments of the
magnetic layers. When the moments
associated with the magnetic layers are
aligned antiparallel, the electrons with
spin in one direction (up) that are not
scattered in one layer will be scattered in
the other layer. This increases the
resistance of the device. This is in contrast
to the situation when the magnetic
moments associated with the layers are
parallel where the electrons that are not
scattered in one layer are not scattered in
the other layer, either.

Giant magnetoresistive probes use a
biasing current to push the magnetic
layers into an antiparallel moment state
and the external field is used to overcome
the effect of the bias. The resistance of the
device, therefore, decreases with
increasing field intensity values. Figure 10
shows a typical response of a giant
magnetoresistive probe.

Magnetic Tape
For the testing of flat surfaces, magnetic
tape can be used. The tape is pressed to
the surface of the magnetized billet and
then scanned by small probes before
being erased. This technique is sometimes
called magnetography.
FIGURE 10. Resistance versus applied field for
2 µm (8 × 10–5 in.) wide strip of
antiferromagnetically coupled, multilayer
test object composed of 14 percent giant
magnetoresistive material.9
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FIGURE 11. Flying spot scanner for automated magnetic
particle testing.10,11
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In automated systems, magnetic tape
can be fed from a spool. The signals can
be read and the tape can be erased and
reused.

Unfortunately, the tangential leakage
field intensity at the surface of the
material is not constant. To optimize the
response, the amplification of the signals
can be varied.

Scabs or slivers projecting from the test
surface can easily tear the tape

Magnetic Particles
Magnetic particles are one of the most
popular means used in industry for
detecting magnetic fields. Indeed,
magnetic particle testing is so popular
that an entire volume of the
Nondestructive Testing Handbook is devoted
to the subject.1 The descriptions below are
therefore cursory.

Magnetic particle testing involves the
application of magnetic particles to the
test object after it is magnetized by using
an appropriate technique. The
ferromagnetic particles preferentially
adhere to the surface of the test object in
areas where the flux is diverted, or leaks
out. The magnetic flux leakage near
discontinuities causes the magnetic
particles to accumulate in the region and
in some cases form an outline of the
discontinuity. Heterogeneities can
therefore be detected by looking for
indications of magnetic particle
accumulations on the surface of the test
object either with the naked eye or
through a camera. The indications are
easier to see if the particles are bright and
reflective. Alternately, particles that
fluoresce under ultraviolet or visible
radiation may be used. The test object has
to be viewed under appropriate levels of
illumination with radiation of appropriate
wavelength (visible, ultraviolet or other).

Application Techniques
Magnetic particles are applied to the
surface by two different techniques in
industry.
Dry Testing. Dry techniques use particles
applied in the form of a fine stream or an
aerosol. They consist of high permeability
ferromagnetic particles coated with either
reflective or fluorescent pigments. The
particle size is chosen according to the
dimensions of the discontinuity sought.
Particle diameters range from ≤50 to
180 µm (≤0.002 to 0.007 in.). Finer
particles are used for detecting smaller
discontinuities where the leakage
intensity is low. Dry techniques are used
extensively for testing welds and castings
where heterogeneities of interest are
relatively large.
Wet Testing. Wet techniques are used for
detecting relatively fine cracks. The
magnetic particles are suspended in a
liquid (usually oil or water) usually
sprayed on the test object. Particle sizes
are significantly smaller than those used
with dry techniques and vary in size
within a normal distribution, with most
particles measuring from 5 to 20 µm
(2 × 10–4 to 8 × 10–4 in.). As in the case of
dry powders, the ferromagnetic particles
are coated with either reflective or
fluorescent pigments. More information
on this subject is available elsewhere.1

Imaging of Magnetic Particle
Indications
The magnetic particle distribution can be
examined visually after illuminating the
surface or the surface can be scanned with
a flying spot system or imaged with a
charge coupled device camera.
Flying Spot Scanners. To illuminate the
test object (Fig. 11), flying spot
scanners10,11 use a narrow beam of
radiation — visible light for
nonfluorescent particles and ultraviolet
radiation for fluorescent ones. The source
of the beam is usually a laser. The
wavelength of the beam is chosen
carefully to excite the pigment of the
magnetic particles. The incidence of the
radiation beam on the test object can be
varied by moving the scanning mirror.

The photocell does not sense any light
when the test object is scanned by the
narrow radiation beam until the beam is
directly incident on the magnetic particles
adhering to the test object near a
discontinuity. When this occurs, a large
amount of light is emitted, called
fluorescence if excited by ultraviolet
radiation. The fluorescence is detected by
a single phototube equipped with a filter
that renders the system blind to the
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radiation from the irradiating source. The
output of the photocell is suitably
amplified, digitized and processed by a
computer.
Charge Coupled Devices. An alternative
approach is to flood the test object with
radiation whose wavelength is carefully
chosen to excite the pigment of the
magnetic particles. Charge coupled device
cameras,12,13 equipped with optical filters
that render the camera blind to radiation
from the source but are transparent to
light emitted by the magnetic particles,
can be used to image the surface very
rapidly.

In very simple terms, charge coupled
devices each consist of a two-dimensional
array of tiny pixels that each accumulates
a charge corresponding to the number of
photons incident on it. When a readout
pulse is applied to the device, the
accumulated charge is transferred from
the pixel to a holding or charge transfer
cell. The charge transfer cells are
connected in a manner that allows them
to function as a bucket brigade or shift
register. The charges can, therefore, be
serially clocked out through a
charge-to-voltage amplifier that produces
a video signal.

In practice, charge coupled device
cameras can be interfaced to a personal
computer through frame grabbers, which
are commercially available. Vendors of
frame grabbers usually provide software
that can be executed on the personal
computer to process the image. Image
processing software can be used for
example to improve contrast, highlight
the edges of discontinuity or to minimize
noise in the image.

Test Calculations
In determining the magnetic flux leakage
from a discontinuity, certain conditions
must be known: (1) the discontinuity’s
location with respect to the surfaces from
which measurements are made, (2) the
relative permeability of the material
containing the discontinuity and (3) the
levels of magnetic field intensity H and
magnetic flux density B in the vicinity of
the discontinuity. Even with this
knowledge, the solution of the applicable
field equations (derived from Maxwell’s
equations of electromagnetism) is difficult
and is generally impossible in closed
algebraic form. Under certain
circumstances, such as those of
discontinuity shapes that are easy to
handle mathematically, relatively simple
equations can be derived for the magnetic
flux leakage if simplifying assumptions are
made. This simplification does not apply
to subsurface inclusions.
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Finite Element Techniques
An advance in magnetic theory since
1980 has been the introduction of finite
element computer codes to the solution
of magnetostatic problems. Such codes
came originally from a desire to minimize
electrical losses from electromagnetic
machinery but soon found application in
magnetic flux leakage theory. The
advantage of such codes is that, once set
up, discontinuity leakage fields can be
calculated by computer for any size and
shape of discontinuity, under any
magnetization condition, so long as the
B,H curve for the material is known.

In the models of magnetic flux leakage
discussed so far, the implicit assumptions
are (1) that the field within a
discontinuity is uniform and (2) that the
nonlinear magnetization characteristic
(B,H curve) of the tested material can be
ignored. Much of the early pioneering
work in magnetic flux leakage modeling
used these assumptions to obtain closed
form solutions for leakage fields.

The solutions of classical problems in
electrostatics have been well known to
physicists for almost a century and their
magnetostatic analogs were used to
approximate discontinuity leakage fields.
Such techniques work reasonably well
when the permeability around a
discontinuity is constant or when
nonlinear permeability effects can be
ignored. The major problem that remains
is how to deal with real discontinuity
shapes often impossible to handle by
classical techniques.

Such deficiencies are overcome by the
use of computer programs written to
allow for nonlinear permeability effects
around oddly shaped discontinuities.
Specifically, computerized finite element
techniques, originally developed for
studying magnetic flux distributions in
electromagnetic machinery, have also
been developed for nondestructive
testing. Both active and residual
excitation are discussed above. The
extension of the technique to include
eddy currents is detailed elsewhere in this
volume.
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Magnetic flux leakage testing is a
commonly used technique. Signals from
probes are processed electronically and
presented in a manner that indicates the
presence of discontinuities. Although
some techniques of magnetic flux leakage
testing may not be as sophisticated as
others, it is probable that more
ferromagnetic material is tested with
magnetic flux leakage than with any other
technique.

Magnetizing techniques have evolved
to suit the geometry of the test objects.
The techniques include yokes, coils, the
application of current to the test object
and conductors that carry current through
hollow test objects. Many situations exist
in which current cannot be applied
directly to the test object because of the
possibility of arc burns. Design
considerations for magnetization of test
objects often require minimizing the
reluctance of the magnetic circuit,
consisting of (1) the test object, (2) the
magnetizing system and (3) any air gaps
that might be present.

Test Object Configurations

Short Asymmetrical Objects
A short test object with little or no
symmetry may be magnetized to
saturation by passing current through it
or by placing it in an encircling coil. If
hollow, a conductor can be passed
through the test object and magnetization
achieved by any of the standard
techniques (these include half-wave and
full-wave rectified alternating current,
pure direct current from battery packs or
pulses from capacitor discharge systems).
For irregularly shaped test objects, testing
by wet or dry magnetic particles is often
performed, especially if specifications
require that only surface breaking
discontinuities be found.

Elongated Objects
The cylindrical symmetry of elongated
test objects such as wire rope permits the
use of a relatively simple flux loop to
magnetize a relatively short section of the
rope. Encircling probes are placed at some
distance from the rope to permit the
passage of splices. Such systems are also
suited for pumping well sucker rods and
other elongated oil field test objects.

After a well is drilled, the sides of the
well are lined with a relatively thin steel
casing material, which is then cemented
in. This casing can be tested only from
the inside surface. The cylindrical
geometry of the casing permits the flux
loop to be easily calculated so that
magnetic saturation of the well casing is
achieved.

As with inservice well casing, buried
pipelines are accessible only from the
inside surface. The magnetic flux loop is
the same as for the well casing test
system. In this case, a drive mechanism
must be provided to propel the test
system through the pipeline.

Threaded Regions of Pipe
An area that requires special attention
during the inservice testing of drill pipe is
the threaded region of the pin and box
connections. Common problems that
occur in these regions include fatigue
cracking at the roots of the threads and
stretching of the thread metal. Automated
systems that use both active and residual
magnetic flux techniques can be used for
detecting such discontinuities.

Ball Bearings and Races
Systems have been built for the
magnetization of both steel ball bearings
and their races. One such system uses
specially fabricated hall elements as
detectors.

Relatively Flat Surfaces
The testing of welded regions between flat
or curved plates is often performed using
a magnetizing yoke. Probe systems
include coils, hall effect detectors,
magnetic particles and magnetic tape.

Discontinuity Mechanisms
In the metal forming industry,
discontinuities commonly found by
magnetic flux leakage techniques include
overlaps, seams, quench cracks, gouges,
rolled-in slugs and subsurface inclusions.
In the case of tubular goods, internal
mandrel marks (plug scores) can also be
identified when they result in remaining
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wall thicknesses below some specified
minimum. Small marks of the same type
can also act as stress raisers and cracking
can originate from them during quench
and temper procedures. Depending on the
use to which the material is put,
subsurface discontinuities such as porosity
and laminations may also be considered
detrimental. These types of discontinuities
may be acceptable in welds where there
are no cyclic stresses but may cause
injurious cracking when such stresses are
present.

In the metal processing industries,
grinding especially can lead to surface
cracking and to some changes in surface
metallurgy. Such discontinuities as
cracking have traditionally been found by
magnetic flux leakage techniques,
especially wet magnetic particle testing.

Service induced discontinuities include
cracks, corrosion pitting, stress induced
metallurgy changes and erosion from
turbulent fluid flow or metal-to-metal
contact. In those materials placed in
tension and under torque, fatigue
cracking is likely to occur. A discontinuity
that arises from metal-to-metal wear is
sucker rod wear in tubing from producing
oil wells. Here, the pumping rod can rub
against the inner surface of the tube and
both the rod and tube wear thin. In wire
rope, the outer strands will break after
wearing thin and inner strands sometimes
break at discontinuities present when the
rope was made. Railroad rails are subject
to cyclic stresses that can cause cracking
to originate from otherwise benign
internal discontinuities.

Loss of metal caused by a conducting
fluid near two slightly dissimilar metals is
a very common form of corrosion. The
dissimilarity can be quite small, as for
example, at the heat treated end of a rod
or tube. The result is preferential
corrosion by electrolytic processes,
compounded by erosion from a contained
flowing fluid. Such loss mechanisms are
common in subterranean pipelines,
installed petroleum well casing and in
refinery and chemical plant tubing.

The stretching and cracking of threads
is a common problem. For example, when
tubing, casing and drill pipe are
overtorqued at the coupling, the threads
exist in their plastic region. This causes
metallurgical changes in the metal and
can create regions where stress corrosion
cracking takes place in highly stressed
areas at a faster rate than in areas of less
stress. Couplings between tubes are a
good example of places where material
may be highly stressed. Drill pipe threads
are a good example of places where such
stress causes plastic deformation and
thread root cracking.
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Typical Magnetic Flux
Leakage Techniques

Short Parts
For many short test objects, the most
convenient probe to use is the magnetic
particle. The test object can be inspected
for surface breaking discontinuities during
or after it has been magnetized to
saturation. For active field testing, the test
object can be placed in a coil carrying
alternating current and sprayed with
magnetic particles. Or it can be
magnetized to saturation by a direct
current coil and the resulting residual
induction can be shown with magnetic
particles. In the latter case, the induction
in the test object can be measured with a
flux meter. Wet particles perform better
than dry ones because there is less
tendency for the wet particles to fur (that
is, to stand up like short hairs) along the
field lines that leave the test object. These
techniques will detect transversely
oriented, tight discontinuities.

The magnetic flux leakage field
intensity from a tight crack is roughly
proportional to the magnetic field
intensity Hg across the crack, multiplied
by crack width Lg. If the test is performed
in residual induction, the value of Hg
(which depends on the local value of the
demagnetization field in the test object)
will vary along the test object. Thus, the
sensitivity of the technique to
discontinuities of the same geometry
varies along the length of the test object.

For longitudinally oriented
discontinuities, the test object must be
magnetized circumferentially. If the test
object is solid, then current can be passed
through the test object, the surface field
intensity being given by Ampere’s law:

(9)

where dl is an element of length (meter),
H is the magnetic field intensity (ampere
per meter) and I is the current (ampere) in
the test object.

If the test object is a cylindrical bar, the
symmetry of the situation allows H to be
constant around the circumference, so the
closed integral reduces:

(10)

or:

(11) H =
π
I
R2

2π =R IH
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where R is the radius (meter) of the
cylindrical test object. A surface field
intensity that creates an acceptable
magnetic flux leakage field from the
minimum sized discontinuity must be
used. Such fields are often created by
specifying the amperage per meter of the
test object’s outside diameter.

Transverse Discontinuities
Because of the demagnetizing effect at the
end of a tube, automated magnetic flux
leakage test systems do not generally
perform well when scanning for
transverse discontinuities at the ends of
tubes. The normal component Hy of the
field outside the tube is large and can
obscure discontinuity signals. Test
specifications for such regions often
include the requirement of additional
longitudinal magnetization at the tube
ends and subsequent magnetic particle
tests during residual induction. This
situation is equivalent to the
magnetization and testing of short test
objects as outlined above.

The flux lines must be continuous and
must therefore have a relatively short
path in the metal. Large values of the
magnetizing force at the center of the coil
are usually specified. Such values depend
on the weight per unit length of the test
object because this quantity affects the
ratio of length L to diameter D. Where the
test object is a tube, the L·D–1 ratio is
given by the length between the poles
divided by twice the wall thickness of the
tube. (The distance L from pole to pole
can be longer or shorter than the actual
length of the test object and must be
estimated by the operator.) As a rough
example, with L = 460 mm (18 in.) and
D = 19 mm (0.75 in.), the L·D–1 ratio
is 24.

The effective permeability of the metal
under test is small because of the large
demagnetization field created in the test
object by the physical end of the test
object. An empirical formula is often used
to calculate approximately the effective
permeability µ:

(12)

so effective permeability µ = 139 in the
above example.

For wet magnetic particle testing, the
surface tension of the fluids that carry the
particles is large enough to confine the
particles to the surface of the test object.
This is not the case with dry particles,
which have the tendency to stand up like
fur along lines of magnetizing force.

In many instances, it may be better to
use some other test technique for

µ = −6 5
L
D

transverse discontinuities, such as
ultrasonic or eddy current techniques.

Alternating Current versus Direct
Current Magnetization
Alternating current magnetization is more
suitable for detection of outer surface
discontinuities because it concentrates the
magnetic flux at the surface. For equal
magnetizing forces, an alternating current
field is better for detecting outside surface
imperfections but a direct current field is
better for detecting imperfections below
the surface.

In practice, the ends of tubes are tested
for transverse discontinuities by the
following magnetic flux leakage
techniques.

1. Where there is a direct current active
field from an encircling coil, magnetic
particles are thrown at the tested
material while it is maintained at a
high level of magnetic induction by a
direct current field in the coil. This
technique is particularly effective for
internal cracks. Fatigue cracks in drill
pipe are often found by this
technique.

2. Where there is an alternating current
active field from an encircling coil,
magnetic particles are thrown at the
tested material while it lies inside a
coil carrying alternating current. Using
50 or 60 Hz alternating current, the
penetration of the magnetic field into
the material is small and the
technique is good only for the
detection of outside surface
discontinuities.

When tests for both outer surface and
inner surface discontinuities are necessary,
it may be best to test first for outer surface
discontinuities with an alternating current
field, then for inner surface
discontinuities with a direct current field.

Liftoff Control of Scanning Head
To obtain a stable detection of
discontinuities, liftoff between the probe
and the surface of the material must be
kept constant. Usually liftoff is kept
constant by contact of the probe with the
surface but the probe tends to wear with
this technique. A magnetic floating
technique has been used for noncontact
scanning. In this technique, liftoff is
measured by a gap probe and the probe
holder is moved by a voice coil motor,
controlled by the gap signal.15 This system
and related technology are described in
this volume’s chapter on primary metals
applications.
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Particular Applications

Wire Ropes
An interesting example of an elongated
steel product inspected by magnetic flux
leakage testing is wire rope. Such ropes are
used in the construction, marine and oil
production industries, in mining
applications and elevators for personnel
and raw material transportation. Testing is
performed to determine cross sectional
loss caused by corrosion and wear and to
detect internal and external broken wires.
The type of flux loop used (electromagnet
or permanent magnet) can depend on the
accessibility of the rope. Permanent
magnets might be used where taking
power to an electromagnet might cause
logistic or safety problems.

By making suitable estimates of the
parameters involved, a reasonably good
estimate of the flux in the rope can be
made. Because discontinuities can occur
deep inside the rope material, it is
essential to maintain the rope at a high
value of magnetic flux density, 1.6 to
1.8 T (16 to 18 kG). Under these
conditions, breaks in the inner regions of
the rope will produce magnetic flux
leakage at the surface of the rope.

The problem of detecting magnetic
flux leakage from inner discontinuities is
compounded by the need to maintain the
magnetic probes far enough from the rope
for splices in the rope to pass through the
test head. Common probes include hall
effect detectors and encircling coils.

The cross sectional area of the rope can
be measured by sensing changes in the
magnetic flux loop that occur when the
rope gets thinner. The air gap becomes
larger and so the value of the field
intensity falls. This change can easily be
sensed by placing hall effect probes
anywhere within the magnetic circuit.

Internal Casing or Pipelines
The testing of inservice well casing or
buried pipelines is often performed by
magnetic flux leakage techniques. Various
types of wall loss mechanisms occur,
including internal and external pitting,
erosion and corrosion caused by the
proximity of dissimilar metals.

From the point of view of magnetizing
the pipe metal in the longitudinal
direction, the two applications are
identical. The internal diameters and
metal masses involved in the magnetic
flux loop indicate that some form of
active field excitation must be used.
Internal diameters of typical production
or transportation tubes range from about
100 mm (4 in.) to about 1.2 m (4 ft).
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If the material is generally horizontal,
some form of drive mechanism is
required. Because the test device (a robotic
crawler) may move at differing speeds, the
magnetic flux leakage probe should have
a signal response independent of velocity.
For devices that operate vertically, such as
petroleum well casing test systems, coil
probes can be used if the tool is pulled
from the bottom of the well at a constant
speed. In both types of instrument, the
probes are mounted in pads pressed
against the inner wall of the pipe.

Because both line pipe and casing are
manufactured to outside diameter size,
there is a range of inside diameters for
each pipe size. Such ranges may be found
in specifications. To make the air gap as
small as possible, soft iron attachments
can be screwed to the pole pieces.

For the pipeline crawler, a recorder
package is added and the signals from
discontinuities are tape recorded. When
the tapes are retrieved and played back,
the areas of damage are located. Pipe
welds provide convenient magnetic
markers. With the downhole tool, the
magnetic flux leakage signals are sent up
the wire line and processed in the logging
truck at the wellhead.

A common problem with this and
other magnetic flux leakage equipment is
the need to determine whether the signals
originate from discontinuities on the
inside or the outside surface of the pipe.
Production and transmission companies
require this information because it lets
them determine which form of corrosion
control to use. The test shoes sometimes
contain a high frequency eddy current
probe system that responds only to inside
surface discontinuities. Thus, the
occurrence of both magnetic flux leakage
and eddy current signals indicates an
inside surface discontinuity whereas the
occurrence of a magnetic flux leakage
signal indicates only an outside surface
discontinuity.

Problems with this form of testing
include the following.

1. The magnetic flux leakage system
cannot measure elongated changes in
wall thickness, such as might occur
with general erosion.

2. If there is a second string around the
tested string, the additional metal
contributes to the flux loop, especially
in areas where the two strings touch.

3. A relatively large current must be sent
down the wire line to raise the pipe
wall to saturation. Temperatures in
deep wells can exceed 200 °C (325 °F).

4. The tool may stick downhole or
underground if external pressures
cause the pipe to buckle.



Cannon Tubes
In elongated tubing, the presence of
rifling affects the ability to perform a
good test, especially for discontinuities
that occur in the roots of the rifling.
Despite the presence of extraneous signals
from internal rifling, however, rifling
causes a regular magnetic flux leakage
signal that can be distinguished from
discontinuity signals. As a simulated
discontinuity is made narrower and
shallower, the signal will eventually be
indistinguishable from the rifle bore
noise. In magnetic flux leakage testing,
cannon tubes can be magnetized to
saturation and scanned with hall elements
to measure residual induction.

Round Bars and Tubes
In some test systems, round bars and
tubes have been magnetized by an
alternating current magnet and rotated
under the magnet poles. Because the
leakage flux from surface discontinuities is
very weak and confined to a small area,
the probes must be very sensitive and
extremely small. The system uses a
differential pair of magnetodiodes to
sense leakage flux from the discontinuity.
The differential output of these twin
probes is amplified to separate the leakage
flux from the background flux. In this
system, pipes are fed spirally under the
scanning station, which has an
alternating current magnet and an array
of probe pairs. The system usually has
three scanning stations to increase the
test rate.

In one similar system, round billets are
rotated by a set of rollers while the billet
surface is scanned by a transducer array
moving straight along the billet axis.
Seamless pipes and tubes are made from
the round billets.

In another tube test system, the
transducers rotate around the pipe as the
pipe is conveyed longitudinally.
Overlapping elliptical printed circuit coils
are used instead of magnetodiodes and are
coupled to electronic circuits by slip rings.
The system can separate seams into
categories according to crack depth.

Billets
A relatively common problem with square
billets is elongated surface breaking
cracks. By magnetizing the billet
circumferentially, magnetic flux leakage
can be induced in the resulting residual
magnetic field.

Magnetic flux leakage systems for
testing tubes exhibit the same general
ability to classify seam depth. It is
generally accepted that even with the lack
of correlation between some of the
instrument readings and the actual
discontinuity depths, the automatic
readout of these two systems still
represents an improvement over visual or
magnetic particle testing.

One technique, often called
magnetography, for the detection of
discontinuities uses a belt of flux sensitive
material, magnetic tape, to record
indications. Discontinuity fields
magnetize the tape, which is then
scanned with an array of microprobes or
hall effect detectors. Finally, the tape
passes through an erase head before
contacting the billet again. Because the
field intensity at the corners is less than at
the center of the flat billet face, a
compensation circuit is required for equal
sensitivity across the entire surface.

Damage Assessment
In most forms of magnetic flux leakage
testing, discontinuity dimensions cannot
be accurately measured by using the
signals they produce. The final signal
results from more than one dimension
and perhaps from changes in the
magnetic properties of the metal
surrounding the discontinuity.

Signal shapes differ widely, depending
on location, dimensions and
magnetization level. It is therefore
impossible to accurately assess the damage
in the test object with existing
equipment. Under special circumstances
(for example, when surface breaking
cracks can be assumed to share the same
width and run normal to the material
surface), it may be possible to correlate
magnetic flux leakage signals and
discontinuity depths. This correlation is
normally impossible.

Commercially available equipment
does not reconstruct all the desired
discontinuity parameters from magnetic
flux leakage signals. For example, the
signal shape caused by a surface breaking
forging lap is different from that caused
by a perpendicular crack but no
automated equipment uses this difference
to distinguish between these
discontinuities.

As with many forms of nondestructive
testing, the detection of a discontinuity
and subsequent followup by either
nondestructive or destructive methods
pose no serious problems for the
inspector. Ultrasonic techniques,
especially a combination of shear wave
and compression wave techniques, work
well for discontinuity assessment after
magnetic flux leakage has detected them.
In some cases, however, the discontinuity
is forever hidden. Such is very often the
case for corrosion in downhole and
subterranean pipes.
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C H A P T E R

Alternating Current
Field Measurement



PART 1. Introduction to Alternating Current Field
Measurement
Background
Alternating current field measurement is
an electromagnetic technique that uses
induced uniform currents and magnetic
flux density sensors to detect and size
surface breaking discontinuities without
calibration. The term uniform means that,
at least in the area under the probe,
current lines (components of electric field
intensity E) in the absence of a
discontinuity are parallel, unidirectional
and equally spaced (Ex = Ez = 0 and
Ey = constant ≠ 0).

In the 1980s, there were moves to
develop nondestructive test techniques for
detecting and sizing fatigue cracks
underwater in welded offshore structures.
The development focused on two existing
techniques — eddy current testing for
detection and alternating current
potential drop testing for sizing.

Conventional eddy current techniques
were not particularly effective because of
the scanning patterns needed across the
weld and because of the signals received
from the weld itself. The developments
therefore concentrated on producing eddy
current probes that could test the whole
weld while being scanned only parallel to
the weld. This was achieved by using
arrays of coils covering the weld. To assist
detection, because the probe was no
longer being scanned across the weld toe
(and hence the discontinuity), coils of
more than one orientation were used to
obtain signals from the ends of a
discontinuity as well as the center. Both
the induction coils and sensing coils were
relatively large to give wide coverage
rather than high sensitivity because there
was no need to detect discontinuities less
than 1 mm (0.04 in.) deep in the types of
welds found underwater. The
development emphasized detection of
discontinuities and suppression of liftoff
effects. Crack depth had to be sized with
calibration slots.1

Alternating Current
Potential Drop Technique
The alternating current field measurement
technique was developed out of work on
the potential drop techniques. Potential
drop test applications in the 1980s tended
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to use direct current rather than
alternating current.2

Conventional potential drop testing
injects an alternating current at points on
either side of the crack (so that the test
object becomes part of the energizing
circuit) by using spot welded pins or
magnetically attached sprung pins and
then measures differences of electric
potential at the surface adjacent to and
across the crack. The current can,
however, be induced into the test site
instead of being injected. Current has
been induced where direct injection is
difficult (such as on threaded connections
or on materials where magnetic
attachment does not work) or where the
electric field intensity would otherwise be
too low — for example, on low
conductivity metals such as aluminum.

An induced field can be achieved either
by laying current carrying wires on the
test object surface across the line of the
crack or by building an inducing coil into
the voltage probe. This means of
induction simplifies deployment
underwater but in many cases requires the
area around the crack to be cleaned (and
kept clean) to bright metal in order to
allow voltage measurements to be made.
When used with an induced field,
alternating current potential drop
becomes an eddy current technique
although it is not usually recognized as
such.

The alternating current potential drop
technique has the advantage that, being
initially uniform, the current flow past a
wide range of discontinuities can easily be
mathematically modeled. Comparisons
can then be made between measured and
predicted voltages, allowing estimation of
crack depth and shape without
calibration.3-8

The alternating current potential drop
technique struggled when deployed
underwater because of the need to make
good electrical contact with the metal
surface. For the potential drop technique
to be usable underwater, means were
developed to obviate electrical contact
with the test object. Instead of measuring
the surface electric field with contacting
pins, the magnetic flux density just above
the surface was measured with
noncontacting coils while retaining the
ability of alternating current potential



drop to calculate crack depth without
calibration.

Magnetic Field
Measurement
Work in potential drop testing in the early
1990s studied the surface electric fields to
describe the associated magnetic fields. As
with alternating current potential drop
testing, field measurement made it
possible to estimate crack depths without
calibration.9

As it turned out, making a
noncontacting technique from alternating
current potential drop meant that the
probe could be scanned along a weld very
easily. Thus, although alternating current
field measurement was developed for
noncontact sizing, it was useful also for
discontinuity detection. 

The modeling of alternating current
field measurement does not require the
input field to be induced. Indeed, early
experiments with the technique often
used injected currents to give better large
scale uniformity. In this situation,
therefore, alternating current field
measurement does not use eddy currents,
so the boundaries between alternating
current potential drop, alternating current
field measurement and conventional eddy
current test techniques are blurred. There
are other electromagnetic techniques of
the same general type: uniform field eddy
current, current perturbation,
electromagnetic array and surface
magnetic flux density measurement
techniques. Applications include offshore
oil platforms,10 petrochemical
equipment,11-13 threaded connections,14

cranes,15 bridges and rails.16

MOVIE.
Testing of
threads.
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PART 2. Alternating Current Field Measurement
Technique

FIGURE 1. Uniform magnetic field generated by horizontal
solenoid: (a) induction of magnetic field by alternating
current in coil; (b) uniform field induced by alternating
current in metal surface.

(a)

(b)

Resultant alternating magnetic field

Alternating current passed through coil

Alternating current induced in metal surface

Magnetic field

Area of approximately
uniform field
Principle of Operation
The alternating current field measurement
technique involves inducing a locally
uniform current into a test object and
measuring the magnetic flux density
above the test object surface. The presence
of a surface breaking discontinuity
perturbs the induced current and the
magnetic flux density. Relative, rather
than absolute, amplitudes of components
of the magnetic flux density are used to
minimize variations caused by material
properties, instrument calibration and
other circumstances. These relative
amplitudes are compared with values in
sizing tables produced from a
mathematical model to estimate
discontinuity sizes without the need for
calibration using artificial discontinuities
such as slots. This feature of alternating
current field measurement is useful
because calibration on slots is prone to
error for several reasons.

1. Calibration adds opportunities for
operator error (and one mistake on a
calibration setting will affect all
subsequent sizing).

2. Slots behave differently, electrically,
from real cracks. In particular, the
magnetic fields inside the slot width
produce extra induction effects.17

3. Slots in calibration blocks are often in
materials with different properties (for
example, parent plate rather than heat
affected zone or weld material).

4. Slots often have geometry different
from that of a real crack (for example,
a rectangular shape rather than the
semielliptical shape more typical of
fatigue cracks).

5. The range of slots available in a
calibration block is limited. In
particular, they tend to be of the same
length, whereas the signal intensity
can be affected by crack length as well
as depth, particularly for short cracks.

The sizing tables have been produced
by repeated running of the model for
semielliptical cracks in a wide range of
different lengths and depths. The model is
called the forward problem for which the
discontinuity size is known and the
signals are then predicted. For the inverse
problem, sizing an unknown
discontinuity when the signal variations
are known, software is used to interpolate
250 Electromagnetic Testing
between and within these tables. The
mathematical model used in early
development work assumes that the
incident current is uniform on a scale
comparable to the discontinuity. That is,
the electric field lines were parallel and
equally spaced. The model also assumes
that the standard depth of penetration is
small compared to the depth of the
discontinuity.

The method in its simplest form uses
an instrument and a hand held probe
containing a uniform field induction



FIGURE 3. Effect of surface breaking discontinuity on magnetic
field.
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system and two magnetic field sensors.
Software on an external personal
computer is used to control the
instrument and to display and analyze the
data.

The required locally uniform magnetic
field is induced using one or more
horizontal axis solenoids, with or without
a yoke (see Fig. 1). By convention, the
direction of this electric field E is
designated as the Y axis and the direction
of the associated uniform magnetic flux
density B (at right angles to the electric
field and parallel to the test surface) is
designated as the X axis. The Z axis is
then the direction normal to the surface
(Fig. 2).

With no discontinuity present and a
uniform current flowing in the
Y direction, the magnetic field is uniform
in the X direction perpendicular to the
current flow. Thus, Bx, By and Bz are the
three orthogonal components (in tesla) of
magnetic flux density B. Bx will have a
constant positive value whereas By and Bz
will both be zero.

Figure 3 shows the effect of a surface
breaking discontinuity on the magnetic
field. The presence of a discontinuity
diverts current away from the deepest
parts and concentrates it near the ends of
a crack. The current distribution produces
a broad dip in Bx along the discontinuity
with the minimum value coinciding with
the deepest point of the discontinuity.
The amplitude of this dip is larger for a
deeper discontinuity of a given length. At
the same time, concentration of current
lines where it flows around the
discontinuity ends produces small peaks
in Bx. The same circulation around the
discontinuity ends also produces a
nonzero Bz component. The flow is
clockwise around one end, producing a
negative value of Bz (pointing into the
surface) and counterclockwise around the
other end producing a positive value of Bz
(out of the surface). The locations of the
maximum (positive and negative) values
FIGURE 2. Coordinates conventionally used in alternating
current field measurement.
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of Bz are close to, but not coincident with,
the ends of the physical discontinuity.

The By component also becomes
nonzero in the presence of a
discontinuity, producing a peak and a
trough at both ends of the discontinuity
but these are antisymmetric across the
line of the discontinuity. Because a By
sensor scanning exactly along the line of
a discontinuity would see no response,
the By component is not usually measured
in alternating current field measurement.

Measurements of Bx and Bz from
sensors in the probe are used with
software algorithms to determine the
length and depth of the discontinuity. To
aid interpretation, the Bx and Bz
components are often plotted against
each other to produce a closed loop
indication. Because of its shape, the
display is often called a butterfly plot
(Fig. 4). This loop’s size is insensitive to
probe speed, so this display can help to
interpret data and evaluate indications.

The actual parameters used by the
software can vary but must include the
following.
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1. The perturbation amplitude is needed
for one component of the magnetic
flux density produced by the
discontinuity (usually Bx but Bz can
also be used).

2. The intensity of the input magnetic
flux density Bx is used to normalize
the perturbation. This background Bx
value must therefore be measured in
an area of properties similar to the
perturbation value. This area is
normally next to the discontinuity but
outside its influence.

3. A measurement unit is needed to
quantify the signal. This unit is
usually the distance between the peak
and trough in the Bz signal because
these signals are sharply defined but
the distance between the peaks in Bx
can also be used.

Typical Probe Designs
Figure 5 shows components arranged in a
typical alternating current field
measurement test. The exact parameters
used in a probe vary according to the
application. The larger dimensions are
used where possible because they give the
most uniform field and allow the two
252 Electromagnetic Testing

FIGURE 4. Data from longitudinal
discontinuity: (a) chart recorder plot;
(b) butterfly shaped plot.
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sensors to be wound concentrically, which
gives clear symmetric loops in the
butterfly plot. In probes designed for tight
access applications or for higher
sensitivity, the smaller dimensions are
used.

Uniform Field
The alternating current field measurement
technique uses a uniform input field to
allow comparison of signal intensities
with theoretical predictions. A uniform
field has advantages and disadvantages
compared with conventional eddy
currents. The main advantages are (1) the
ability to test through coatings several
millimeters (one or two tenths of an inch)
thick, (2) the ability to obtain depth
information on cracks up to 25 mm
(1 in.) deep and (3) easier testing at
material boundaries such as welds. The
main disadvantages are (1) lower
sensitivity to small discontinuities,
(2) signals obtained from nearby geometry
changes (such as plate edges) and
(3) dependence of signals on
discontinuity orientation relative to
probe. These advantages and
disadvantages are discussed below.

Advantages

Testing through Coatings. The primary
advantage of using a uniform field is that
the intensity of the input field decays
gradually with distance from the inducing
coil; the intensity of the field perturbed
by a discontinuity also decays gradually
with distance above the surface. The
intensity of a uniform field performance
does not drop off very rapidly with probe
liftoff, so alternating current field
measurement can be used to test through
thick nonconductive coatings. The
technique can be used on painted or rusty
surfaces or on structures covered with

MOVIE.
Testing through
coatings.
FIGURE 5. Typical alternating current field
measurement probe layout.

Probe coils, 1 to 5 mm 
(0.04 to 0.2 in.) in
diameter

20 to 40 mm
(0.8 to 1.6 in.)

Solenoid, 15 to 30 mm

(0.6 to 1.2 in.) long

Test object



protective or fire resistant coatings several
millimeters (one or two tenths of an inch)
thick.
Depth Information. The second advantage
is that the larger inducing coil forces
currents to flow farther down the face of a
deep crack. Currents from conventional
eddy current probes flow in circles a few
millimeters (about an eighth of an inch)
across. When a probe lies over a deep
crack, the current splits into two separate
circles, one on each side of the crack and
confined to the top few millimeters
(about an eighth of an inch) of the crack
face. Because essentially no current then
flows to the bottom of the crack, no
information can be obtained about where
the bottom is, so the depth of the crack
cannot be measured.

The same feature occurs with an
alternating current field measurement
probe but, because the depth of
penetration down the crack face is related
to the size of the magnetic field inducing
coil, an alternating current field
measurement probe can measure more
deeply, typically 15 to 30 mm (0.6 to
1.2 in.), depending on probe type.

Greater depths could be achieved if a
directly injected current were used instead
of an induced one but direct injection is
infrequently used because it requires a
clean metal surface and the current
density achieved (and hence the signal
intensity) would be much less than with
an induced field. In these circumstances,
alternating current potential drop testing
would be more suitable.
Material Boundaries. A third advantage of
a uniform field arises when testing at a
weld or other boundary between two
metals of different permeability or
conductivity. In this case, if the probe is
scanning for discontinuities parallel to the
boundary, no probe motion is required
across the boundary and no signals are
caused by the change in material
property. Also, the currents are flowing
perpendicularly across the boundary, so
the effect of this material change is
reduced even when scanning up to it.

Disadvantages

Reduced Sensitivity. The main
disadvantage of using a uniform field is
that sensitivity is reduced. This reduction
is of little consequence on welded or
rough surfaces, where sensitivity would be
reduced anyway. On smooth, clean
surfaces, however, alternating current field
measurement is less sensitive to short or
shallow discontinuities than conventional
eddy current techniques. The smallest
detectable discontinuity on a good surface
with alternating current field
measurement is around 2 mm (0.08 in.)
long or 0.25 mm (0.01 in.) deep.
Geometry Changes. A second
disadvantage of a uniform field is that,
because the currents spread out farther,
signals are obtained from local geometry
changes, such as plate edges and corners.
Although these signals do not usually
have the same form as a signal from a
discontinuity, they can confuse the
operator. If many similar geometries are
being tested, the operator can learn what
signals are caused by the geometry alone
and then ignore these. Alternatively, scans
from discontinuity free sites with the
same geometry can be stored and
displayed for comparison or probes with
differential sensors can be used to
eliminate the large scale signals.
Discontinuity Orientation. A third
disadvantage is that the signals obtained
from a discontinuity depend on the
orientation of the discontinuity. The
uniform field theoretical model would
suggest that no signal be produced when
a probe scans across a transverse
discontinuity, because the current flow is
then parallel to the discontinuity and
would not be perturbed. In fact, in
practice, there is a signal produced in this
situation (caused by magnetic flux lines
jumping the discontinuity) but these do
not conform to the signal expected from a
discontinuity. The operator is trained to
look for the signals caused by a transverse
discontinuity in order to detect them.
Additional scans must be made along the
line of the discontinuity to size it.

Effect of Coating Thickness
One of the main advantages of the
uniform field used in alternating current
field measurement is that it results in a
relatively small reduction in signal
intensity with probe liftoff. Consequently,
alternating current field measurement can
detect cracks through several millimeters
(one or two tenths of an inch) of
nonconductive coating. Typical coatings
include paint, epoxy coatings, oxide
layers, fire protection layers and marine
growth.

The magnetic field inducer is typically
a solenoid, either cylindrical or flat, with
or without a steel core, with axis parallel
to the surface being tested. The length of
the solenoid is typically of the same order
as the distance above the metal surface. At
such distances, the magnetic flux density
decays much slower than the 1·r –3 (where
r is coil radius) decay that occurs far from
the solenoid on the axis of a circular coil.

The maximum coating thickness
through which a discontinuity can be
detected depends on the discontinuity
253Alternating Current Field Measurement



size, the probe type and the signal noise.
Figure 6 shows rates measured at which
the magnetic flux density Bx signal
amplitude drops with coating thickness
for a probe with a flat, 30 mm (1.2 in.)
long solenoid 40 mm (1.6 in.) above the
base of the probe. The signal variation
caused by conditions such as surface
roughness and material property
variations is usually less than 1 percent.
254 Electromagnetic Testing

FIGURE 6. Effect of coating thickness on magnetic flux density
Bx for 5 kHz, 30 mm (1.2 in.) long solenoid probe.
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FIGURE 7. Coating thickness at which magnetic flux density
Bx amplitude drops to 1 percent for solenoid probes of three
sizes.
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The data show that, for example, a 5 mm
(0.2 in.) deep discontinuity in a good
surface should be detectable through
more than 10 mm (0.4 in.) of coating. 

The maximum coating thickness
through which a discontinuity should be
detectable depends on the size of the
probe solenoid. Figure 7 compares the
performances of different probe designs.

For sizing of discontinuities under
coatings, the sizing tables cover a range of
liftoff values to compensate for the fact
that the amplitude is reduced. The coating
thickness needs to be known but only to
the nearest millimeter (about 0.04 in.)
because the effect is small.

The limitation above applies to
nonconductive coatings. The alternating
current field measurement technique can
be used to test through thin conducting
coatings (such as galvanizing, copper
loaded grease, flame sprayed aluminum)
but only if the coating thickness is small
compared to the standard depth of
penetration, about 1 mm (0.04 in.) at
5 kHz in the cases described above.

Deep Crack Limit
Any technique that uses induced currents
to interrogate surface breaking
discontinuities will, for sufficiently deep
discontinuities, face the problem that any
further increase in discontinuity depth
has no effect on the current distribution
on the face of the discontinuity.
Therefore, no information can be gained
about where the bottom of the crack is.
This limiting discontinuity depth depends
on the probe design — in particular, on
the size of the inducing magnetic field.
Figure 8 shows experimental results for
the rate of change in Bx signal amplitude
FIGURE 8. Rate of increase in magnetic flux density Bx
minimum with increasing slot depth.
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FIGURE 10. Signals from 5 mm (0.2 in.) long, 0.2 mm
(0.008 in.) deep slot using straight, pencil shaped probes of
2.0 mm (0.08 in.) coil diameter: (a) at 5 kHz; (b) at 50 kHz.

(a)

le
)

versus discontinuity depth. The points at
which the curves fall below about
0.2 percent per millimeter (5 percent per
inch) are the deepest points that can be
determined with each particular probe
type.

Although this limiting depth is larger
than for standard eddy current probes,
where the small input field usually gives a
maximum distinguishable depth of about
5 mm (0.2 in.), it is important to know
the limitation during testing. If a
discontinuity is sized with a depth close
to the limit, it should be recognized that
this depth is an estimate and that the true
depth may be larger.

Sensitivity to Small
Discontinuities
A larger input field than in a conventional
eddy current probe means that sensitivity
to small discontinuities, particularly in
nonferrous metals, is reduced. Sensitivity
can be improved by using a higher
operating frequency and smaller sensor
coils but at the expense of noise. If
uncorrected, the problems can give less
accurate depth sizing. Using smaller
sensor coils allows the coils to be
deployed with centers closer to the metal
surface, which improves sensitivity to
shallow discontinuities. Also, smaller
diameter coils give better detection of the
ends of short discontinuities because
when the coil is larger than about half the
discontinuity length, the positive and
negative Bz signals from the two ends
tend to cancel each other out.
FIGURE 9. Comparison of 5 kHz and 50 kHz, 2.0 mm
(0.08 in.) diameter coil probes on slots in ferrous steel.
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The smallest discontinuity detectable
by alternating current field measurement
is a function of many parameters. With
sensitive probes on good surfaces,
discontinuities as small as 2 mm (0.08 in.)
long or 0.2 mm (0.008 in.) deep have
been detected in ferritic steel. In
nonferrous metals, the shallowest
detectable discontinuity is around 0.5 mm
(0.02 in.) deep.

Experimental data showing signal
amplitudes for slots with conventional
and high frequency probes are shown in
Fig. 9. Signals from a small discontinuity
in steel at both frequencies are shown in
Fig. 10.

Plate Edges
Compared to a conventional eddy current
probe, the larger size of the magnetic field
inducer for an alternating current field
measurement probe means that the
induced currents spread farther out from
the center of the probe into the test
object. Nearby geometry changes can
affect the current flow and so produce
changes in the measured magnetic flux
density. Features that can produce signals
in this way include plate edges, holes and
support plates.
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Figure 11 shows Bx signals from two
probes scanning up to a plate edge in
ferritic steel. It can be seen that Bx
decreases as the probe approaches the
edge before increasing rapidly to the in-air
value as the sensor reaches the edge.
Comparison of the two probes shows,
however, that the effect on the probe with
the smaller inducer is restricted more to
the area near the edge. Another way to
reduce the effect is to use a probe with
two sets of sensors on a line parallel to
the edge, connected differentially. In this
way, the changing signal from the edge
(seen equally by both sets of sensors)
cancels out whereas a discontinuity signal
(seen more strongly by the sensors passing
over the discontinuity) still shows up. The
drawback with using such a differential
probe is that knowledge of the
background value of Bx is lost, so it is not
possible to size the discontinuity
accurately.

To size a discontinuity that lies within
the range of influence of a plate edge, the
value of the background Bx magnetic flux
density must be estimated at the point
where the discontinuity is deepest. It
must be estimated what value Bx would
have had if the discontinuity had not
been present. This value is obtained either
by drawing a curve joining the two
sections of plot on either side of the
discontinuity (see Fig. 12) or by making a
second probe scan parallel to the
discontinuity but away from its influence.

Transverse Discontinuities
The simple picture of current
perturbations producing the measured
signals would suggest that discontinuities
256 Electromagnetic Testing

FIGURE 11. Change in normalized magnetic flux density Bx
reading, approaching edge of steel plate.
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oriented transverse to the probe scan
direction, thus being parallel to the
uniform currents, would not be detected.

In fact, discontinuities in this
orientation in ferrous steel generally
produce measurable signals that arise
from flux leakage effects rather than
current perturbation. The signals are
relatively short (roughly the length of the
sensor coils). The Bx signal consists of an
upward peak (caused by the increased flux
density above the crack) whereas the Bz
signal is a close peak-to-trough pair
(caused by the flux going up, out of and
then down into the metal on either side
of the crack). This combination results in
an upward loop in a butterfly shaped plot
(Fig. 13c), a loop that is distinct from the
normal longitudinal discontinuity signal
but may be confused with the signal from
a seam weld. The differences between the
signals from a transverse discontinuity
and a seam weld are that the transverse
discontinuity gives shorter signals and
that the signal from a seam weld is
constant wherever the probe crosses it.
The signals are strongest when crossing
the deepest, or widest, part of the crack —
no strong signals are produced at the
crack ends.

Because the signal intensity is related
as much to the crack opening as the
depth, signal intensity cannot be used to
calculate discontinuity depth. Also, no
such signal is obtained in nonferrous
metals. For these reasons, to guarantee
detection of transverse discontinuities,
test procedures should require the
operator to make two sets of scans with
the probe oriented in two orthogonal
directions (or to use an array probe that
continually switches between two
orthogonal current inputs).
FIGURE 12. Estimation of background magnetic field density
Bx near plate edge.
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For cracks in ferrous steel oriented
somewhere between the purely
longitudinal and the purely transverse,
the signals lie between the two extremes
(Figs. 4 and 13, respectively). For
discontinuities within about 30 degrees of
the longitudinal direction, the signals
appear similar to a longitudinal
discontinuity except that the amplitude of
FIGURE 13. Magnetic flux density signals from transverse
discontinuity compared to parallel discontinuity and seam
weld: (a) chart recorder plot of Bx measurements; (b) chart
recorder plot of Bz measurements; (c) butterfly shaped plot
of magnetic flux density.
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the Bx trough is reduced and that the Bz
signal becomes asymmetric — the peak
(or trough) at the leading end of the crack
is larger than the corresponding trough
(or peak) at the trailing end.

For cracks oriented within 30 degrees
of the transverse direction, the signals
look like those from a transverse
discontinuity, except that the Bz signal is
strongly asymmetric.

For cracks oriented at about 45 degrees,
the Bx signal can practically disappear but
Bz signals are obtained from both the
center and the ends of the discontinuity
(Fig. 14).

Restrictions in Theoretical
Model
The theoretical model used to produce the
sizing tables is based on a number of
assumptions. One assumption is that the
input current is unidirectional and of
uniform intensity. It is also assumed that
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FIGURE 14. Magnetic flux density from cracks oriented at
different angles to scan direction: (a) Bx measurement;
(b) Bz measurement.
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the standard depth of penetration is small
compared to the dimensions of the
discontinuity and that the discontinuity
has a semielliptical shape with a length at
least twice as large as the depth.9

There are also restrictions in the
parameter space covered by the sizing
tables for practical reasons (time needed
to generate each datum, memory required
for storage and other software functions).
Consequently, there are limits to the
minimum and maximum length of
discontinuity that can be sized and to the
maximum liftoff that can be
compensated.

As stated above, the assumption of a
uniform input field is required to simplify
the modeling of the interaction between
the current and a planar discontinuity.
Practical alternating current field
measurement probes are designed to have
a uniform field but there is inevitably
some nonuniformity caused by the finite
size of the inducer, particularly for the
smaller probes. The effect of this
nonuniformity, together with any direct
induction between the induction solenoid
and the sensors, is compensated for
during manufacturing setup. Also, the
models have been extended to cover the
effects of nonuniformity in a real probe18

and to improve accuracy.
The restriction to a thin standard depth

of penetration means that the problem
becomes two-dimensional where the test
object surface and the crack face can be
considered as one continuous
two-dimensional surface. This assumption
simplifies the problem but means that the
results from the model cannot be used to
size discontinuities in nonferrous, low
conductivity metals such as stainless steel,
titanium and nickel alloys. Even in high
conductivity metals such as aluminum
and copper, the standard depth of
penetration is often comparable to the
discontinuity depth. In these materials,
estimating discontinuity depth requires
calibration (although each probe is
calibrated once, at the manufacturing
stage).

A further consequence of assuming a
small standard depth of penetration is
that the inclination of the crack plane to
the surface has no effect on the results.
Therefore, no information on crack
inclination can be obtained in practice.
The depth values obtained are the
distances measured down the crack face,
which for an inclined crack will be greater
than the through-thickness penetration of
the crack. If the standard depth of
penetration is not small compared to the
discontinuity, there is likely to be some
asymmetry in the signal from a scan
made across the discontinuity.
Measurement of this asymmetry could
give information on the inclination of the
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discontinuity to the surface (as has been
done with voltage measurements in the
alternating current potential drop
technique19). The asymmetry in
alternating current field measurement,
however, is much smaller.

Finally, a small standard depth of
penetration means that no signal
perturbation is produced by a
discontinuity that does not break the
surface. In thick skin materials, it is
possible to detect subsurface
discontinuities but theory does not allow
the submerged depth or size of subsurface
discontinuities to be calculated from
alternating current field measurements.

The restriction to semielliptical crack
shapes is again a practical restriction.
Sizing tables can be produced for other
shapes (such as circular arc or rectangular)
if required but semielliptical shapes are
chosen because they best fit the real shape
of fatigue cracks. The restriction that the
crack must be shallower than semicircular
is a limit of the transformation used for a
semielliptical coordinate system. However,
in practice, it is unusual for cracks to grow
deeper than this. Also, for a semicircular
crack, the currents already flow
predominantly around the ends of the
crack rather than underneath. Any further
increase in depth for the same surface
length then has very little effect on the
current distribution, so it is not possible
to accurately measure the depth of such
discontinuities — any estimate obtained
will be less than the true depth.

The shortest crack length measurable
with the technique is determined by the
physical size of the Bz sensor coil because,
when the crack length is less than about
twice the coil diameter, the distance
between the peak and trough in the Bz
signal is related to the coil diameter rather
than the crack length. For this reason,
sizing tables in the 1990s were restricted
to lengths above about 5 mm (0.2 in.).

As crack length gets long compared to
the size of the probe, the effect of length
on the Bx signal amplitude (and hence on
the calculated depth) is reduced. Above a
certain limit, the current density at the
middle of a long discontinuity will be
independent of exactly where the ends of
the crack are. Therefore, the sizing tables
are truncated at an upper length limit,
usually around 300 mm (12 in.).

The signal intensity reduces with
height above the discontinuity (liftoff) so
the liftoff tables also need to cover a range
of liftoff to give accurate sizing. For
reasons of space, the tables are truncated
at an upper limit of about 5 mm (0.2 in.).

Nonuniform Field Effects
The original model assumed a uniform
input field and probes are designed to



FIGURE 15. Amplitude of magnetic flux density Bx obtained
from long slots with 15 mm (0.6 in.) long solenoid probe.
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provide a uniform input. However, a
uniform field would mean that no signals
would be obtained from a long crack of
uniform depth, making such a crack
undetectable by alternating current field
measurement. In fact, such cracks are
readily detected by a strong dip in the Bx
reading as a probe crosses the crack. The
size of this dip depends on the crack
depth (Fig. 15).

To quantify this effect, some modeling
work was carried out on the effects of
nonuniformity in the magnetic flux
densities actually generated by finite sized
solenoids in real probes.18 This model was
able to show the change in Bx signal
amplitude with crack depth and also
accounts for the direct induction between
the solenoid and the sensor coils,
induction required for accurate sizing
when the probe liftoff is high.

The nonuniform model requires more
parameters (the size, shape and turn
distribution of the solenoid) than does
the uniform field model. Because these
parameters are specified, any set of results
is specific to a particular design of probe.
259Alternating Current Field Measurement



PART 3. Alternating Current Field Measurement
Accuracy

Legend
= magnetic particle testing (95 percent confidence level)
= alternating current field measurement (95 percent confidence level)
= magnetic particle testing, experimental probability of detection
= alternating current field measurement, experimental probability

of detection

FIGURE 16. Probability of detection for underwater alternating
current field measurement and magnetic particle testing
from 1991 trials: (a) versus length; (b) versus depth.
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Probability of Detection
and Probability of Sizing
As with any nondestructive test
technique, it is necessary to understand
the capabilities and reliability of
alternating current field measurement in
order to properly use the information it
provides. Reliability can be determined
only through extensive trials carried out
on realistic discontinuities in realistic test
objects. The results of such trials are then
usually expressed in terms of probability
of detection, probability of sizing or
receiver operating characteristic.
Equipment using the alternating current
field measurement technique has
undergone a number of such trials, both
separately and with other techniques.

Trials with alternating current field
measurement equipment were carried out
during technique development.20-22 A
library of welded tubular nodes (K, T, X
and Y shaped joints) was produced and
were fatigued to produce real fatigue
cracks of varying length and depth. About
200 fatigue cracks located in various
geometries were produced and were tested
using underwater equipment by the
alternating current field measurement
technique together with other techniques,
for a comparison of performance.
Probability of detection curves were
produced for all of the techniques.
Underwater alternating current field
measurement proved to have detection
capabilities similar to those of underwater
magnetic particle testing, both when
calculated against length (Fig. 16a) and
depth (Fig. 16b) but alternating current
field measurement had fewer false calls
(10 compared to 39 for magnetic particle
testing, out of 120 real discontinuities).

It should be noted that the limiting
probability of detection of 90 percent
shown in Fig. 16a is a lower bound
estimate resulting from the finite number
of discontinuities in the trial. The
discontinuities were arranged in order of
characterized length and then assigned to
four groups of 29 discontinuities. To be
conservative, each group was assigned to
the length of the longest crack in the
group. Binomial statistics dictate that if all
29 discontinuities in a group are detected,
there is a 95 percent confidence level that,
of all discontinuities of the same length,
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the test technique would detect
90 percent. In reality, neither technique
missed any discontinuities longer than
20 mm (0.8 in.) In other words,
experimental probability of detection was
100 percent for discontinuities longer
than 20 mm (0.8 in.).

Another independent evaluation of the
reliability of the technique was carried out
for an array probe system deployed on a
remotely operated vehicle. The remotely
operated vehicle test system was subjected
to blind trials where a series of cracked



FIGURE 17. Experimental probability of detection for
alternating current field measurement by divers on tubular
joints underwater in tanks: (a) versus length; (b) versus
depth.
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Legend
= tank trial with most discontinuities detected
= tank trial with fewest discontinuities detected
= sea trial
and uncracked plates were tested.23 All
data were transferred via the remotely
operated vehicle’s umbilical to the surface
where interpretation was carried out.
Although there were insufficient
discontinuities for a meaningful
probability of detection measure, the trial
included 47 discontinuities ranging in size
from 15 to 200 mm (0.6 to 8 in.) long
with depth from 2 to 10 mm (0.08 to
0.4 in.). A detection percentage of 98 was
achieved and two false calls were
recorded. The false calls were both called
as discontinuities smaller than the target
size of 15 mm × 2 mm (0.6 × 0.08 in.)
whereas the one discontinuity missed was
close to this limit. The performance of the
alternating current field measurement
system deployed by the remotely operated
vehicle was comparable with that of
manual alternating current field
measurement but with a lower false call
rate.

Further tests were carried out blind on
real fatigue cracks in realistic geometries.
The project included a wider range of test
techniques (including some deployed by
remotely operated vehicles), a wider range
of test sites (including one in seawater
near shore) and a wider range of test
objects. The large number of test objects
(almost 200) and discontinuities (more
than 300) also allowed the project to
study operator variability for various
techniques.24,25

Some experimental results from these
trials are shown in Fig. 17. Figure 17a
shows the range of experimental
probability of detection versus crack
length obtained in diver deployed tank
trials on tubular welded joints. The total
number of fatigue cracks included in the
tank trials was 89. Also shown are results
from a more limited sea trial offshore.
Figure 17b shows the same results plotted
against crack depth.

Although it is important for a
nondestructive test technique to have a
high probability of detection, it is also
important that it does not produce too
many false calls. As well as measuring
probability of detection, the trials also
counted false calls and combined the
results as a receiver operating
characteristic.

As part of a program to obtain
approvals for alternating current field
measurement in the United Kingdom rail
industry, a comparative blind trial was
carried out under normal workshop
conditions on 15 railroad car axles.16 All
of the axles had discontinuities present
(fatigue cracks or corrosion pits) produced
during service, which previously would
have caused them to be scrapped by the
overhauler using magnetic particle and
ultrasonic testing. Alternating current
field measurement before cleaning
produced an experimental probability of
detection of 84 percent on discontinuities
more than the target size of 0.5 mm
(0.020 in.) deep. This result compared to
44 percent for the same discontinuities
with magnetic particle testing, even
though the magnetic particle testing was
carried out after cleaning. The alternating
current field measurement system,
deployed on a lathe, was able to detect
discontinuities down to 0.2 mm
(0.008 in.) in depth.
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Influences on Sizing
Accuracy
The accuracy of length sizing is expected
to be good for alternating current field
measurement because the physical
locations of the Bz peak and trough are
closely related to the discontinuity ends.
However, there are instances where the
crack length measured is shorter than that
measured by magnetic particle or liquid
penetrant testing. After sectioning of
some discontinuities in the underwater
trials mentioned above,20-22 it was noticed
that there were instances where the
discontinuity had wing shaped ends too
shallow to be picked up by alternating
current field measurement. Instead, the Bz
signal was responding to the points where
these wings ended and the crack depth
suddenly increased.

The accuracy of depth sizing, on the
other hand, can be affected by a number
of factors including crack inclination,
crack shape and morphology, geometry
effects and material property changes.

Crack Inclination
As mentioned above, alternating current
field measurement testing measures (as
does alternating current potential drop
testing) the crack depth down the crack
face. If the crack is inclined to the surface,
this distance will be greater than the
through-thickness penetration of the
crack (the important parameter for
calculating the remaining mechanical
strength). The test technique will also
overestimate discontinuity depth if the
crack branches under the surface.

Morphology
On the other hand, some discontinuities
can be discontinuous under the surface.
In this case, alternating current field
measurement will only measure the depth
of the discontinuity connected to the
surface and so will underestimate the
depth of the deepest, unconnected, part
of the discontinuity. All these factors need
to be kept in mind when depths from
alternating current field measurement are
compared with depths from ultrasonic
measurements that locate the crack tip
relative to the surface.

A situation where simple interpretation
of alternating current field measurement
signals can incorrectly size discontinuities
is undergoing testing for fatigue cracks in
railroad rail heads. The stress conditions
in the head of a rail mean that these
discontinuities tend to grow sideways as
they propagate, making the length under
the surface greater than the surface
breaking length. With this shape, there is
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a tendency for more of the current to flow
around the ends of the discontinuity on
the surface than would normally flow
around a semielliptical fatigue crack of the
same length. In this case, however, the
discontinuities tend to grow in well
defined patterns, so there is a close
relationship between discontinuity shape
and depth. Crack depth can then be
measured accurately by calibration.

Geometry Effects
Geometric effects need to be taken into
account when sizing discontinuities. The
effect of geometry on current flow and
how to compensate for it are described
above (in the discussion of plate edges). In
other situations, such as discontinuities at
plate ends or in grooves, it is best to
measure the background Bx signal at the
same place on a similar geometry rather
than immediately outside the
discontinuity.

Another situation where a
discontinuity is not semielliptical is when
a crack grows to a plate edge. The crack
may start from a corner, for example, or
may run the full width of a plate. In these
situations, where there are not two
discontinuity ends to measure between,
the normal sizing procedure cannot be
followed.

A crack growing from a corner is a
problem. If the crack is symmetric around
the edges, the current perturbation will
also be symmetric, so using twice the
distance from the crack end to the plate
corner as the crack length should give the
correct answer.

For cracks that are highly
nonsymmetric, most of the current flows
around the short part of the crack, so the
signal perturbation is independent of the
length of the long part of the crack.

Sizing a full width crack requires the
nonuniform current model mentioned
above. Otherwise, use of plate width as
crack length results in a reasonable
estimate of discontinuity depth.

Sensor Coverage and
Lateral Displacement
A large, uniform input field in alternating
current field measurement means that the
current perturbation from a discontinuity
extends some distance away from the line
of a discontinuity. However, there is a
limit beyond which a probe will no longer
be able to detect a given discontinuity.
This limiting distance is larger for deeper
(and, to a lesser extent, longer)
discontinuities and determines the test
width covered by a probe in one scan.
This width coverage in turn determines
the number of passes needed to inspect a



FIGURE 19. Decrease in predicted depth with lateral
displacement: (a) weld probe with 40 mm (1.6 in.) long
solenoid; (b) probe with 20 mm (0.08 in.) diameter coil.
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given weld cap, for example, or the
optimum spacing between sensors in an
array probe.

Detectability of a discontinuity is itself
dependent on surface roughness,
background signal variations and other
factors but it is reasonable to expect that a
discontinuity will be detected if the Bx
signal amplitude is 1 percent or more. On
this basis, Fig. 18 shows the lateral
displacement at which discontinuities at
three depths can still be detected with a
variety of probe types. The discontinuities
all have a length around ten times the
depth, typical for fatigue cracks at welds,
but the results are relatively insensitive to
discontinuity length. The plot shows that
different pencil shaped probes perform
similarly but that, because of its large
solenoid coil measuring 40 mm (1.6 in.)
in length, the weld probe offers better
coverage for the deeper discontinuities.
For example, a 5 mm (0.2 in.) deep
discontinuity could be detected from a
distance of 18 mm (0.7 in.) by using this
weld probe.

The minimum discontinuity size
reliably detected by alternating current
field measurement in blind trials at welds
is usually found to be around 1 mm
(0.04 in.) deep. Figure 18 shows that this
size discontinuity could be detected in the
trial from 5 to 9 mm (0.2 to 0.4 in.) away.
Because the detection range is symmetric
around the center line of the sensor, this
detectability implies that a probe
adequately tests a band between 10 and
18 mm (0.4 and 0.7 in.) wide. There will
be some variation with results from
different probes and from discontinuities
in different geometries. A coverage of
15 mm (0.6 in.) is typical. If the test is
required to find only deeper
FIGURE 18. Lateral displacement at which amplitude of
magnetic flux density Bx drops to 1 percent.
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discontinuities, this coverage will be
wider.

Because the Bx amplitude decreases
with lateral displacement, discontinuity
depths will be underestimated if the
lateral displacement is higher than the
value assumed in the theoretical sizing
tables. This value is zero for pencil shaped
probes (expected to be scanned directly
along the line of the discontinuity) and
2.5 mm (0.1 in.) for weld probes with
40 mm (1.6 in.) long solenoids (where it
is assumed that the discontinuity is at the
weld toe whereas the sensors are set back
from the front of the probe).

Figure 19 shows the experimental effect
of lateral displacement on depth sizing
accuracy. It can be seen that a
discontinuity will be sized around
70 percent of the true depth at a lateral
263Alternating Current Field Measurement
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displacement of 5 mm (0.2 in.). The weld
probe overestimates discontinuity depth
at zero displacement because of the
assumption in the sizing model that the
front edge of the probe, not the sensors,
runs along the weld toe.

False Calls
The false call rate for alternating current
field measurement is generally low unless
frequency is turned too high in an effort
to detect very small discontinuities.
Nevertheless, large signals can be
confused with discontinuities. Such
situations occur mainly when there is a
material property change transverse to the
scanning direction. This situation can be
caused by a seam weld perpendicular to
the weld being tested, especially where it
is ground off and so not visible to the
operator. A seam weld will usually give a
peak in Bx (as in Fig. 13a) but can give a
trough shaped indication if the base
material provides an opposite property
difference. A similar effect can also arise
where a discontinuity has previously been
ground out and refilled with weld metal.
These signals can usually be differentiated
from discontinuity indications by taking
parallel scans some distance away: a
discontinuity indication will drop rapidly
in amplitude whereas a weld seam signal
will not.

One material where particular care has
to be used to avoid false calls is duplex
steel. This is a mixture of ferritic and
nonferritic steels in which the
permeability can vary across the surface
and where shallow localized grinding of
the surface greatly changes the local
permeability.26
264 Electromagnetic Testing



PART 4. Alternating Current Field Measurement
Indications
Cracks

Fatigue Cracks
Alternating current field measurement
was designed for the detection and sizing
of fatigue cracks. Three considerations
make the technique well suited for
finding such discontinuities.

1. Fatigue cracks are generally surface
breaking discontinuities.

2. Fatigue cracks tend to grow at defined
stress concentrations well suited for
the linear scanning path of alternating
current field measurement probes.

3. Fatigue cracks tend to grow in a
semielliptical shape and at right angles
to the surface, as assumed in the
theoretical model used for sizing.

There are situations where fatigue
cracks are not semielliptical, however.
One such situation occurs on large tubular
welded intersections where cracks often
initiate at multiple sites. The curved shape
of the weld in this case means that, as the
separate cracks grow, they are not
coplanar. This means that the ends of
neighboring cracks often grow past each
other, resulting in crack overlaps or
bridges of metal between the cracks.
While the cracks remain separated, they
can be treated as two separate
semielliptical discontinuities. Eventually,
however, the bridge of metal between the
cracks breaks and the cracks connect. At
this stage, the crack has a W shape. The
alternating current field measurement
signals from such a discontinuity are
distinctive but accuracy of depth sizing is
reduced. As the crack grows deeper, it
rapidly becomes semielliptical again.

Stress Corrosion Cracking
Stress corrosion cracking can take the
form of a series of parallel cracks acting as
a colony. In other cases, it can be present
as crazed cracking. The orientation of the
cracking and the proximity of individual
cracks can lead to problems in
interpretation of alternating current field
measurement signals. The large scale
input field means that the signal from
one discontinuity is superimposed on
signals from neighboring discontinuities.
It is difficult to isolate discontinuities
closer together than the distance over
which each indication extends. When
there are many discontinuities, it is also
difficult to match the two discontinuity
end signals together correctly.

Some work has been carried out on
quantifying these effects.27 In general, it
has been found that detection of clusters
of stress corrosion cracking is reliable and
that depth values obtained by treating
isolated clusters as single discontinuities
agrees reasonably well with the typical
discontinuity depth.15

Hydrogen Induced Cracking
The alternating current field measurement
technique has also been used to detect
sulfide stress concentration cracking,
hydrogen induced cracking, hydrogen
sulfide cracking and stress orientated
hydrogen induced cracking in the base
metal adjacent to the heat affected zone.28

Hydrogen cracks are different from
fatigue cracks: they are not mechanically
induced but result from a combination of
internal or external chemical reactions,
usually resulting in the production of
hydrogen. If these pockets of hydrogen
are beside inclusions or very hard areas,
cracking will occur.

The cracks tend to have similar features
in that they are parallel to the surface and
can occur at the sites of inclusion clusters,
especially elongated inclusions and in
areas of hard metallurgical structures such
as martensite or bainite found in heat
affected zones. Sulfide stress
concentration cracks normally occur in
clusters; the other types of hydrogen
cracks are lenticular, occurring in parallel
bands, and may be shallow. They do not
have the normal elliptical shape of fatigue
cracks because they are metallurgical
rather than mechanically associated
discontinuities and thus can be affected
by the metallographic structure. Although
alternating current field measurement can
detect these cracks, their complicated
subsurface structure (branching and
splitting) makes depth sizing difficult.

Fatigue Cracks in Rail Heads
Nonsemielliptical discontinuities occur
also in railroad rails. Head checking (also
called gage corner cracking) is cracking that
initially grows into the top surface of a
rail at a highly inclined angle (typically
265Alternating Current Field Measurement



25 degrees to the surface). As they grow
below a certain depth, they turn to a
steeper angle but also start to grow
sideways, so their length is greater
beneath the surface.29 Such complicated
shapes are difficult to model, so depth
sizing relies on empirical curves or on
calibration with reference standards.

Corrosion Pitting
The unidirectional currents used in
alternating current field measurement are
most strongly perturbed by planar
discontinuities. However, surface
corrosion pitting also perturbs current
flow to some extent and can also be
detected. The degree of current
perturbation is much lower than for a
crack of the same depth and length, so on
an initial scan, a corrosion pit looks like a
shallow crack. However, the
distinguishing feature of a pit is that,
unlike a crack, it will produce the same
signal regardless of the orientation of the
interrogating current. Systems designed to
distinguish cracks and pits therefore use
two orthogonal current inducing coils,
usually with an array of sensors to speed
up tests.30

Some modeling work has also been
carried out on the perturbation of
uniform currents by hemispherical pits.31
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PART 1. Introduction to Reference Standards for
Electromagnetic Testing
This chapter is an updated version of the
corresponding section in the second
edition.1

Development and Use of
Reference Standards
Success in electromagnetic testing
depends on the proper use of available
reference standards.

The development and use of eddy
current reference standards requires a
thorough understanding of the test to be
performed. Considerations include (1) the
materials tested, (2) their size and shape,
(3) discontinuities of interest, (4) means
of producing artificial discontinuities,
(5) indications from artificial
discontinuities, (6) noise that might be
encountered, (7) instrument limitations
and (8) criteria for relevant indications.

In view of the many types of artificial
discontinuities that can be produced, an
understanding of their relationship to the
discontinuities of interest is critical. For
270 Electromagnetic Testing

FIGURE 1. Transverse notches in tube: (a) straight; (b) curved.
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example, if transverse discontinuities in a
tube are of interest, it might seem obvious
to use a transverse notch. However, that
notch could be either straight, which is
much easier to fabricate, or curved to
match the radius of the tube (see Fig. 1).
Each notch will produce different signals
that must be understood to properly relate
them to the condition to be detected.
Another similar case is that of cracks in a
fastener hole, which can be simulated by
several notches as shown in Fig. 2, all of
which will produce different signals.

One of the primary considerations in
designing a reference standard is the
ability to make more than one identical
reference standard according to the same
specifications. The reference standard and
artificial discontinuities can be faithfully
reproduced so that consistent tests can be
performed at more than one location, a
test can be repeated at another facility for
evaluation and analysis and an identical
reference standard can be produced if the
original is damaged or lost. Therefore, the
fabrication method must be carefully
considered. For example, a notch made in
a typical machine shop will not be as
consistent as an electric discharge
machined notch made by a vendor who
specializes in them and provides
certification. The lack of repeatability is a
drawback to the use of natural
discontinuities as references because no
two natural discontinuities are identical.

Another important concern is the
purpose or function of the reference
standard. It could be used to establish or
FIGURE 2. Notches to simulate cracks as might be found in
fastener holes.
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confirm the proper setup, to duplicate
types of discontinuities that might be
encountered or to help interpretation by
discriminating between noise and
discontinuities. Finally, if the test is
sufficiently controlled, the reference
standard can be used to produce the same
response as the discontinuity of interest.

The variables found in electromagnetic
testing are almost always nonlinear. There
are some situations where the variables
are not even monotonic. Figure 3, for
example, shows that the thickness
impedance curve reverses direction even
though the changes in thickness continue
in the original direction. Actually, there
are test points on all impedance plane
diagrams where signal reverses occur.
Therefore, intermediate variable reference
standards will often be required in
addition to reference standards that cover
the end points of the tested variables.

In conductivity tests, minimum
reference standards used for calibration
are often provided with the equipment.
For greater accuracy, however, additional
reference standards that cover the specific
range and material being tested are
recommended.

Alloy sorting, heat treatment
verification, hardness determination and
thickness measurement must each have
reference standards that properly match
all the changes in the variables that might
exist in the test objects. Standardization
and setup are very important for locating
FIGURE 3. Expanded, relative scale of thickness variations for
tests of three metals at 120 kHz.
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discontinuities. To obtain sufficient
information, test choices might include
different frequencies, different probes,
different orientations or different
procedures.

Requirements of Codes
and Specifications
An important requirement for successful
electromagnetic testing is the use of an
accurate reference standard for equipment
calibration. The reference standard is used
to adjust the electromagnetic equipment’s
sensitivity to various specimen parameters
(cracks, surface roughness, conductivity
and permeability variations and other
material conditions). Consistency of
calibration is maintained with procedural
documents such as those issued by ASTM
International, the American Petroleum
Institute, government military offices and
other organizations.

As an example, the ASME Boiler and
Pressure Vessel Code of the American
Society of Mechanical Engineers (ASME) is
widely used for testing of tubing or pipe
in mills (as required by various code
sections) and for in-place testing in
nuclear power plant steam generators
(Section XI). The reference standards
described in Section V, Article 8,
Appendices I and II, are used for testing of
installed nonferromagnetic heat
exchanger tubing and are required when
specified by a governing party or
referenced by another code section.
Article 8 is also voluntarily used for
installed tube testing in many industries
because there are few governing standards
for it. The reference standards described
there are used to establish and verify
system response and can also provide a
means of establishing depth-versus-phase
curves for evaluation of signals from
discontinuities. Depth-versus-phase
calibration is made using a series of flat
bottom holes in increments of 20 percent
of wall thickness. A plot of the measured
phase angle versus the depth of each flat
bottom hole is made and used as a
reference to estimate the depth of signals
from the inspected tube.2 Other
calibration or reference standards should
be included to represent specific types of
discontinuities to be detected.

As a means for controlling the accuracy
of discontinuities in a standard,
ASTM E 215 calls for a tolerance of
±0.025 mm (±0.001 in.) for flat bottom
hole depths. Several holes are drilled
around the circumference of the tubular
reference at depths of one-third to
two-thirds of the tube wall thickness. To
be considered as an acceptable primary
reference standard, the responses of any
271Reference Standards for Electromagnetic Testing
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of the one-third thickness holes must be
within ±20 percent of the mean of the
three one-third thickness holes. Also, the
two-thirds thickness response must be
within ±10 percent of the mean
indication for the two-thirds thickness
holes.3

The procedural document often
specifies the type of reference standard to
be used for a given test, depending on the
material under test and its geometry.

Figure 4 shows several types of reference
standards. These reference standards and
the procedural documents that govern
their use are often the key to successful
electromagnetic testing.
ctromagnetic Testing
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PART 2. Types of Reference Standards

TABLE 1. Standard reference materials from National
Institute of Standards and Technology for calibration of
instruments used in measurement of organic and
nonmagnetic inorganic coatings over steel. Each
45 × 45 mm (1.8 × 1.8 in.) block consists of fine grained
copper electrodeposited on low carbon steel substrate.5

Material Coating Thickness__________________________________________
Number µm (in. × 10–3)

1358a 80, 255, 1000 (3.1, 9.8, 39)
1359b 48, 140, 505, 800 (2.0, 5.5, 20, 32)
1361b 6, 12, 25, 48 (0.2, 0.5, 1.0, 2.0)
1362b 40, 80, 140, 205 (1.6, 3.1, 5.5, 7.9)
1363b 255, 385, 505, 635 (9.8, 16, 20, 26)
1364b 800, 1000, 1525, 1935 (32, 39, 59, 79)
Conductivity Reference
Standards
Eddy current testing is widely used to
determine electrical conductivity.4 Both
primary and secondary reference
standards can be used to determine
conductivity.

1. Primary reference standards have
values assigned through direct
comparison with a standard calibrated
by the National Institute of Standards
and Technology5 or have been
calibrated by an agency that has access
to reference standards calibrated in
fundamental units. For example, some
primary reference standards have
values assigned through direct
comparison with standards calibrated
according to test technique
ASTM B 193.6 Primary reference
standards are usually kept in a
laboratory environment and are used
only to calibrate secondary reference
standards.

2. Secondary reference standards are
those reference standards supplied
with the instrumentation or reference
standards constructed by the user for a
specific test. These reference standards
are used to calibrate the test
instrument.

Conductivity reference standards
should be tested with a relatively small
coil to determine the uniformity of
electrical conductivity over the surface of
the standard; both the front and back
surface should be tested for conductivity
differences. If possible, scanning the
surfaces at several input signal frequencies
is recommended.

Each time the reference standards are
used, the probe coil is placed at the same
position within 6.4 mm (0.25 in.) of the
center of the standard.

Conductivity reference standards are
precise electrical materials and should be
treated as such. Any scratching of the
standard surface could introduce error in
measurement. Avoid dropping and other
rough handling and keep the surface of
the standard as clean as possible with a
nonreactive liquid and a soft cloth or
tissue. Reference standards are stored
where the temperature is relatively
constant; placing the reference standards
where large temperature variations occur
may cause thermal shock and should be
avoided.

Coating Thickness
Reference Standards7

Each instrument should be calibrated in
accordance with the manufacturer’s
instructions before use. Calibration should
be checked at frequent intervals during
use.

Calibration reference standards of
uniform thickness are available in two
types: (1) foils or shims of known
thicknesses laid on an appropriate
substrate and (2) actual coatings affixed to
prepared substrates as supplied or
recommended by the instrument
manufacturer or standardizing
organization (Table 1).5

Calibration Shims
Calibration foils or shims are placed on
the surface of an uncoated basis metal
when calibrating electromagnetic testing
instruments. Shims are well suited for
calibrating on curved surfaces and are
often more readily available than a coated
standard. To prevent measurement errors
due to poor contact between shim and
substrate, there must be intimate contact
between them. Calibration shims are
subject to indentation and should be
replaced when damaged.
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Nonmagnetic shims may be used to
calibrate magnetic thickness gages for
measurement of nonmagnetic coatings.
Plastic shims can be used to calibrate
electromagnetic testing instruments for
measurement of nonconductive coatings.

Shims should should be made of
materials that will not change shape
(strain or bend) when pressed on with the
probe and that will not change in
thickness with variations in moisture or
temperature. Two or more shims on top of
each other should be avoided unless
flexibility of thin shims is required for a
curved surface.

Coated Substrate Reference
Standards
Each coating specimen used as a reference
standard has a coating of a uniform
thickness permanently bonded to a
substrate material. Calibration reference
standards of several known coating
thicknesses may be used for a single
application. For calibration, the thickness
of one reference coating should be as
close as possible to the upper limit, one as
close as possible the lower limit and
another as close as possible to the desired
coating thickness.

For instruments that measure coatings
on magnetic substrates, calibration
reference standards should have the same
magnetic properties as the coated test
specimen. For electromagnetic testing
instruments, such as eddy current liftoff
gages, the calibration standard should
have the same electrical and magnetic
properties as the coated test specimens.

To determine calibration validity, a
reading should be made on a bare
specimen identical to the test object in
magnetic and electrical properties. If the
coating process is changed after previous
calibration, the calibration may no longer
be valid, especially for magnetic coating
gages and eddy current thickness gages,
and the initial reading must again be
established.

In some cases, calibration of
instruments with two-pole probes is
checked with the poles rotated 0, 90, 180
and 270 degrees.

The substrate thickness for testing and
calibration should be the same if their
thickness can be sensed by the instrument
(that is, if their thickness is less than
about four or five standard depths of
penetration). Often, it is possible to back
up the substrates of standard and test
specimens with sufficient thicknesses of
the same material (to exceed the critical
thickness) and to then make readings
independent of substrate thickness.

If the curvature of the coating is so
extreme as to preclude calibration on a
flat surface, then the curvature of the
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coated standard (or of the substrate on
which the calibration foil is placed)
should have the same contour.

Magnetic Thickness Gages
Reference standards are used for the
calibration of gages that measure the
thickness of nonmagnetic coatings on
magnetic materials. In such reference
standards, for example, the steel
substrates may have the magnetic
properties of low carbon steel and the
nickel coatings may have the magnetic
properties of an annealed watts nickel
electrodeposit free of cobalt and iron.

These reference standards are often
used to measure the thickness of paint
and other organic coatings on steel, as
well as galvanized zinc and other
nonmagnetic metallic coatings. The
number of different thicknesses required
for these calibrations depends on the type
of gage and the coating thicknesses to be
measured.

Magnetic thickness gages may also be
used to estimate the magnetic properties
of austenitic stainless steel weld metal.
Because the magnetic properties of the
weld metal are closely related to the
ferrite content of the weld, magnetic
thickness gages are used to estimate the
weld’s ferrite content.

Sorting Reference
Standards8

When sorting with the absolute encircling
coil technique, a known acceptable
calibration standard and a known
unacceptable standard are required. When
using the comparative encircling coil
technique, usually two known acceptable
specimens of the test object and one
known unacceptable specimen are
required. For a three-way sort, it is best to
have three calibration reference standards,
including either two for the high and low
limits of acceptability for one group or
one each for two unacceptable groups.
The third reference standard represents
the acceptable lot of material.

Calibration and Standardization
Electromagnetic testing is used to sort
objects by comparing them to standard
specimens. Empirical data and physical
tests on samples representing properties to
be separated determine the validity of the
sorting. The calibration and
standardization procedure is based on the
properties of the sample requiring
separation. The sorting may require more
than one test operation.



When using the absolute encircling
coil technique, the known acceptable
calibration standard is inserted in a fixed
position in the coil and the test
instrument is adjusted to achieve an
on-scale meter reading, an oscilloscope
reading or both. The acceptable standard
is replaced in the exact position with a
known unacceptable standard and the
sensitivity of the instrument is adjusted to
maximize the indicated difference reading
without exceeding 90 percent of the
available scale range.

When using the comparative encircling
coil technique, a reference standard is
selected (usually one that falls within the
acceptable limits of the specimens being
tested) and placed in the reference coil.
This coil and the reference standard are
placed in a location where they will not
be accidentally disturbed during the
sorting operation.

When used with a two-way mix, two
calibrated reference standards are chosen:
one represents the acceptable group and
the other represents the unacceptable
group. The acceptable calibration standard
is placed at a fixed position in the test coil
coinciding with the position of the
reference standard in the reference coil.
Then the operator balances the
instrument. This acceptable calibration
standard is replaced with one representing
the unacceptable group and the test
instrument’s phase, sensitivity and coil
current are adjusted to maximize the
indicator reading without exceeding
90 percent of the available scale range.
The acceptable standard is reinserted and
the instrument controls are alternately
adjusted to retain a null value for the
acceptable standard and maximum
indication for the unacceptable standard.

A typical case of using reference
standards for the high and low limits of
acceptability is in the measurement of
maximum and minimum acceptable
hardness. In this instance, the reference
standard representing the acceptable lot is
placed in the test coil and the instrument
is adjusted for a null or zero reading. The
controls are then adjusted to maximize
the indications without exceeding
±90 percent of the available scale range
from the null for each of the maximum
and minimum reference standards.
Alternate readjustment of the controls
may be necessary to retain the null
reading, as well as the maximum and
minimum limits for acceptance.

For a three-way sort, when three
dissimilar grades of material become
mixed, the third acceptable reference
standard is placed in the test coil and the
instrument is nulled. The two reference
standards representing the other two
grades are successively inserted into the
test coil and the instrument’s controls are
adjusted to maximize the indications
without exceeding 90 percent of the
available scale range from the null for
each of the other two reference standards.
Alternate readjustment of the controls
may be necessary to retain the null
reading as well as the indication for the
other two reference standards.

The procedure with probe coils is
similar to that used with encircling coils.
Instead of placing reference standards in
the coils, however, the probe is positioned
in a consistent, suitable location on the
reference standard.
275Reference Standards for Electromagnetic Testing



PART 3. Functions of Reference Standards
One purpose of nondestructive testing is
to ensure that all test objects containing
critical discontinuities are rejected.
Critical discontinuities are those that
cause unsatisfactory performance. More
importantly, all parts with anomalies that
are unsafe and could cause bodily injury
or death should be segregated from the
acceptable parts.

Simulation of Acceptable
Parts
The favored technique for ensuring that
electromagnetic tests will reject
anomalous parts is to set up and calibrate
the test equipment by using reference
standards. Reference standards simulate
the parts to be inspected except they
contain known discontinuities. The
physical, electrical and magnetic
characteristics of a reference standard
must represent (1) what is expected of the
population of parts and (2) what the test
process is sensitive to. The reference
standard should be a stable device with
stable characteristics from which the
performance of the electromagnetic test
can be established and evaluated.

Often, a single reference standard can
be used to both verify the performance of
the electromagnetic test equipment
(establish test variables such as frequency,
gain, balance and gate threshold), as well
as to check the thoroughness of the test
coverage (accuracy of the threshold,
stability of the electronic equipment,
stability of holding fixtures for part and
probe and other details). Therefore, the
same reference standard can be used both
to set up and to calibrate test equipment.

Calibration reference standards are
used to verify the accuracy of an
electromagnetic test before a group of
tested and accepted parts are released.

If the total surface of each part is to be
tested, then the reference standard must
duplicate the total part. If only a portion
of a part is to be tested, then the reference
standard need only duplicate that portion
of the part, providing a reliable means to
properly locate the tested portion in a
holding fixture. If the dimensions of the
parts have tolerances, then the reference
standard should be of average size. If
there is a possibility that an
out-of-tolerance surface may mask a
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discontinuity, then a preliminary test
should ensure that those out-of-tolerance
parts are removed before testing or the
holding fixture may be made to reject the
out-of-tolerance parts. If the surface finish
of a part influences the test results, then
the reference standard should have an
average surface finish of the specified
tolerance. If the conductivity of a metal
varies, the reference standard should have
an average value of electrical conductivity.
If the value of magnetic permeability
varies, then the reference standard should
have an average value of magnetic
permeability.

Notice that specific metal alloys may
not need to be duplicated; only some of
their physical, electrical and magnetic
characteristics need to be. In some
applications, there is no need for
acceptance reference standards. The
integrity of the electromagnetic test
equipment is depended on to accept good
parts. In these cases, the purpose of the
reference standard is to establish and
maintain sensitivity to discontinuities.
Therefore, only rejection reference
standards for both setup and calibration
functions are needed.

It has been observed that contractors
who use nondestructive testing
equipment often have different criteria for
establishing rejection thresholds. Some
contractors set the threshold so that the
reference standards are just barely rejected
(the discontinuity signal from the
reference standard just penetrates the
threshold). Other contractors set the
threshold so that the discontinuity signal
from the reference standard is twice as
high as the threshold. Still others set the
discontinuity signal to go 10 percent,
25 percent and even 50 percent beyond
the threshold. These differing criteria are
another reason why acceptance reference
standards are not used.

Simulation of
Discontinuities
There are many varieties of natural
discontinuities, even of a particular type
such as cracks. No two are identical and
each will therefore produce a different
eddy current signature. If a reference
standard is to be used to represent actual
discontinuities, then extreme care must be



FIGURE 5. Angle of display for horizontal
alarm threshold to minimize rejection error:
(a) improper angle; (b) proper angle.
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taken to ensure that, however a
discontinuity is simulated, it must
represent the entire range of
discontinuities to be encountered. An
extreme example of this is the
manufacture of steel bars containing
cracks, inclusions, internal bursts, laps,
scratches, seams and tears. Manufacture of
reference standards representing these
types in all their natural variations would
be prohibitive.

This dilemma can be addressed during
technique development by studying many
natural discontinuities, by identifying
discontinuity mechanisms and by
developing procedures to detect the
discontinuities of interest. A reference
standard can then be developed that uses
artificial discontinuities, not merely to
represent rejectable objects, but rather to
verify that the equipment is oriented
properly and that the test setup
adequately reproduces the parameters
established in the laboratory to find
discontinuities of interest.

If some form of cracking is the
discontinuity of interest, then the next
consideration is the dimensions of a
rejectable crack. Fracture mechanics can
provide these limits in the form of critical
crack size.9

The most significant parameter in
critical crack size is crack depth. Assuming
the length of a crack will be at least ten
times the depth (a very conservative
assumption), the critical crack depth is
the minimum value, under given load
and environmental conditions, where
catastrophic failure (brittle fracture) can
occur. Once the critical crack depth is
known, a safety factor is added to
determine a smaller crack depth that is
acceptable. Product safety is achieved by
rejecting the deepest acceptable crack
depth.

Natural Cracks
Natural cracks display a great deal of
variation that can be visible to various
eddy current instruments. Natural cracks
are not flat or parallel, their ends may or
may not be tapered and they may contain
corrosion products or other foreign
material. All these variables can affect the
signal produced and make interpretation
difficult.

Some natural cracks can be grown in
reference standards. Artificial fatigue
cracks have been available in primary
reference standards from the National
Institute of Standards and Technology.10

When detected by electromagnetic
testing, a grown fatigue crack normally
will not respond the same way as a
quench crack. The reason is conductivity.
A tension fatigue crack has shiny faces
that rub together as the crack grows;
when at rest, these faces often touch one
another. Thus, fatigue cracks are usually
more conductive than oxide coated or
carbon coated quench cracks. A fatigue
crack is an inefficient simulation for a
quench crack.

Machined Cracks
It is also possible to machine very narrow
slots to simulate cracks. Electromagnetic
test equipment is sensitive to the depth,
length and width of cracks. In eddy
current tests, the size of a crack is revealed
by the magnitude of the eddy current
signal. If the detection equipment uses an
analog meter to reveal the presence of
discontinuities, then simulated cracks
may be used (typical meters respond only
to the magnitude of a signal and thus the
size of a crack). These detection meters
ignore phase angles related to crack
depth.

Electric discharge machined slots can
be cut with faces 0.15 mm (0.006 in.)
apart. If possible, the phase angle of
separation between natural cracks and
simulated cracks should be oriented on a
cathode ray tube so that the points of
intersection of simulated and typical
natural cracks are equidistant from a line
that is normal to the threshold and that
passes through the origin of both signals.
With this arrangement, minimum
detection error occurs. Figure 5 illustrates
the proper angular arrangement of signals
from the reference standard (with a
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simulated crack) and an anomalous part
(with a natural crack).

Simulated cracks should be placed in
predetermined locations where they can
cause the greatest weakness or where
there is a high probability of crack
occurrence. Orientations most difficult to
detect should be included to ensure that
natural cracks in those orientations are
not overlooked.

Several techniques have been
developed for fabricating electromagnetic
reference standards. The advantages and
limitations of these fabrication techniques
may vary with the application but
excellent dimensional tolerances and
repeatabilities are possible.
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PART 4. Techniques of Reference Standard
Fabrication
Reference standards are made to represent
the conditions evaluated in the test part.
Variables to be considered and controlled
during reference standard fabrication
include geometry, conductivity,
permeability, surface finish and coating.
How best to simulate a discontinuity,
inclusion or crack has been a topic for
discussion and debate since the
standardization of reference test objects in
the 1950s. The ideal case might be to
locate an actual part that contains a
natural discontinuity of known size and
then to use it as a reference standard.
Reference standards have been obtained
this way but it is difficult to find several
identical parts containing identical
discontinuities for use as natural and
known reference standards.

Drilled Holes
One of the earliest techniques for making
electromagnetic reference standards was
the drilling of holes. The reference
standard was fabricated from material of
the same conductivity and permeability as
that of the object to be tested. The
reference standard’s geometry matched
that of the component and small drilled
holes were located at sites that would
simulate natural discontinuities. These
drilled holes were typically much smaller
than the probe coil and the depth of the
hole was much greater than the
penetration depth of the eddy currents. In
this way, equipment response to the
reference standard was controlled by the
drilled hole diameter alone.

The following example of a drilled hole
reference standard illustrates this
reference standard type, along with its
advantages and limitations. The test
incorporated the following specifications
for fatigue crack detection. Holes of
0.8 mm (0.03 in.) diameter were drilled
into aircraft aluminum alloy having a
conductivity of about 32 percent of the
International Annealed Copper Standard.
Test frequency was about 200 kHz.

The test was conducted with a metered
probe having a single coil with a diameter
of about 2.5 mm (0.1 in.). The response
from the hole was a minimum of
4 percent of full scale deflection.
Background noise (due primarily to test
surface roughness) was typically 2 percent
of full scale. Eddy current indications
found equal to or exceeding the reference
standard hole response were further
evaluated as probable fatigue cracks. This
test system resulted in the detection of
confirmed cracks with measured surface
lengths as small as 0.33 mm (0.013 in.).

Advantages of Drilled Hole
Reference Standards
The primary advantage of the drilled hole
reference standard is its simplicity. Such a
reference standard can be produced and
reproduced at minimal cost without
expensive tools or machinery. Uniformity
of response from one reference standard
to the next is quite high, typically within
a few percent. When used in the manner
described above, this reference standard
provides an indication of signal
sensitivity, background noise level and,
from these, signal-to-noise ratio. In
summary, this reference standard is
economical to produce with repeatable
results for a sensitive discontinuity
detection setup.

Disadvantages of Drilled Hole
Reference Standards
The main drawback of a drilled hole is
that it does not always behave like a
crack. This difference is present in the test
response produced by the reference
standard. Although the impedance plane
response for the reference standard is
similar to that of a small crack, that
similarity is lost when larger holes are
used. Large drilled holes (compared to the
probe size) result in modified and larger
reference standard responses. These
responses resemble the impedance plane
response of a specimen edge (edge effect)
and not the response of a crack. Effective
use of the drilled hole reference standard
is restricted to a narrow range of drill sizes
that are closely related to the size of the
probe coil being used.

Accuracy and Repeatability
The accuracy of the drilled hole reference
standard is relative and not absolute.
Crack length can be estimated or
predicted from a reference standard hole
size only by correlations established with
experience. New correlations are required
when significant changes occur in test
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condition or component geometry. Test
system repeatability with the drilled hole
reference standard is excellent when test
conditions and component geometry are
held constant. Care should be taken
during drilling on thin materials to avoid
distortions of the test object and the hole.

Notches
Notches are the first choice for producing
simulated crack reference standards. The
shape of the notch can generally be
controlled during fabrication and the
shape of the expected crack can be
accurately simulated in the reference
standard. Several techniques for
producing simulated crack reference
standards are discussed below.

Electric Discharge Machining
Electric discharge machining (EDM) is a
metal removal technique suitable for a
wide range of materials. The technique
280 Electromagnetic Testing

FIGURE 6. Feed mechanism for electric
discharge machining of reference standards:
(a) outside surface cutting; (b) inside surface
cutting.

(a)
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Work piece
uses a controlled electrical discharge
between the reference standard material
and a preshaped electrode. The electrode
shape determines the shape of the notch,
a simulated crack. Electrodes are generally
cut from thin foil, graphite, brass or
copper tungsten and notch widths of only
a few hundredths of a millimeter (a few
thousandths of an inch) are commonly
produced. Figure 6 shows an apparatus
used to position and move the electrode
relative to the reference standard.

One caution should be noted when
using electric discharge machining on
alloys containing significant amounts of
the elements iron, nickel and cobalt. The
permeability of such alloys (including the
nonmagnetic stainless steels and some of
the high temperature nickel base alloys)
can be modified by the electric discharge
machining process. When high power,
high speed electric discharge machine
cutting is used, a layer of recast material is
produced at the base and on the walls of
the notch and this recast material can
have greatly altered magnetic
permeability. For small notches intended
to simulate small cracks, the eddy current
response can be dominated or greatly
affected by the magnetic recast material.
Slower cutting speeds and fluid flow
during electric discharge machining will
reduce or eliminate this problem.
Electrode feed rates less than 0.013 mm
(0.0005 in.) per minute are common.

The primary advantage of electric
discharge machining is accuracy. It is
possible to have electrodes with widths as
small as 0.05 mm (0.002 in.) and to
produce slots with very short surface
lengths, as small as 0.13 mm (0.005 in.).
Errors between the desired dimensions of
a notch and the resulting dimensions
after the electric discharge machining
process are often less than 0.013 mm
(0.0005 in.). Because of these small
dimensions, electric discharge machining
can produce simulated discontinuities
whose electromagnetic test indications
closely resemble those of actual cracks. By
designing the electrode according to the
shape of the discontinuity, many different
widths and length-to-depth ratios are
possible. The electrode may also be placed
inside a fastener hole, on a radius or on a
flat surface. Figure 7 shows cross sections
of finished electric discharge machined
notches in carbon steel (Unified
Numbering System G10260). 

One disadvantage of electric discharge
machining is expense. It may cost
hundreds of dollars per slot to have
accurate reference standards made.

In summary, the accuracy of electric
discharge machining fabrication can be
very good but care must be taken so that
recast material does not accumulate in the
notch. The operator also must carefully



choose the electrode material, voltage,
current and the right cutting speed for
compatibility with the reference standard
material.

Planing Fabrication
The planing technique for fabricating
simulated crack reference standards is also
a metal removal technique. A very small
tool is used to precisely gouge the surface,
producing a very narrow slot. Typically, a
tool maker will hand grind a small tip on
a rod of tool steel about 0.2 to 0.25 mm
(0.008 to 0.01 in.) wide. The tool is placed
in the chuck of a planer and aligned with
the reference standard. After one pass, the
tool is indexed deeper into the material
and another pass is made. Care must be
taken not to move the tool too quickly
because heat or chatter will develop. Heat
may alter the conductivity of the
reference standard and chatter will cause
surface roughness on the walls of the slot.
Slow cutting speeds and adequate fluid
flow during the machining process will
reduce this problem.

A derivation of the planing technique
is a manually filed notch mentioned in
ASTM E 243.11 The notch is made using a
6.4 mm (0.25 in.) diameter, number four
cut, round file.12 The reference standard
material is seamless copper and copper
alloy tubing. The required tolerance of the
notch depth is ±0.013 mm (±0.0005 in.).
FIGURE 7. Notch replicas (magnified 50×)
representing the stabilizing effect of
rectilinear feed guides on notch profiles
when machine is subject to lateral vibration:
(a) notch made with radial feed guide;
(b) notch made with rectilinear feed.

(a)

(b)
The primary advantage of the planing
technique is economy. Slots can be
machined in a short time with
conventional shop equipment.

The major disadvantage of the process
is its inability to produce narrow slots. It
is very difficult to make a strong, sharp
cutting tool less than 0.25 mm (0.01 in.)
wide. In addition, because of the tool’s
size and the large forces acting on it as it
travels across the reference standard’s
metal surface, the tool often breaks.

The accuracy and repeatability of this
process is good when the same operator is
using the same machine and the same
tool. Because the tools are usually ground
by hand, no two will be alike.

Jet Abrasives
Another metal removal technique for
fabricating simulated crack reference
standards is the jet abrasive technique. A
high pressure stream of fluid containing
abrasive compounds is forced through a
small opening, hitting the metal surface
with enough force to cause erosion. Slot
width is controlled by the orifice size and
slot depth is controlled by the number of
passes over the material.

The major advantage of the jet abrasive
process is its repeatability. After the
equipment settings are known for a given
type of reference material and slot
geometry, they can be accurately reset at
another time. There are no moving parts
or ablative surfaces (as in the electric
discharge machining or planing processes)
that contribute to inaccuracies and
nonrepeatability.

A disadvantage is the lack of control
over slot geometry, due to the spreading
nature of the fluid. Slot widths tend to be
wide because of this spreading. Another
disadvantage is that, after the process is
complete, the surface of the slot has a
texture related to the size of the abrasive
compound. This pitting may have an
effect on eddy currents at high
frequencies.

Natural Cracks
The cost of obtaining or producing
natural cracks for use as electromagnetic
reference standards continues to be
prohibitive. It must be noted, however,
that the electromagnetic response from an
electric discharge machined notch or
other simulated discontinuity is not the
same as that from a natural crack. Care
should be taken when selecting reference
standards and test systems to ensure that
natural crack sensitivity is maintained.

The obvious advantage of the natural
crack is that it most closely resembles an
actual discontinuity. The gap between
faces of the crack will be very small.
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The main disadvantage in the natural
crack technique is the expense of
acquiring specimens. If the cracks are
grown from fatigue specimens, the cost
could be very high. If the cracks are from
an inservice part, the availability of the
specimens will be a limitation. Another
problem is that of size. There is no control
over the size of actual inservice
specimens. After the reference standard is
obtained, some other form of
nondestructive testing will be needed to
measure the discontinuity’s size.

The accuracy of a natural crack
reference standard will always be in
question because its exact size is not
directly known until it is broken open.
Repeatability can be controlled somewhat
by closely monitoring the growing of the
crack and then machining away portions
to make it smaller.

Transverse Notches
The guidelines for producing simulated
crack reference standards with
longitudinal notches apply equally well to
transverse notches. However, changes in
geometry must be compensated for by
adapting the electrode in electric
discharge machining or by developing
sophisticated machining motion for
planer techniques. It may be less difficult
to fabricate notches that travel along the
direction of the tube or radius rather than
against it. For that reason, it could be
more advantageous to fabricate transverse
notches using the electric discharge
machining or jet abrasive techniques. In
general, the problems inherent in the
fabrication of simulated crack reference
standards are similar to those of
longitudinal notches.
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PART 1. Introduction to Microwave Testing
Background
Microwave testing is accomplished by
transmitting electromagnetic waves at a
relatively high frequency toward a
structure and using some of the
transmitted or reflected wave properties to
obtain information about the
composition and the integrity of the
structure. Microwave radiators have been
used for the nondestructive testing of
various materials since the technique’s
introduction in the 1960s.1-6

The advent of new materials and
structures calls for innovation to meet the
increasing demands of technology. The
increased use of composite materials for
industrial, medical and military
applications challenges many
nondestructive test methods. Difficulties
arise from the inherent anisotropy and
physical property heterogeneities of these
materials, as well as the relatively high
absorption and scattering of the radiated
signals. The ability of microwaves to
penetrate deeply inside dielectric materials
suits them for interrogating composite
materials.5-29 One exception is the interior
of advanced carbon fiber composites
whose fibers are electrically conductive.

Also, microwave signals reflect
completely from metallic objects, so
surface features and discontinuities of
metallic surfaces (including rust, cracks
and surface blemishes) may be detected
and evaluated.6,30-40

Principles of Operation
The interaction of the microwave signal
with the material system is best described
in terms of the interaction of waves with
the material system. When a wave
impinges on a material system, the
following takes place.

1. Part of the incident signal reflects
back. This reflection is influenced by
the wave impedance of the material,
its geometry, its size and the
parameters of its constituents.
286 Electromagnetic Testing
2. Part of the signal travels into the
material system. As a signal travels
into a material, the signal maintains
the same frequency but the wave
velocity and wavelength change. The
variation of the velocity and
wavelength suggests that a certain
phase change must take place.
Additionally, the material absorbs
some of the energy in the signal,
which causes the amplitude to change.

In microwave testing, the magnitude or
phase of a transmitted microwave signal is
used to create a two-dimensional image of
an object, to perform line scans or to
obtain a single-point measurement.

Microwave testing measures properties
that reveal information about the test
material’s parameters and physical
dimensions. Each material is characterized
by a unique, complex dielectric constant
εr relative to free space or a vacuum. The
real part (permittivity) of the relative
complex dielectric constant is a measure
(farad per meter) of the material’s ability
to store the incident electric energy
whereas the imaginary part (loss factor)
indicates the material’s ability to absorb
the incident electric energy. In microwave
testing, a subsurface inclusion is
announced by a change in the complex
dielectric constant for the inclusion’s
location. Microwave testing shows this
change, either with or without contact
between probe and test object.

Microwaves are electromagnetic signals
with frequencies between 300 MHz and
300 GHz, corresponding to vacuum
wavelengths between 1 m (3.3 ft) and
1 mm (0.04 in.), respectively. Because of
the short wavelengths, circuit theory
generally cannot be used directly to
describe the interaction between the
microwave signals and the material
system interrogated by these signals.
Radiation from the circuit affects the
analysis because, when the dimensions of
circuit elements become comparable to
the wavelength, the voltage and current
relation used to represent the properties
of a load (that is, impedance) changes to a
relation between the electric and
magnetic fields.

Microwave testing can be performed in
either the near field or the far field. The
near field approach uses simple probes
such as open ended waveguides and
coaxial lines whereas the far field



approach requires an antenna for focusing
the microwave energy. Furthermore, far
field testing does not offer good spatial
resolution because the footprint is
relatively large. Focusing lenses are often
used to remedy this problem.41

Measurements are conducted using either
phase or amplitude information. Far field
techniques generally use amplitude
information. Near field testing is more
versatile because phase information is
easily produced and often contains more
than amplitude information. Additionally,
in near field testing, the footprint of a
sensor is close to its physical aperture (for
example, the waveguide opening).

Limitations and
Advantages
Limitations of microwave testing include
the following.

1. Microwave testing is ill suited for
detecting volumetric or subsurface
discontinuities in metals and other
electrically conductive materials.

2. The laboratory equipment needed to
develop a technique for a particular
application may be expensive.

3. A power source is needed.
4. Technicians who have been trained to

conduct microwave tests are fewer
than for other nondestructive test
methods.

Generally, microwave testing has the
following advantages.

1. Microwave testing is fast.
2. In some techniques, the sensor does

not require contact with the test
surface.

3. Discontinuities may be discovered
through intervening dielectric layers.

4. Microwave testing is applicable to the
surface of nonferromagnetic as well as
ferromagnetic metals or alloys and
coarse grained materials.

5. Microwave testing may be applied to
curved and other complicated surfaces.

6. Discontinuity orientation can be
determined.

7. No special operator skill in
microwaves or signal interpretation is
needed for discontinuity detection.

8. Little or no surface preparation is
required.

9. Microwave testing is environmentally
compliant and operator friendly.

10. The required microwave power is in a
safe, low milliwatt range.

11. A microwave test system may be
battery operated and portable.

12. The results are obtained in real time.
Closing
Microwave testing has been used for
nondestructive testing since the 1960s,
most often in a research setting. In the
twenty-first century, industrial
applications of microwave testing are
becoming more widespread.
287Microwave Testing



PART 2. Theory of Microwave Testing
Microwave propagation, like other types
of electromagnetic radiation, depends on
the interaction between time varying
electric and magnetic fields. Such fields
oscillate in waves that are called traveling
waves because energy is transported from
one position to another. The velocity of
propagation of the microwave depends
largely on the medium through which the
wave propagates. For instance, in free
space or vacuum, the propagation velocity
of the wave is the speed of light,
c = 2.998 × 108 m·s–1 (6.706 × 108 mi·h–1).

Basic Differential
Equations for
Electromagnetic Fields
The basic theory of microwaves can be
understood with Maxwell’s equations.
Maxwell’s equations are given in
differential form for time varying fields:42

(1)

(2)

(3)

(4)

where B is magnetic flux density (tesla),
D is electric flux density (coulomb per
square meter), E is electric field intensity
(volt per meter), H is magnetic field
intensity (ampere per meter), J is current
density (ampere per square meter), t is
time (second), ρ is the volume charge
density (coulomb per cubic meter) and
the bold letters indicate vector quantities.
These equations contain the equation of
continuity:

(5)

In addition to these five equations, the
constitutive relations given below are
necessary for solving Maxwell’s equations:
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(7)

(8)

Here, σ is the conductivity (siemens per
meter) of the medium, permittivity
ε = ε0εr and permeability µ = µ0µr, where εr
is the relative dielectric constant, µr is
relative permeability, µ0 is the
permeability (henry per meter) of vacuum
or free space and ε0 is the permittivity of
vacuum or free space (farad per meter)
and is the absolute value of the dielectric
constant:

(9)

(10)

For nonferromagnetic materials, µr ≅ 1,
meaning that the permeability of the
material can be approximated as the
permeability of a vacuum.

The wave equations governing the
behavior of the electric and magnetic
fields are obtained by solving Maxwell’s
equations:42,43

(11)

(12)

Plane waves are a special category of
traveling waves with a planar wave front.
Similarly, spherical waves have a spherical
wave front. Only the case of plane waves
is considered here. For plane waves
traveling along the X direction, the wave
equation is given by:

(13)

Note that, in general, the vector E can
have three components — Ex, Ey and Ez —
along the X, Y and Z directions. It is easy
to show that, for plane waves traveling in
the X direction, Ex = 0. Thus, plane waves
have electric field and magnetic field
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components that are not only transverse
to each other (as in all electromagnetic
waves) but also transverse to the direction
of propagation. Such electromagnetic
waves are called transverse electric magnetic
waves, a term more specific than transverse
electromagnetic waves. In addition, the
phase of a plane wave is constant across
the wave front. If the magnitude of the
wave is held constant, the special case of a
uniform plane wave is obtained.42,44

Another important aspect of plane
electromagnetic waves is that in a vacuum
the electric and magnetic fields are in
temporal and spatial phase with each
other. In other words, the intensities of
both the electric field and the magnetic
field change or oscillate at the same rate
and reach a maximum value at the same
time (and at the same point along the
beam axis) for a traveling wave in a
lossless medium. Because no energy is lost
during transmission in a lossless medium,
the maximum intensities of the E and H
fields remain constant as the
electromagnetic wave travels along its
beam axis.

However, if the medium absorbs
electromagnetic energy at the frequency
of propagation, the time phase of the
electric field is advanced with respect to
the phase of the magnetic field if the
losses are electrical as in the case of
dielectric media. Alternatively, the phase
of the electric field is retarded with
respect to that of the magnetic field if the
energy loss results from magnetic effects,
as in the case of conducting metallic test
materials or ferromagnetic materials.
Sometimes the losses can be of both
electrical and magnetic origins.

The electric and magnetic fields are
also shifted out of phase with respect to
the incident wave during reflection of
electromagnetic waves, even if the
transmission medium is lossless. The
reflection phase shift can thus indicate
certain properties of the test material from
which waves are reflected. These material
interactions are discussed in more detail
below.

In most practical cases, plane waves are
sinusoidally varying as a function of time.
In these cases, the wave equations are
reduced:42,43

(14)

and:

(15)

The intrinsic propagation constant γ can
be expressed:

(16) γ α β ωµ σ ωε= + = +( )j j j

∇ =2 2H Hγ

∇ =2 2E Eγ
where j = √(–1), α and β are attenuation
and phase shift constants, respectively,
and ω is angular frequency (radian per
second). The solutions to these equations
for traveling waves in a lossless,
homogeneous medium are of the form:

(17)

Similar expressions can be obtained for
the Ez, Hy and Hz components.

The wavelength λ (meter) of such
waves is defined as the distance over
which the sinusoidal waveform passes
through a full cycle of 2π rad. The wave
varies sinusoidally as a function of βx:

(18)

or:

(19)

The wavelength λ is also related to the
frequency f (hertz) by means of the
relationship:

(20)

where v is the propagation velocity (meter
per second).

Electromagnetic Plane
Wave Properties
In the following discussion of several
properties of electromagnetic waves in
general and plane waves in particular, it is
assumed that the plane wave is traveling
in the X direction. The first property
relates E and H in a uniform plane wave.
When electromagnetic plane waves travel
in a vacuum (or free space), then the ratio
of electric field intensity to magnetic field
intensity is always constant:42-44

(21)

This quantity, which has the
dimensions of impedance, is called the
intrinsic impedance of a vacuum. In a more
general case, where the wave is traveling
through a medium with permittivity and
permeability equal to ε and µ respectively,
the intrinsic impedance η of the medium
is given by:
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FIGURE 1. Modulation and beat frequency.1,5,45
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(22)

Because µr ≅ 1 for most nonferromagnetic
materials, Eq. 22 reduces to:

(23)

Further, E and H in a traveling plane wave
are at right angles to each other and the
electric field vector crossed by the
magnetic field vector gives the direction
in which the wave travels.

Dual-Frequency
Modulation of Beat
Frequency42

Modulation is an important means by
which information can be transmitted.
Various modulation techniques are used
in nondestructive testing. For instance,
frequency modulation, where the
frequency of a microwave is changed
according to the amplitude of a second
wave, is frequently used in microwave
ranging. When electromagnetic plane
waves contain two oscillation frequencies
f1 and f2, each frequency is characterized
by its own angular frequency, ω1 or ω2,
and its own phase shift, β1 or β2:

(24)

(25)

For the specific case in which these two
frequencies differ by equal but opposite
increments from a central frequency f0,
the corresponding angular frequencies can
be written as:

(26)

with a corresponding phase shift:

(27)

and:

(28)

with a corresponding phase shift:
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(29)

For the special case in which the
amplitudes are equal for the waves of
these two frequencies, the total electric
field E for the combined waves can be
given by:

(30)

Because two sinusoidal terms appear in
Eq. 30, the dual frequency wave will
exhibit beats, or a cyclic variation in
amplitude of oscillations, as sketched in
Fig. 1.1,45 The beat frequency is equal to
the difference of the two component
frequencies (f1 – f2) and is the frequency
of modulation of the envelope enclosing
the sine waves. The actual frequency of
the individual sinusoidal waves within the
modulation envelope is the average of the
two different frequencies of excitation:

(31)

The effect is comparable to two sideband
frequencies caused by the modulation of a
central carrier frequency f0 by a
modulation frequency ∆f, the carrier
frequency then being suppressed from the
signal.

Phase Velocity
Figure 2 illustrates the propagation of
electric waves in accordance with Eq. 17.
A constant phase point P moves along the
X axis of propagation with the sinusoidal
waves of electric field E. The velocity of a
constant phase point is the phase velocity
v of the traveling wave. The phase point
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f f
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remains constant when the term (ωt – βx)
of Eq. 17 has a constant value. The phase
velocity is given (in meter per second) by:

(32)

The phase velocity of electromagnetic
waves in a vacuum is equal to the velocity
of light c. For media other than vacuum,
the phase velocity p relative to the
velocity of light is given by:

(33)

Group Velocity
In Eq. 30, the argument of the second
sine term can be made equal to a
constant:

(34)

By differentiating to obtain dx·(dt)–1, an
expression is obtained for the velocity u
(meter per second) of the wave envelope:

(35)

This velocity, with which the envelope
containing the individual waves moves
forward along the X axis of microwave
beam propagation, is called the group
velocity. The group velocity is the phase
velocity of the wave envelope. Figure 2
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FIGURE 2. Phase and group velocities.
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FIGURE 3. Polarization of microwaves: (a) linear polarization;
(b) elliptical polarization; (c) circular polarization.46
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illustrates the movement of a point P´ on
the envelope that moves with the group
velocity u.

By comparison, the individual waves
within the envelope move forward along
the X axis of wave propagation at their
own phase velocity v:

(36)

In Fig. 2, the phase velocity v is indicated
by the movement of point P for the case
in which the group velocity u is half of
the phase velocity v.

Conductors and Dielectrics
Most materials can be classified into
either of two major classes: (1) conductors
and (2) dielectrics, or insulators. Generally
speaking, this distinction is not clear cut,
some materials being conductors in one
part of the frequency spectrum and
dielectrics in another. The dissipation
factor is:42

(37)

The dissipation factor is a commonly used
parameter to characterize materials, with
good dielectrics having a dissipation
factor close to zero. Conductors typically
have very high dissipation factors.

A lossless medium is one where the
conductivity σ is zero. Under such
conditions, the attenuation factor α in
Eq. 16 disappears and the wave can
propagate without suffering any
attenuation or loss. Most materials are not
truly lossless although many may be
approximated as lossless. A nonzero
conductivity results in some attenuation
of the electromagnetic wave. At the other
end of the scale, materials with very high
values of conductivity are called
conductors. Typical conductors have
conductivities of σ ≥ 1 × 106 S·m–1. At the
limit of σ = ∞, the attenuation factor is
infinity and the material is considered a
perfect electric conductor. A byproduct of
the high conductivity (and consequently
high attenuation) is the fact that
electromagnetic waves cannot travel for
great distances inside conductors. In fact,
the depth of penetration of an
electromagnetic wave in conductors is so
small that, for all practical purposes, the
wave is considered to be restricted to the
surface of the conductor.

Indeed, almost all of the energy is
reflected from the surface of a conductor
and a perfect conductor reflects all of the
energy. This reflection is the opposite of
what happens when microwaves impinge
on a dielectric. In fact, the energy is

D = σ
ωε

v f = =0

0
0 0

ω
β

λ
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attenuated to 1·e–1 of the surface energy
when the wave reaches a depth δ inside
the conductor. This depth is called the
standard depth of penetration (sometimes
called skin depth):42-44

(38)

The standard depth of penetration
depends on the frequency f of the
incident wave. At a frequency of 30 GHz,
the standard depth of penetration for
copper (σ = 5.8 × 107 S·m–1) is 0.38 µm
(about 1 × 10–5 in.). The skin effect at
microwave frequencies has a severe effect
on measurements even in moderately
conducting media, so microwaves cannot
be used to test inside materials that have a
conducting boundary. However,
microwaves can be used for detection of
surface breaking cracks in metals.

Polarization
The term polarization refers to the
direction of the electric field and how it
changes with respect to time. The most
general, two-dimensional case for a
transverse electric magnetic wave is
elliptical polarization, where the electric
field rotates as it progresses along the
propagation axis X. The field figuratively
traces out an elliptically shaped envelope
on a plane perpendicular to the
propagation axis. As the wave propagates,
the electric field traces out a helix or
spiral along the propagation axis.

Figure 3 illustrates elliptical
polarization, together with its limiting
conditions of linear and circular
polarization. As shown in Fig. 3a, a
linearly polarized electromagnetic wave
has its electric field oriented at all times in
the same direction (along the Y axis in
Fig. 4).46

Cross field waves are waves whose
electric field is tilted in the direction of
beam propagation. This tilt leads to the
most generalized, three-dimensional form

δ
π µσ α β

= = =1 1 1

f



of polarization, which is elliptical cross
field polarization. This mode is commonly
referred to as space polarization. In
contrast, an unpolarized electromagnetic
wave is one for which the rotating
behavior of the electric field is random
and has no predictable pattern with
respect to time. For example, the radiation
from a common light bulb is unpolarized.
Polarization can play an important role in
microwave nondestructive tests of
anisotropic test materials whose properties
vary as a function of direction.

Poynting Vector and Energy Flow
It is useful to define the amount of power
delivered by a microwave. The poynting
vector P gives a measure of the rate of
energy flow per unit area at any point:47

(39)

The direction of flow of energy is
perpendicular to both E and H and is in
the direction given by E × H. This
statement is referred to as Poynting’s
theorem.

The total energy density per unit
volume (or the stored energy per unit
volume) of an electromagnetic wave is
equal to the sum of the energy densities

P E H= ×
FIGURE 4. Traveling plane electromagnetic wave in loss free
isotropic medium: (a) instantaneous values of Ey and Hz
along X axis at time t = 0; (b) same values at later time
t = 0.25 cycle (in this interval, wave has traveled
0.25 wavelength to right).46
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of the electrical field and the magnetic
field. The electric field energy density (stored
electric energy per unit volume in the
electric field) we (joule per cubic meter) is
determined by the electrical field intensity
E and the dielectric properties of the
medium:

(40)

Similarly, the stored energy density wm of
the magnetic field is given by:

(41)

The total power applied to a system is
related to the energy density of the
electric and magnetic fields:

(42)

Equation 42 can be analyzed as having
four parts, where applied power P is the
sum of three rates: P = R1 + R2 + R3.
Equations 43 to 46 define these parts of
Eq. 42.

Equation 43 expresses the total
instantaneous power P dissipated in
volume Vvol:

(43)

Equation 44 expresses the rate R1 at
which energy is converted into heat in
volume Vvol:

(44)

Equation 45 expresses the rate R2 at
which the total stored electric and
magnetic energy is changing with time:

(45)

Equation 46 expresses the rate R3 of the
flow of energy outward through the
surface enclosing the volume Vvol:
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Microwaves at Interfaces
between Different Media
The behavior of microwaves at the
interface between two media is of
considerable interest in nondestructive
testing. The properties of microwaves at
interfaces determines the inspectability of
many materials. In all cases, the
electromagnetic field must obey the
boundary conditions given below.42,43

1. The tangential component of the
electric field E is continuous across the
boundary.

2. The normal component of the
magnetic flux density B is continuous
across the boundary.

3. The normal component of the electric
flux density D is discontinuous across
the boundary by an amount equal to
the free surface charge density ρs at
the boundary.

4. The tangential component of the
magnetic field intensity H is
discontinuous across the boundary by
an amount equal to the free surface
current density J at the boundary.

Reflection from Conductors
As already explained, almost all of the
incident energy on a conducting surface is
reflected. In the present discussion, it is
assumed that the conductor is a perfect
electric conductor. Cases of normal
incidence can be distinguished from cases
of oblique incidence. In the case of
normal incidence, the incident plane
wave is directed along the X axis at a
conductor parallel to the x = 0 plane
(Fig. 5). The electric field intensity Ei of
the incident wave will be:

(47) Ei i= E e j x– β
294 Electromagnetic Testing

FIGURE 5. Reflection from conductor.

Medium 1 Medium 2 (conductor)

Incident wave

Reflected wave

+ x

x = 0
where Ei is amplitude, x is distance
(meter) on the X axis and β is the
propagation constant defined in Eq. 19.
The electric field Er in the reflected wave
is given by:

(48)

The boundary conditions indicate that
the tangential component of the electric
field is continuous across the boundary.
Because the field inside a conductor is
zero, the tangential component of the
electric field just outside the conductor
must also be zero. Furthermore, there is
no loss of power in a perfect conductor.
Thus, the field intensities in the reflected
wave will be the same as those in the
incident wave, with the direction of
power flow being the only difference. All
of the energy must be reflected:

(49)

If the incident wave is normally
directed at the interface, the reflected
wave, which is of the same frequency as
the incident wave, will interfere with the
incident wave. This causes the creation of
a standing wave:

(50)

Such a wave does not travel in space.
However, the magnitude of the electric
field E varies sinusoidally as a function of
distance from the reflecting plane, with
the total field being zero at the plane and
a maximum value of 2Ei at distances that
are multiples of a half wavelength (0.5 λ)
from the surface. Likewise, the magnetic
field intensity also has a standing wave
pattern. However, the total magnetic field
lags behind the total electric field by
90 degrees.

Figure 6 shows the standing wave
pattern for the case in which Eq. 50
applies.46 The envelope represents a wave
stationary in space, extending along the
axis of the incident and reflected beams.
The value for the total field E of the
standing wave at any particular point
along the beam axis is a sinusoidal
function of the distance x from the
metallic reflector of the electromagnetic
waves normal to the plane of incidence.

If the metallic reflector were moved
from its initial position, the standing
wave pattern would move with it. Thus, if
the microwave source were stationary,
movements of a metallic reflector could
be readily detected. Microwave resonators
can be constructed to exploit this
principle. In a similar manner, a detector
placed in a microwave waveguide can be
used to detect distances to a metallic
reflector surface from the waveguide exit.

E x t E x ttotal i, sin sin( ) = ( ) ( )2 β ω

E Er i= –

Er r= E e j xβ



Whenever there is a standing wave, the
standing wave ratio (SWR) can be
defined:42,47

(51)

For the case of reflection from a perfect
conductor, the ratio is infinite:

(52)

The other extreme is when there is no
reflection. In this case, the standing wave
ratio is zero.

Interface of Two Dielectrics
In the most general case, any microwave
energy propagating in one dielectric
medium and incident on a second
dielectric medium is partially reflected at
the boundary and partially transmitted
through to the second medium. This
statement assumes that there are no losses
in the different media (perfect dielectrics).
The proportion of energy reflected
depends on the physical properties of the
two media. Specifically, consider the case
of an electromagnetic plane wave
traveling in the X direction and incident
on an interface parallel to the plane
defined by x = 0. Further, assume that the
incident wave is in a medium with
permittivity ε1 and permeability µ1. The
second medium is of a different
permittivity ε2 and a different
permeability µ2. Let Ei represent the
incident electric field, Er the reflected field

SWR = ∞

SWR

Maximum value
of envelope of
standing wave

Minimum value
of envelope of
standing wave

=

FIGURE 6. Standing wave patterns for three magnitudes of
reflection coefficient, R´ = 0, 0.5 and 1.0. Note that
envelopes of standing waves are not typically sinusoidal.46
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and Et the transmitted field. Now define
the intrinsic impedance η of medium 1:

(53)

where Hi is the incident magnetic field
intensity (ampere per meter), Hr is the
reflected magnetic field intensity (ampere
per meter) and the negative sign in the
last expression is caused by the fact that
the reflected wave is traveling in the
direction opposite to the direction of the
incident wave. Similarly, the intrinsic
impedance η of medium 2 can be defined:

(54)

The tangential components of E and H
are continuous across the boundary:

(55)

(56)

Based on Eqs. 53 to 56, Eqs. 57 and 58
give the reflection coefficient Γ and the
transmission coefficient T:

(57)

(58)

For the case of oblique incidence, the
situation is more complex. Here, the
direction of the transmitted wave is
altered when it passes from medium 1 to
medium 2. This phenomenon is called
refraction. The angle of incidence θi that
the incident field makes with the normal
is always equal to the angle of reflection
θr (angle between the reflected field and
the normal):

(59)

This is Snell’s law, illustrated in Fig. 7a.
The relationship between the refracted
wave and the incident wave depends on
the polarization of the incident wave
(Figs. 7b and 7c). With horizontal or
perpendicular polarization, the electric
field direction is perpendicular to the
plane of incidence and parallel to the
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FIGURE 7. Reflection and refraction: (a) at interface of one
dielectric medium to another; (b) at interface of air to
dielectric medium; (c) at interface of dielectric medium to
air.
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reflecting surface. In this case, it can be
shown that:42

(60)

The other case is that of parallel or
vertical polarization, where the electric
field vector is parallel to the plane of
incidence. Here, the reflection coefficient
is given by:42

(61)

Of particular interest is the case in
Eq. 61, where no reflection occurs. This
phenomenon occurs when θi satisfies the
following condition:

(62)

This angle is called the brewster angle.
At this angle, shown in Fig. 7b, there is no
reflected wave when the incident wave is
parallel polarized. In contrast, there is no
corresponding brewster angle for
perpendicular polarization. Finally, total
internal reflection occurs if all of the
incident energy (irrespective of the
polarization) is reflected:

(63)

As mentioned above, electromagnetic
waves are refracted when they travel from
one medium to another. The index of
refraction, defined as the ratio of the
velocity of light in a vacuum to the phase
velocity in the dielectric medium, is
given by:

(64)

where n is the refractive index and εr is
the relative dielectric constant of the
dielectric medium. A common example of
refraction is the bending of light when it
propagates through water.

Just as in the case of reflection from a
perfect conductor, reflection of a portion
of the energy from a dielectric material
can create a standing wave. As above, the
standing wave ratio can be computed for
partial reflection from a dielectric. The
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standing wave ratio in this case can also
be related to the reflection coefficient:

(65)

or:

(66)

where |Γ| represents the magnitude of the
quantity. For a perfect conductor, Γ is
unity and the standing wave ratio is
infinity.

S Parameter Theory44

At lower frequencies, any two-port
network can be represented in terms of
the voltages and currents at the two ports.
The relationships between the voltages
and currents are represented in terms of
the H, Y or Z parameters. However, such
an approach does not work at microwave
frequencies because of the difficulty of
measuring the total voltage and current at
these frequencies. As such, a different set
of parameters called scattering parameters,
or S parameters, is used to characterize
microwave devices. Consider a negative
port (n port) microwave device, each port
of which is assumed to be lossless (Fig. 8).
It is assumed that ai is the incident wave
at port i and bi is the reflected wave at
port i:

(67)

or equivalently:

b S a
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FIGURE 8. Four-port microwave junction. 
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(68)

In matrix notation:

(69)

where:

(70)

(71)

and:

(72)

The S matrix is called the scattering
matrix and its elements are the scattering
parameters, or S parameters. These
parameters are related to the reflection
and transmission coefficients for three
conditions:

1. Sij = Γij, the reflection coefficient of
the ith port if i = j, with all other ports
terminated in matched loads;

2. Sij = Tij, the forward transmission
coefficient (transmission from the ith
port to the jth port) of the jth port if
i > j, with all other ports terminated in
matched loads;

3. Sij = Tij, signifying in this case the
reverse transmission coefficient
(transmission from the jth port to the
ith port) of the jth port if i < j, with all
other ports terminated in matched
loads.

The S parameters provide a simple
means to completely characterize a device
or medium under test. The S parameters
can be determined quickly by using
modern microwave equipment such as
network analyzers. The reflection and
transmission coefficients can then be
computed using the S parameters,
completely characterizing the material or
structure. Examples of using the reflection
coefficient for nondestructive testing are
provided below.
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Scattering by Small Reflectors
Scattering is a generalized term for the
reflection phenomenon.48-50 In its most
general form, the direction, nature and
degree of scattering depend on a highly
complex interrelationship of many
factors, including wavelength,
polarization, near or far field conditions,
shape and orientation of object and the
index of refraction between the object
and its surrounding medium (accounting
for the dielectric and conductive
properties of the two media). Excellent
treatment of the physics and
mathematical equations involving the
more generalized descriptions of the
scattering phenomenon are given in the
literature.1-3,48-50

As a simplified example, the scattering
behavior (normalized scatter cross section)
of a metal sphere in space (under far field
sensing conditions) is portrayed in
Fig. 9.51 As shown, with very large
wavelengths (corresponding to low
frequency microwaves), the degree of
scattering is low and varies with the
fourth power of the wavelength. This
wavelength region is known as the
rayleigh region. As the wavelength
decreases and approaches the order of
magnitude of the sphere’s circumference,
an oscillating type of scatter takes place.
This wavelength range is known as the
resonance region. The maximum
normalized scattering cross section occurs
when the microwave wavelength and the
sphere circumference are equal.

If the wavelength is further decreased
so that it is very small compared to the
circumference of the sphere, the scattering
cross section becomes equal to the
physical cross section. The region in
which this behavior exists is identified as
the optical region.
298 Electromagnetic Testing

FIGURE 9. Fundamental microwave backscattering
relationship in far field for spherical conductors.
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Some simple equations can be derived
that approximate scattering from metal or
dielectric spheres surrounded in a
dielectric medium when rayleigh
scattering conditions apply (at
wavelengths much larger than the sphere
radius a):

(73)

For a conductive sphere located in an
infinite surrounding medium, the far field
scattering cross section ψ (square meter)
for plane wave illumination in the
rayleigh region is given for backscatter:52

(74)

and for forward scatter:

(75)

Note that backscattering is almost an
order of magnitude greater than forward
scattering. The quantity ψ·λ–2 represents a
fraction of the total incident power that
would be scattered if the total incident
power were confined to a circular area
of λ2.

Under the same rayleigh conditions,
the backscatter from a low loss dielectric
sphere can be approximated:52

(76)

where εr is the dielectric constant of the
sphere relative to the surrounding
medium.

Analogy of Atmospheric
Scattering of Light
The scattering relationships of Fig. 9 are
true throughout the electromagnetic
spectrum. For example, the daytime sky
can be blue and the sunset red because of
light scattering. Air molecules, small in
circumference compared to light
wavelengths, fall deep into the rayleigh
region. The shorter blue wavelengths are
scattered more than the red wavelengths.
Hence, light transmitted directly through
the Earth’s atmosphere from the sun
appears redder than that scattered by the
atmosphere, so that in the northern
hemisphere light from the sky overhead is
bluer.

These effects can be contrasted with
the optical scattering of a strong beam of
light by large chalk particles. In this case,
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the scattered light is white because the
wavelengths for the entire visible light
spectrum are many times smaller than the
size of the chalk particles. In this optical
region (see Fig. 9), the scattering cross
section is the same for all the visible light
wavelengths.

Scattering from Reflector Shapes
and Arrays
The same general scattering relationships
shown in Fig. 9 also hold true for other
shapes of reflectors, including conical,
cylindrical and ellipsoidal reflectors. Their
scattering graphs are understandably
different from that of Fig. 9 but the same
three scattering regions occur.

Scattering by periodic structures such
as gratings and arrays has created
considerable interest and has been the
basis for some specialized microwave test
applications. When a linearly polarized
microwave beam impinges normally on a
flat screen or grating formed of wires, the
microwave scattering and transmission are
strongly affected by the angle between the
direction of microwave polarization and
the direction of the parallel wires in the
reflector.

When the microwave polarization axis
and the direction of the wires are
orthogonal (perpendicular to each other),
most of the microwave beam energy is
transmitted through the wire grating.
When the microwave beam is polarized in
a direction parallel to the wires in the
grating, most of the microwave beam
energy is scattered or reflected.
Proportional amounts of the microwave
radiation are either scattered or
transmitted for angles (of microwave
polarization with respect to the condition
of the wires) between these two extremes.
FIGURE 10. Acoustic model of radiation
pattern, showing near field and far field.
Source is at left, with energy propagating
from left to right. Photograph shows
acoustic waves propagating in illuminated
liquid (schlieren technique).53

Far fieldNear field
Radiation Patterns
According to Huyghen’s principle, any
form of radiation (electromagnetic or
acoustic) can be analyzed by the addition
of contributions from some given
distribution of simple sources, properly
selected in phase and amplitude to
represent the physical situation. This
principle forms the basis for analyzing the
microwave intensity distribution as a
function of any point in space in front of
the radiator.

The intensity distribution and shape of
a radiation pattern is determined by the
ratio of the dimensions of the radiator
and the wavelength in the propagating
medium. The diffraction pattern is formed
by the phase and amplitude relationships
of the huyghen wavelets propagating
from the face of the radiator. Figure 10
illustrates a radiation pattern from a
circular source with a diameter of
6.7 wavelengths: D·λ–1 = 6.7.53 The light
areas represent high intensity whereas
dark areas represent low intensity. The
complex diffraction pattern closer to the
radiator is called the near field (or fresnel
field) whereas the more uniform pattern
further from the radiator is called the far
field (or fraunhofer field).

Figure 11 shows the distribution of
relative intensity I along the Y axis of the
radiation pattern from a circular
continuous wave radiator with a
radius-to-wavelength ratio of R·λ–1 = 9.5.54

For continuous wave radiation in a
lossless medium, the maxima along the
axis all have the same intensity whereas
the minima are all zero. The far field or
near field boundary is located at the last
(farthest) axial maximum from the face of
the radiator yo+. The location of the
various maxima and minima along the
beam axis in the near field is a function
of D·λ–1.
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FIGURE 11. Distribution of axial intensity I for circular radiator
R·λ–1 = 9.5.45
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Near Field (Fresnel Field)
The near field intensity pattern transverse
to the radiation axis (radiator axis) also
consists of a series of maxima and
minima. The distribution and number of
these maxima or minima occurring across
a given transverse axis depend on the
transverse axis location along the
longitudinal Y axis (its distance from the
face of the radiator). The number of
maxima occurring immediately in front of
a radiator is given by the ratio D·λ–1. The
near field contains cross polarization,
where a component of E lies in the
propagation direction.

Far Field
The far field (fraunhofer field) begins at
yo+ ≥ R2·λ–1 and extends to infinity, with
the axial intensity uniformly decreasing
with y–2 (inverse square law function).
Beam spread occurs in the far field
because of diffraction, producing a main
lobe and side lobes in the radiation
pattern (Fig. 12).54 As illustrated, the
shape or directivity of the main lobe and
the number of side lobes are functions of
D·λ–1. The directivity or beam sharpness
of the main lobe for a circular radiator is
given by the fraunhofer formula:

(77)

where θ is the half angle of beam spread,
or beam divergence. The fraunhofer

sin .θ λ= 0 61
D
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FIGURE 12. Radiation patterns in far field for circular radiators
with various ratios of radiator diameter D to wavelength λ:
(a) diagram; (b) D·λ–1 = 0.5; (c) D·λ–1 = 1.2; (d) D·λ–1 = 2;
(e) D·λ–1 = 4.
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formula for beam spread from a square
wave radiator is given by:

(78)

where l is the side of the square radiator.
The wavefronts in the main lobe are

spherical, following intensity reduction in
accordance with the inverse square law. At
great distances in the far field, the
wavefront characteristics closely
approximate those of plane waves.

Guided Waves and Waveguides44

A waveguide is a dielectric filled metallic
tube, usually either rectangular or circular
in cross section, that can guide an
electromagnetic wave. Such waveguides
are usually used only at microwave
frequencies. In many cases, the dielectric
material within the waveguide is air. The
electric and magnetic fields are confined
to the space within the waveguide, with
negligible power loss at the walls of the
waveguide. Dielectric losses are also
usually small because in most cases air is
used as the dielectric material. In
microwave testing, waveguides are
essential in instrumentation because they
couple the microwave energy to the test
object. The exact type of waveguide also
depends on its operating frequency.

In general, it is possible to propagate
several modes of electromagnetic waves in
a waveguide, such as transverse electric,
transverse magnetic and transverse
electric and magnetic. However, each
waveguide has a cutoff frequency for each
mode, above which energy can be
transmitted down the waveguide without
attenuation. Below the cutoff frequency,
the energy is attenuated to a negligible
value in a very short distance. The mode
with the lowest cutoff frequency is called
the dominant mode. The allowable modes,
as well as the cutoff frequency, are related
to the cross sectional dimensions of the
waveguide. Usually, waveguides are
selected such that only the dominant
mode can propagate.

For rectangular waveguides, a
propagation constant can be defined in
the waveguide:

(79)

where γ is the intrinsic propagation
constant of the dielectric and kc is the
cutoff wave number. For a lossless
dielectric material:

(80)

No wave propagation occurs when:

γ ω µεg c= ± −j k2 2

γ γg c
2 2 2= + k

sin θ λ=
l



(81)

or:

(82)

This condition occurs when the frequency
of the impressed electromagnetic wave is
equal to the cutoff frequency. Thus, the
cutoff frequency can be derived as:

(83)

For cases where the frequency is above the
cutoff, wave propagation in the guide
occurs; for cases where the frequency is
below the cutoff, the wave is rapidly
attenuated in the guide. The special case
of f = fc is also called evanescence. Similar
expressions can be derived for waveguides
with other cross sections.

f
k

c
c=

2π µε

ω µεc c
2 2= k

γ g = 0
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PART 3. Applications of Microwave Testing
The ability of microwaves to penetrate
deeply inside dielectric materials and
composites makes microwave testing very
attractive for interrogating such
materials.2,5,6,9,55 Table 1 lists some
application areas.56-83

Generally, microwave measurement
setups are divided into three categories:
reflection, transmission and scattering
setups. As in monostatic radar, reflection
measurements (Fig. 13a) are conducted
using one antenna for transmitting and
receiving signals. Different antennas may
be used for transmission and reception.
The transmission approach (Fig. 13b) is
similar to bistatic radar and is conducted
by using an antenna on each side of the
test object. Transmission approaches
require access to both sides of the test
object. Scattering measurements (Fig. 13c)
are obtained using several transmitters or
several receivers positioned at certain
locations.
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TABLE 1. Applications of microwave testing.

Medium T

Concrete testing of concrete for constituent determination, r
detection of grout in masonry63,64

Layered media detection and evaluation of corrosion under paint 
detection of minute thickness variations in each lay
accurate thickness measurements of coatings, sing
detection of disbonds, delaminations and voids in 

Nonmetals inspection of thick plastics and composites for inte
detection and estimation of porosity in ceramics, t
detection and measurement of moisture content in
impact damage detection and evaluation for reinfo
fiber orientation determination in graphite and gla
characterization of constituents (for example, volum
evaluation of cure states in chemically reactive mat

Metals sizing of surface cracks (stress and fatigue) in meta
profiling and roughness evaluation of metal surface

Subsurface imaging of localized and extended area interior an
media heating lossy dielectric materials for medical or the

imaging of buried objects79,80

determination of ratio of water to cement in fresh 
test for segregation in concrete structures in servic
inspection of luggage for contraband83

liquid state monitoring
Microwave Testing Using
Far Field Approach
As mentioned above, microwave
nondestructive test techniques are applied
either in the far field or in the near field.
The mathematical derivations of the far
field approach are relatively simple and
easy to implement in a code format.

Detection of Disbonds in Concrete
Structures
The presence of a disbond or a crack can
be modeled as an additional layer of air
within a concrete structure. When a plane
wave is incident on a dielectric structure,
part of it will be reflected at the boundary
between any two layers and the rest will
travel through. A wave that moves within
a dielectric material attenuates and
undergoes more rapid phase changes than
a wave traveling in a vacuum. Waves
reflect and refract whenever they travel
est Purpose

einforcing bar location, chloride detection and safety evaluation18,56-62

and thick stratified composite laminate coatings22,32

er of stratified dielectric medium26,65

le dielectric slabs (paint) and layered dielectric composites11,15,66

stratified media and depth estimation of these discontinuities66,67

rior discontinuities, fiber bundle orientation and moisture content4,68

hermal barrier coatings, plastics and glass69

 wood, grains, textiles and other materials63

rced composite structures, including graphite composites70

ss reinforced composites71

e contents and dielectric constants) in dielectric mixtures28,63,72,73

erials (carbon loaded rubber, resin binder and cement)74,75

ls and in cracks filled or covered by paint, rust or dirt21,30,31,33-40

s63

d surface discontinuities23,67,76

rmographic imaging25,77,78

and hardened concrete with microwave reflection techniques81

e75,82



from one medium or layer to another. The
reflection coefficients between the layers
and the attenuation through them are
calculated until the wave reaches an
infinite half space or a conducting layer.11

By comparing the reflected wave from a
layer to the incident wave on the layer,
the reflection coefficient is obtained at
that layer. The reflection coefficient at the
first layer (effective reflection coefficient)
can be calculated and measured as well.
The presence of a disbond or a void is
detected through measuring variation in
the phase of the effective reflection
coefficient Γ. To demonstrate this
approach, a concrete structure with
relative dielectric constant εr = 6 – j 0.6
was assumed,81 where the relative
dielectric constant is a constant unique
for each material.

Figure 14 shows the calculated phase of
the reflection coefficient as a function of
disbond thickness for a disbond at the
depth of either 10 mm (0.4 in.) or 50 mm
(2.0 in.) and at two frequencies of 3 GHz
and 6 GHz. The results indicate that, if
the disbond thickness is zero (that is, if
there is no disbond), all frequencies see an
FIGURE 13. Measurement setups: (a) reflection;
(b) transmission; (c) scattering.
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infinite half space of concrete. This is
indicated by a common phase to all
graphs of 180 degrees. As the thickness of
the disbond increases, the phase begins to
change from that of an infinite half space.
The figure also shows that at a depth of
50 mm (2 in.) and at 6 GHz, the variation
in the phase becomes very small because
the depth of penetration of this frequency
is limited compared to that at 3 GHz. The
fact that a constant phase difference is
present at 6 GHz for any disbond
thickness exceeding 80 mm (3.15 in.) is
an indication that this phase difference
can be used to either locate or estimate
thicknesses of disbonds.

Simulations have indicated that, as the
depth of the disbond increases,
frequencies around 6 GHz seem useless.
Consequently, the phase of the reflection
coefficient is calculated for different
disbond depths and thicknesses at
different frequencies. Then, the phase
difference between the bonded and
disbonded areas was calculated and
plotted as a function of frequency.
Figure 15 shows the difference in the
phase of reflection coefficients between
the bonded case and a 5 mm (0.2 in.)
thick disbond at different depths. It is
clear that if a disbond is deep, maximum
phase difference is obtained at lower
frequencies. For example, a disbond at a
depth of 60 mm (2.4 in.) gives maximum
difference at a frequency of about 2 GHz
whereas a disbond at a depth of 20 mm
(0.8 in.) gives maximum difference at a
frequency of 6 GHz.

It seems that deciding on an optimum
frequency is hard, especially if the
disbond depth and thickness are
unknown as in most applications.
However, test results show that
frequencies around 3 GHz are optimal in
obtaining high differences for all depths.
Figure 15 also shows that, at some
combinations of disbond depth, thickness
and frequency of operation, the reflection
coefficient’s phase does not change from
the case without disbond. This result
indicates that a test at a single frequency
does not guarantee the detection of a
disbond. Even if the disbond is detected,
two unknowns need to be determined,
namely the disbond thickness and depth.
Consequently, two different
measurements are needed to find disbond
thickness and depth.

The easiest way to obtain more tests is
to change the frequency of operation.
Conducting two or more measurements
will ensure the detection and evaluation
of the thickness and depth because, if
there were no disbond in the structure,
the two tests will result in same phase of
the reflection coefficient (that is, infinite
half space of concrete).
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FIGURE 1

Legend
1. 20 
2. 40 
3. 60 
4. 80 
5. 100
Usually when tests are done using
microwaves, the first step is to calibrate
the microwave system. This step may be
eliminated if the phase difference of two

tests at two different frequencies is taken
into account. Because phase difference
does not change, waves travel the same
distance all the time. This means that if
Electromagnetic Testing

FIGURE 14. Calculated phase versus disbond thickness for 10 mm (0.4 in.) and 50 mm
(2.0 in.) deep disbonds at 3 and 6 GHz.
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FIGURE 17. Measured changes in phase of reflection
coefficient versus measured changes in disbond thickness.
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FIGURE 18. Measured phase difference of two frequencies
versus measured disbond thickness at depth of 50 mm
the test is performed at three different
frequencies and the phase difference of
the three tests is calculated, the disbond
will be detected and its depth and size
will be evaluated as well. Figure 16 shows
that the phase difference changes with
the changes in disbond thickness. This
correlation was true also for a varying
disbond depth and a fixed thickness.

In the case of no disbond, the phase
difference will remain at zero. For a
disbond of any thickness at any depth,
using two values of phase difference
between phases at three frequencies
reveals the thickness and depth of any
disbond. In most applications, the phase
of the reflection coefficient can be
measured at different frequencies.
Consequently, a lookup table may be used
with a simple program to search the data
generated by using the theoretical code
for the phase difference combinations
closest to the measured ones.

In an experiment, a phase detection
system using a horn antenna was built
and used. A 1 m × 1 m × 50 mm
(39 × 39 × 2.0 in.) concrete block was
made and a frame that can be used to
adjust the height (that is, to control the
disbond thickness) of the concrete block
was built. Phases caused by 10 mm
(0.4 in.) disbonds, 20 mm (0.8 in.)
disbonds and cases of no disbonds were
measured at several frequencies. Results at
different phases show that disbonds can
be detected (Fig. 17). The differences,
shown in Fig. 18, were also calculated and
used to estimate the depth and thickness
of the disbonds. For example, if tests are
done at 3.8 and 3.2 GHz and the phase
difference measured is 10 degrees, the
disbond thickness will be 10 mm (0.4 in.)
at a depth of 50 mm (2.0 in.). Phase
FIGURE 16. Phase difference of two frequencies versus
disbond thickness at depth of 50 mm (2.0 in.).
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differences at three frequencies will give
the thickness and depth of a disbond.

Microwave Testing Using
Near Field Approach
Near field microwave testing of structures
with discontinuities has received
considerable attention. Near field
microwave measurements are influenced
by several factors such as probe type (such
as rectangular waveguide, circular
305Microwave Testing
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waveguide or coaxial line) and field
properties (such as main lobe, side lobes
and half power beam width), geometrical
and physical properties of both the
discontinuity and the material under test.

Near Field Imaging of Structures
Inspection and detection of
discontinuities in opaque media is a
classical problem. Over many years, this
problem has motivated scientists and
engineers to develop probes that can
characterize such entities. Most imaging
systems are intended to address this
problem in a wide range of applications,
including medical imaging, microscopy
and material nondestructive testing. There
are many test techniques for imaging
purposes and they share the basic
principle of image formation: an image of
a test object is formed by the interaction
between the imaging sensor and certain
physical or chemical properties of the test
object. In essence, this applies for near
field microwave imaging of
discontinuities in various test objects.

A microwave image is obtained by
arranging detected microwave signal data,
gathered by performing a raster scan over
a test object, to produce a visual
impression of structural geometry and
discontinuities. The microwave data may
include information such as the phase or
magnitude of either the reflection
coefficient or the transmission coefficient.
Also, attenuation information can be used
to produce a microwave image of a test
object as well as any combination of the
above. The general geometry of a
composite panel illuminated by a
waveguide sensor is shown in Fig. 19. The
sensor operates at a certain frequency and
at a certain standoff distance, that is, at a
certain distance between the waveguide
aperture and the test surface.
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FIGURE 19. Composite structure is scanned by near field
waveguide based imager.
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The use of an open ended rectangular
waveguide as a sensor for measuring
material properties at microwave
frequencies has received considerable
attention.7-9,13-16,21-23,71 An open ended
rectangular waveguide offers advantages
such as a relatively small footprint
(sensing area) compared with an antenna
operating from the far field. Table 2 lists
some of the most used frequency bands
with the corresponding frequency range
and waveguide aperture size.

Near field waveguide systems are
simple yet powerful imaging tools. They
are based on the basic idea that
microwaves launched into a medium are
very sensitive to discontinuities in the
material space. A discontinuity could be
practically realized as a crack in metal, a
void in concrete structure, a foreign
inclusion in composite structure or
interfaces between different dielectric
layers. This discontinuity, defined as
change in the spatial distribution of the
dielectric properties, causes some change
in the properties of the reflected and
transmitted waves. The power and the
phase properties of the forward and
backward traveling waves contain
valuable information about the type,
location and orientation of
discontinuities. Any microwave system is
intrinsically a nondestructive test system
if it is outside the test material space and
measures microwaves to evaluate the
material.

Generally, a near field waveguide based
microwave imager is an imaging system
that uses a waveguide as an imaging
probe to measure the reflection coefficient
in a certain imaging plane as a function of
the spatial coordinates and then provides
that information as a two-dimensional
image. Usually, the imaging plane is taken
to be parallel to the test object’s surface.
Imaging for nondestructive testing has
two fundamental objectives.
TABLE 2. Commonly used frequency bands and
corresponding waveguide apertures.

Frequency Aperture Diameter____________________ _____________________________
Minimum Maximum Minimum Maximum_____________ ____________

Band (GHz) (GHz) mm (in.) mm (in.)

S 2.6 3.95 34.04 (1.34) 72.14 (2.84)
G 3.95 5.85 22.15 (0.87) 47.55 (1.87)
J 5.85 8.2 15.80 (0.62) 34.84 (1.37)
X 8.2 12.4 10.16 (0.40) 22.86 (0.90)
Ku 12.4 18.0 7.90 (0.31) 15.80 (0.62)
K 18.0 26.5 4.32 (0.17) 10.67 (0.42)
Ka 26.5 40.0 3.56 (0.14) 7.11 (0.28)
V 50.0 75.0 1.88 (0.15) 3.75 (0.15)



1. The detection problem — imaging
equipment should detect a subsurface
inclusion such that, from the captured
image, an inspector can document the
existence of the inclusion.

2. The inverse problem — the imaging
equipment should assess the inclusion
through quantitative interpretation of
the captured image to extract the
inclusion’s physical and electrical
properties.

Finally, two important metrics are used
to assess the performance of the imager
itself.

1. Sensitivity is a measure of the
minimum detectable variation in the
material properties.

2. The resolution of the imager is its
ability to distinguish two close
material variations.

A general near field microwave
measurement setup is shown in Fig. 20.
A single-frequency transmitter (sweep
oscillator or gunn diode) generates a
microwave signal that is transmitted
through an open ended rectangular
waveguide probe terminated into a large
metallic flange. As a standard practice, a
square flange with sides greater than the
vacuum wavelength λ0 is used to
terminate the aperture of the waveguide
to approximate an infinite ground plane.
As the signal reaches the aperture, part of
it gets reflected into the waveguide
according to the effective dielectric
properties of the medium in front of the
aperture. A receiver (a detector diode or a
mixer) is used to measure an electric
potential related to the properties of the
reflected signal.

As the scan progresses, the measured
voltage values are recorded in a matrix. If
the scan starts at a spot devoid of any
discontinuity, the detector measures a
certain, almost constant, voltage. When
FIGURE 20. General near field microwave imaging
experimental setup.
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an indication appears (that is, when a
discontinuity appears in the sensing range
of the probe) by the detector aperture, the
effective dielectric property of the
structure in front of the aperture varies.
This variation results in a change in the
reflected signal and consequently the
measured voltage. Images produced in
this fashion are referred to as contrast
images (that is, the presence of a
heterogeneity is indicated by a different
color, or intensity level, in the image).

After fulfilling the requirements of the
test process, mentioned above, the type of
images to be captured should be decided.
Then, an optimization procedure should
be carried out to facilitate the inverse
problem solution — that is, image
interpretation — in the later stages.

Types of Captured Images
The reflection coefficient is a complex
parameter that depends directly on the
properties of the material discontinuities.
Using special microwave circuitry, the
phase and the magnitude of reflection
coefficient can be measured. According to
the measured parameter, there are three
types of images and hence three types of
realizations of the near field waveguide
based imagers: phase images, magnitude
images and complex images.
Phase Images. Phase images are images in
which the intensity at every spatial point
is proportional to the phase of the
reflection coefficient at that point. The
waveguide is scanned in the imaging
plane and the phase of the reflection
coefficient, or a signal proportional to it,
will be measured at each scanned point. A
microwave circuit that measures scatter
may be used for this purpose, capturing
images within a dynamic range of
180 degrees. These images may reveal
surface and subsurface discontinuities in
material structures. For this type of test,
the sensitivity of a phase image is
quantified by the ratio of the change of
the phase of the reflection coefficient to
the amount of change in the electrical
property of the material.
Magnitude Images. In a magnitude
image, the intensity at each scanned
point is proportional to the magnitude of
the reflection coefficient. The
implementation of the magnitude imagers
is simpler than that of the phase imagers.
Because the magnitude of the reflection
coefficient has a range from zero to one,
the dynamic range of the magnitude
images span a portion of this range.
Complex Images. Complex images are the
simplest to capture. The intensity at each
point in the captured image is
proportional to the complex reflection
coefficient as a whole. These images do
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TABLE 3. Model for microwave testing of
layered composite structure, where
j = √(–1).

Relative Dielectric Thickness______________
Layer Constant εεr mm (in.)

Skin 4.5 – j 0.04 2.5 (0.10)
Adhesive 3.1 – j 0.01 0.3 (0.012)
Inner core 1.1 – j 0.003 40.0 (1.60)
Adhesive 3.1 – j 0.01 0.3 (0.012)
Skin 4.5 – j 0.04 2.5 (0.10)
not convey phase or magnitude
information exclusively.

Image Optimization
One of the most attractive features of near
field microwave imaging systems is that
they lend themselves to systematic
optimization to enhance their capability
in various applications. In the imaging
context, this is achievable when the
sensitivity (physical contrast) and the
lateral resolution of the captured images
are high enough for the image to be
interpreted quantitatively.
Optimization Parameters. There are two
main optimization parameters to be used
to enhance the captured image for a given
detection scenario: the operation
frequency and the standoff. These
parameters can be applied to any
microwave test.

1. The optimum frequency of operation
(the waveguide band) should be
determined to meet the detection
requirements. Special optimization
computer codes written to find these
parameters are based on mathematical
models developed to describe the
interaction between microwaves and
material systems. For waveguide
probes particularly, the frequency of
operation and the waveguide
dimensions not only determine the
sensitivity but also restrict the lateral
resolution to a ratio of the waveguide
footprint. Sometimes, there may be a
tradeoff between the sensitivity and
the lateral resolution. In this case, the
other optimization parameters and
tactics help to resolve the tradeoff.

2. The standoff distance, or liftoff
distance, is the mechanical distance
between the waveguide aperture and
the surface of the test material. Many
investigations have proved the impact
of this optimization parameter on the
detection capability of near field
microwave test systems. Changing the
standoff distance by small fractions of
the operating wavelength can
optimize the detection sensitivity.

Optimization Tactics. Optimization tactics
are used for special cases or critical
applications when the optimization
parameters alone fail to meet the
detection requirements.

1. Backing the structure under test with a
conducting sheet enhances the
detection sensitivity. This measure
works especially for low loss, low
permittivity structures.

2. Adding a layer of a dielectric material
to replace the liftoff focuses the field,
shifts the phase and maintains
constant liftoff.
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3. Filling the waveguide with a coupling
material can increase the amount of
power penetrating into the structure.
Waveguide filling constitutes a
powerful optimization parameter to
test material of very high loss tangent.

Laminated composite materials have
become prominent engineering materials
in a wide range of applications. For
critical applications, these materials are
engineered to have specific attributes in
which accidental variations can cause
catastrophic failures. It is required that the
nondestructive test technique provide
quantitative measures about the type,
location and orientation of subsurface
inclusions. Such information about these
inclusions could be extracted from
two-dimensional images. Near field
microwave imaging systems with open
ended rectangular waveguides as imaging
probes have shown promising results in
detecting subsurface discontinuities in
such opaque media.8,22,23,71

Theoretical Image
Formation
To form and optimize an image
theoretically, it is crucial to have the
mathematical model that describes the
interaction between microwaves and the
laminated composite structures. The
model is used to calculate the phase and
magnitude of the reflection coefficient at
each point in the imaging plane. The
developed model has been applied to
obtain images of subsurface inclusions in
a five-layer laminated composite structure
(Table 3).

The structure was backed by a
conducting sheet. An air inclusion, or air
pocket (relative dielectric constant εr = 1),
measuring at least 2 × 3 × 0.3 mm
(0.08 × 0.12 × 0.012 in.) in the X, Y and Z
directions, respectively, may be
introduced in the first or second adhesive
layers. To detect and assess the effect of
each inclusion independently, they need
to be imaged with acceptable



nonoverlapping dynamic ranges. The
frequency of operation, standoff (liftoff)
distance and the waveguide band that
yield the required images must be
determined before application.

By using the developed model, the
requirements were met by operating at a
frequency of 32 GHz in the Ka band at a
standoff distance of 1 mm (0.04 in.).
Figure 21a shows the raster phase image
when the inclusion is present in the first
adhesive layer. The spatial extent of the
inclusion is apparent from the image with
a dynamic range of 40 degrees. In
Fig. 21b, the inclusion extent in the
second adhesive layer is also evident with
a narrower yet still acceptable dynamic
range of 25 degrees. The dynamic ranges
are not overlapping and the two locations
of the inclusion can be distinguished at
the same frequency. The two images also
show that, as the discontinuity location
FIGURE 21. Phase image for flat inclusion in first adhesive
layer: (a) dynamic range of 40 degrees; (b) dynamic range of
25 degrees.
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becomes deeper, its image becomes larger.
This change occurs mainly because the
beam becomes wider as the distance from
the radiator increases.

Near field waveguide based microwave
imagers are suited for detection and
assessment of foreign inclusions in
laminated composite materials. Imaging
of various inclusions can be achieved
through model based optimization
procedures. These procedures result in
theoretical images to be used with
practical images to extract subsurface
discontinuity properties.

Experimental Results
Numerous examples of experimentally
obtained images have been published in
the literature. The following examples
demonstrate the applicability of
microwave testing.
Moisture Permeation Detection. Figure 22
shows an image obtained using a real
time handheld microwave imaging system
operating at 10.5 GHz and 2 mm
(0.08 in.) standoff distance for 0.5 cm3

(0.03 in.3) of water injected at the bottom
of a 20 mm (0.8 in.) thick composite
panel. The two-dimensional intensity
image indicates that such discontinuities
may be clearly detected and their extent
assessed.
Metal Bar in Structure. Figure 23 shows a
two-dimensional image of a steel bar
inserted at an angle in a relatively dense
composite structure at a frequency of
10.5 GHz and a standoff distance of 2 mm
(0.08 in.). As the depth changes, the
intensity level caused by the bar changes
as well.
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FIGURE 22. Real time complex image of water permeation in
thick composite structure.
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Corrosion Detection
Detection of corrosion under paint and
composite laminate coatings is crucial in
many industrial, civil and military
applications. In many countries, detection
of rust and other corrosion is an
important practical concern. Because the
presence of rust or corrosion may be
considered as an additional new thin
dielectric layer under the paint or coating,
microwave testing is well suited for
evaluating this type of damage.22,32

One study evaluated a microwave test
system that exploited the phase and
magnitude information of the reflection
coefficient. For these measurements, a
direct current voltage proportional to the
magnitude and phase of the reflection
coefficient at the waveguide aperture was
used to generate raster scan images of
rusted steel specimens. The experimental
results illustrate the practicality of near
field microwave imaging for corrosion
detection. Figure 24a shows a photograph
of a steel specimen having an area of rust
in the middle. This specimen was
produced from a relatively flat piece of
steel covered by a thin layer of naturally
occurring rust. The rusted area was
masked by a piece of tape and the
remaining exposed surface was sand
blasted to remove the rust.

Subsequently, this specimen was
painted as uniformly as possible with
common spray paint as shown in
Fig. 24b. Figure 24c shows a 130 × 70 mm
(5.2 × 2.8 in.) image of the rusted steel
specimen with a rust thickness of about
0.5 mm (0.02 in.) under a paint thickness
of 0.1 mm (0.004 in.) at a frequency of
25.5 GHz and at a standoff distance of
1 mm (0.04 in.) of air. The rusted area is
310 Electromagnetic Testing

FIGURE 23. Complex image of 130 × 120 mm 
structure.
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clearly visible. To demonstrate the use of a
dielectric cover for optimization, a layer
of rubber was used to replace the standoff
distance (Fig. 24d). The electromagnetic
waves become more intense and the
spatial extent of the rusted area in the
image closely matched the rusted area in
the object.

Figure 25a shows a rusted steel flange
used in the petrochemical industry. The
flange was painted uniformly. Figure 25b
shows a 200 × 350 mm (8 × 14 in.) image
at a frequency of 25.5 GHz and at a
standoff distance of 8 mm (0.32 in.). This
standoff distance was picked to avoid
touching the bolt shown on the picture.
The rust was clearly detected as well as
other surface features of the flange.

Monitoring of Liquid
States and Properties
Determination of the dielectric properties
of liquids has high practical potential in
many industrial, medical, as well as
environmental sectors. The properties of
liquids (for example, engine oil,
transformer oil and antifreeze liquids)
change when they are used in different
environments. Change of properties is
usually associated with a change of the
percentages of the constituents of a liquid
as well as the addition of new particles —
for example, metallic particles in oil,
percentage of carbon and others.
Dielectric properties of mixtures are
usually influenced by the dielectric
properties of the individual constituents
and their percentages. Consequently,
monitoring the dielectric properties of a
liquid with a sensitive probe can yield
information about the state of the liquid.
(5.2 × 4.8 in.) metal bar in thick composite
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An experiment was conducted using a
microwave testing system with a
monopole antenna (Fig. 26). To use such a
probe, the dimensions indicated on the
drawing must be found. Additionally, to
alleviate any confusion in the dielectric
properties of the liquid under
investigation, multiple-frequency
measurements and calculations must be
used. Frequencies of 0.7, 0.8, 1.0 and
1.2 GHz with monopole dimensions of
inner radius a = 0.925 mm
(3.64 × 10–2 in.), outer radius b = 3.13 mm

FIGURE 24. Rusted steel specimen: (a) before painting;

(b) after painting; (c) experimentally obtained image;
(d) experimentally obtained image with same specifications
as in Fig. 24c but standoff distance medium is rubber.

(a)

(b)

(c)

(d)
(0.123 in.) and height h = 120 mm
(4.72 in.) were found to be optimal.

Mathematical operations called fuzzy
logic systems, developed to describe the
operation of uncertain systems, were
applied in this case. A fuzzy logic system
alone and a fuzzy logic system with a
maximum likelihood algorithm were used
to determine the dielectric properties of
liquids ranging in relative complex
dielectric constant from εr = 20 – j10 to
εr = 70 – j60. The systems were exposed to
50 random experiments in blind tests —
that is, 50 random dielectric constants.
Each experiment resulted in four
reflection coefficients at the four
optimum frequencies chosen above. From
these reflection coefficients, the system is
supposed to estimate the liquid dielectric
properties — real and imaginary parts of
311Microwave Testing

FIGURE 25. Rusted steel flange; (a) photograph;
(b) experimentally obtained image at 25.5 GHz.
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FIGURE 26. Monopole antenna.
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the dielectric constant. Figure 27 shows
the output of the system for the real and
the imaginary parts of the dielectric
constant, respectively. As shown in the
figures, the system using the maximum
likelihood algorithm outperformed the
fuzzy system algorithm and was capable
of determining the dielectric properties
with high accuracy. The results
demonstrate the potential of using such a
system for online liquid state monitoring.

Surface Crack Detection
Metal surface crack detection is another
important application area of many
312 Electromagnetic Testing

FIGURE 27. Dielectric constant: (a) estimation of real part;
(b) estimation of imaginary part.
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nondestructive test techniques. Cracks
may be detected underneath a layer of
paint or rust or both, as well as cracks
filled with a dielectric. Crack evaluation
using microwave test techniques has been
successfully conducted by using either
open ended rectangular waveguide
probes21,33-40 or coaxial line sensors.30,31

Each sensor has its own advantages and
disadvantages as they relate to crack
detection. For example, coaxial line
sensors have wider operating frequency
bandwidth and smaller footprints and can
go into areas, such as bore holes, that
rectangular waveguides cannot. On the
other hand, coaxial sensors are much
weaker radiators: they have to be close to
the structure under test. They are also
sensitive to minute standoff distance
variation and their properties change with
big changes in temperature.

Figure 28 shows a line scan of a steel
specimen with a 0.08 mm (0.003 in.) wide
crack under a 0.05 mm (0.002 in.) thick
paint layer. The scan was obtained using a
coaxial line sensor operating at a
frequency of 10.5 GHz and at a standoff
distance of zero (that is, contact). The
crack is detected and the line scan
indicates that information about the
width of the crack may be obtained by
correlating the dip at the middle of the
line scan to the dimensions of the coaxial
line and the width of the crack.
FIGURE 28. Line scan of 0.08 mm (0.003 in.) wide crack using
coaxial line sensor.
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Complex Impedance Plane
Testing
In addition to the microwave test
techniques described above, a relatively
simple spot-to-spot (or sample-to-sample)
impedance plane technique can be used
for various applications.3,51,84

The microwave impedance technique is
similar to the eddy current impedance
plane technique, where a flying dot signal
is presented on a two-dimensional screen,
such as a liquid crystal display, plasma
display or cathode ray tube monitor. The
flying dot represents the tip of the
impedance phasor. The display can be
rectilinear, showing in-phase signal
changes along one axis and quadrature
(1.57 rad or 90 deg out of phase) signal
amplitude changes along the other axis.
Or the display can be polar (Fig. 29),
showing amplitude changes in the radial
direction and phase changes in the
circumferential direction.

The advantage of the simple complex
impedance plane display is that various
physical or chemical variables often move
the flying dot in recognizable loci,
permitting an irrelevant variable to be
sorted from the variable of interest. Signal
response can be interpreted as with the
eddy current impedance plane technique.
Either single-frequency or multifrequency
techniques can be used. The practicality
of the technique depends on the material
and the application.
FIGURE 29. Microwave impedance plane
presentation (flying dot) with phase changes
in circumferential direction and amplitude
changes in radial direction. Movement of
signal dot from P1 to P2 defines direction
and magnitude of change for particular
material variable (affecting both phase and
amplitude).84

P2

P1
Conclusion
The examples provided in this discussion
and references indicate the applicability of
microwave inspection and imaging
techniques for nondestructive testing.
Microwave nondestructive test systems
can be designed and built to be operator
friendly, handheld, battery operated and
portable. Microwave imaging systems are
used to obtain real time images;
quantifying the severity and extent of a
discontinuity may require additional data
and signal processing.

Quantifying may be viewed as an
inverse problem: once it is solved, all the
information related to the characteristics
of a discontinuity may be obtained. The
inverse problem is defined as reading or
extracting the hidden entity’s properties
from the captured data. The solution to
this problem is essentially a fulfillment of
the fundamental objectives of the imager,
such as assessment.

It is important to optimize the image
theoretically before application. The
optimization process solves the inverse
problem.
313Microwave Testing
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PART 1. Introduction to Electromagnetic
Identification of Materials
Absolute identification of chemical
composition of microstructure uses
techniques such as chemical spot testing,
metallography, spectroanalysis and X-ray
fluorescence. These techniques are
covered in other volumes of the
Nondestructive Testing Handbook.1,2

Electromagnetic tests can
nondestructively provide useful
information for characterization or sorting
of materials. Electromagnetic techniques
include impedance plane analysis,
conductivity testing, electrical resistivity
measurements, hysteresis curve analysis,
thermoelectric measurements and
dielectric measurements. The discussion
in this chapter is based on information in
the previous edition3 and has additional
information on dielectrometry.

Eddy current testing is well suited to
the task of sorting materials. When a
conductive material is placed in the field
of an eddy current probe, a specific
impedance value is established in the test
circuit. When a different material is
placed in the field, the resistance and
inductive reactance of the circuit will
change. In many cases these material
variations can be analyzed by examining
the impedance plane display of an eddy
current instrument.

Metals are by definition good
conductors of electricity. The addition of
alloying elements or changes in
microstructure caused by processing can
cause changes in a material’s electrical
conductivity that can be measured and
analyzed. The effects of microstructure
can be measured either with special
purpose conductivity testers or with
conventional eddy current equipment,
preferably equipment having an
impedance plane display.

Conventional eddy current
measurement of electrical conductivity is
an indirect measurement negatively
influenced by surface conditions
(roughness, curvature and others).
Instruments, such as a four-point probe,
are available that measure resistivity
directly. These instruments are significant
because they require no reference
standard, because measurements can be
made on bulk material in the as
manufactured state and because
measurements are made directly without
intermediate calculation.
322 Electromagnetic Testing
Magnetic materials are characterized by
their hysteresis curve, which relates
magnetic field intensity and the resulting
flux density. The variables shown in the
hysteresis loop (saturation, retentivity,
coercive force and permeability) are
influenced to some extent by basic
characteristics and properties of magnetic
materials, including their chemical
composition, metallurgical structure and
heat treatment.

Another useful approach to material
characterization or sorting uses
thermoelectric effects. The most
commonly used is the seebeck effect: if
two conductors are joined and the
junctions are maintained at different
temperatures then an electromotive force
will be developed around the closed loop.
This force is the thermocouple voltage.
Seebeck coefficients vary for different
materials. Changing the probe tip
materials and temperatures can optimize
detectable differences.

Although dielectric materials are not
metals, they can also be analyzed by using
electromagnetic techniques that measure
resistivity or permittivity. A dielectric
material is a poor conductor of electric
charge in which an applied electric field
causes a displacement of charge but little
or no flow of charge.



PART 2. Eddy Current Impedance Plane Analysis
Impedance Plane
When an alternating current voltage at
angular frequency ω (radian per second) is
applied to an eddy current circuit, the
current flows through the inductive
reactance XL and the resistance R where
XL = Lω and L is inductance (henry). The
inductive reactance voltage is identified as
E1 in Fig. 1 and the resistance voltage is
identified as E2. The specific value of the
voltage is the product of the current I
(ampere) and either the inductive
reactance or the resistance:

(1)

and

(2)

The voltage E1 across the inductive
reactance is 90 degrees out of phase with
the voltage E2 across the resistance. These
two voltages can be represented as shown
in Fig. 1.

Because the current through both the
inductive reactance and the resistance at
any given time is at the same value, the
voltage values on the voltage plane
diagram may be divided by the current
value to give the values of inductive
reactance and resistance in the circuit.
The resulting diagram is called a phase

E I R2 =

E I X1 = L
FIGURE 1. Voltage plane and impedance plane diagrams:
(a) voltage plane; (b) resistance inductance circuit;
(c) impedance plane.
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a = phase angle
E = voltage
I = current
R = ohmic resistance

XL = inductive reactive of coil with self inductance L
Z = impedance phasors

IR
vector or phasor diagram and is used to
show the amplitude and phase
relationship of alternating current signals
having the same frequency (see Fig. 1).

When the values of R and XL are
varied, the voltage drop across the circuit
varies and, depending on these values, the
voltage drop is represented by different
impedance phasors Z on the impedance
plane. The total voltage drop Er is the
phasor or vector sum of E1 and E2.

(3)

where j = √(–1), or:

(4)

The values of these voltage
components depend on the value of
circuit resistance, reactance and
frequency. The voltage drop across the
resistance is proportional to the current
times the resistance: IR.

The voltage drop across the reactance is
proportional to both the inductance and
the frequency.

Vector addition of the values of
inductive reactance and resistance, plotted
90 degrees apart, will indicate the
impedance value Z and the lag of phase
angle. A similar addition can be applied to
the current values.

In general, the test coil is characterized
by two electrical impedance quantities:
(1) the inductive reactance XL (where the
frequency of the alternating current field
is in hertz and coil self-inductance L is in
henry) and (2) the ohmic resistance R.

It is common practice to plot reactance
XL as the ordinate and resistance R as the
abscissa in the impedance plane. In this
way, the test coil impedance Z is
represented by a point P formed by two
perpendicular components XL and R on
the impedance plane. In the absence of a
test object, the empty test coil has a
characteristic impedance with coordinates
XL0 and R0 shown on the impedance
plane by the coil in air, point P0 of Fig. 2.
If the probe is placed on the test object,
the original field of the coil in air is
modified by the superimposed field of the
eddy currents. This field modification has
exactly the same effect as would be
obtained if the characteristics of the test
coil itself had been changed. The
influence of the test object can be

Z X R= +L
2 2

Z = +j X RL
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FIGURE 3. Liftoff and edge effect loci on impedance plane:
(a) liftoff loci; (b) edge effect loci.
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Liftoff
described by a variation in the test coil
characteristics. The apparent impedance
P0 of the coil in air is displaced to P1
(corresponding to new values of XL and R)
under the influence of the test object
(Fig. 2).

The magnitude and direction of the
displacement of the apparent impedance
from P0 to P1 under the influence of the
test object are functions of the properties
of the test object and the characteristics of
the instrumentation. Significant
properties of the test object include:
(1) electrical conductivity σ,
(2) dimensions of the test object,
(3) magnetic permeability µ, (4) standard
depth of penetration δ and (5) presence of
discontinuities such as cracks. Significant
instrument characteristics include
(1) frequency f of the alternating current
field in the test coil, (2) size and shape of
the test coil and (3) distance of the test
coil from the test object (liftoff).

Liftoff and Edge Effects on
Impedance Plane
The spacing between the probe and the
test object surface is referred to as the
liftoff. Figure 3 shows the impedance
plane response that occurs when the
spacing is increased between the probe
and the test object surface. The upper
portion of the impedance plane is the
magnetic domain, where responses occur
from ferromagnetic materials. The lower
portion is the domain where responses are
obtained from nonmagnetic materials.
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FIGURE 2. Representation of test coil
characteristics on impedance plane.
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Note the nonlinear (logarithmic) changes
among the liftoff loci for equal
increments of spacing.

When the probe is moved near the
edge of the test object, an edge effect
occurs because a part of the magnetic field
is outside the test object. For
nonmagnetic materials, the resultant
effect produces a response similar to the
liftoff response (compare Fig. 3a). For
ferromagnetic materials, the edge effect
response curves to the left of the liftoff
locus line. This evidently occurs because
the magnetic field becomes distorted at
the edge of the test object; the magnetic
field wants to remain in the material. The
angle of curvature A (Fig. 3b) increases or
decreases as a function of operating
frequency and coil diameter.
Resistance R (ratio)

(b)

In
du

ct
an

ce
 X

(r
el

at
iv

e 
sc

al
e)

Air Magnetic

Nonmagnetic

Resistance R (ratio)

A

Unified Numbering System
G4340 steel alloy

Unified Numbering System
A97075 wrought aluminum alloy

Unified Numbering System
A97075 wrought aluminum alloy

Liftoff

Liftoff

Liftoff



FIGURE 5. Movement of material points by frequency
changes: (a) low frequency, 20 kHz; (b) medium frequency,
100 kHz; and (c) high frequency, 1 MHz.
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Permeability Loci on
Impedance Plane4

The impedance plane response to the
different conductivities of various
nonmagnetic alloys is shown in Fig. 4.
The material points trace out a
characteristic comma shaped curve with
conductivity increasing in a clockwise
direction. The coil liftoff loci are shown
for the different metals. Note that the
separation angle between the conductivity
locus and the liftoff locus is much smaller
for titanium than it is for copper. Hence
the unwanted liftoff variable will affect
test results less when testing copper or
aluminum alloys at 100 kHz than it will
when testing titanium or graphite.

The material points are spaced around
the conductivity locus in a nonlinear
fashion. For example, the spacing between
titanium and stainless steel at the top of
the curve is much greater than it is
between bronze and aluminum at the
bottom of the curve.

Figure 5 shows the effect of test
frequency on the conductivity and liftoff
curves for nonmagnetic alloys. Frequency
changes shift the points along the
conductivity locus in a nonlinear fashion.
This phenomenon, also true for other
impedance curves, can be used
advantageously because it allows the
material points to be located for optimum
response or suppression. Specifically a
frequency should be chosen that causes
the material points for the variables to be
measured to move in a substantially
different direction from those points to be
suppressed.
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FIGURE 4. Conductivity and liftoff loci on impedance plane.
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FIGURE 6. Permeability, liftoff and conductivity loci on
impedance plane: (a) permeability and liftoff locus;
(b) permeability loci for different materials; (c) loci for
permeability µ and conductivity σ.
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At low frequencies (Fig. 5a), the
separation angle θ between the liftoff
curve and the conductivity curve for
bronze is quite small. Thus, it becomes
more difficult to obtain liftoff
suppression. If a higher frequency is
chosen (Fig. 5c), the separation angle for
bronze is large, allowing liftoff
suppression and good sensitivity to
conductivity variations. For sorting
titanium alloys, a frequency between
500 kHz and 1 MHz would be chosen but,
to sort aluminum alloys, a frequency
between 20 kHz and 100 kHz would be
chosen.

Generally for conductivity
measurements (alloy sorting, heat treat
determination and others) and for surface
crack detection, a frequency should be
chosen that places the material point just
below the knee in the conductivity curve.
At this point, a large separation angle
exists between the liftoff and conductivity
curves.

For magnetic materials, the liftoff and
magnetic permeability loci curves are
virtually superimposed (Fig. 6a) but their
respective values increase in opposite
directions. Figure 3 shows that the
reactance component of the test coil
impedance is decreased by the presence of
nonmagnetic materials. This reactance
reduction occurs because induced currents
flow in the conductive and nonmagnetic
object and set up a secondary field that
partially cancels the primary field of the
coil. The opposite is true when a magnetic
material such as iron or ferrite is placed
within the field of the coil. This happens
because the presence of the magnetic field
intensity of the primary coil field causes
atomic magnetic elements of the
magnetic material to become aligned with
the field, increasing the flux density. The
magnetic permeability µ is the ratio of
flux density B to magnetic field intensity
H:

(5)

where B = magnetic flux density (tesla)
and H = magnetizing force or magnetic
field intensity (A·m–1). In free space,
magnetic permeability µ0 =
4π × 10–7 H·m–1.

The nickel zinc ferrite cores (Fig. 6b)
were chosen as examples because they
have a low conductivity and two different
values for permeability. The effect of the
increased flux density gives a greater
induced voltage in the test coil that in
turn raises the impedance. The increase in
impedance is in the reactance direction
except for the effect of a small amount of
energy loss resulting from hysteresis. The
nickel zinc ferrite cores may have an
initial permeability of 850, high on the
permeability line of Fig. 6a. Usually

µ = B
H
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practical engineering materials also have
an associated electrical conductivity that
affects the impedance as shown for
422 steel and 4340 steel in Fig. 6b. The
relative relationship of the permeability



FIGURE 8. Impedance changes in relation to one another on
impedance plane.
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loci lines and the conductivity curves for
three materials are shown in Fig. 6c.

The vector or phasor values of
inductive reactance and resistance for
different material conditions yield unique
loci or phasor plots on the impedance
plane at particular operating frequencies.
The phase angle of the impedance vectors
will change at different frequencies
because the inductive reactance value is a
function of inductance and frequency.
Hence vector points may move relative to
one another along the conditional loci
curves when the operating frequency is
changed. This shift in phase is shown in
Fig. 5 for the conductivity values of
nonmagnetic materials. Similar phase
angle changes for the permeability of
4340 steel are shown in Fig. 7 as the
frequency changes from 75 to 300 kHz.
These changes in phase shift at different
frequencies do not interfere with
impedance plane analysis, provided that
the operator is aware of this factor. In
some cases, test results may be improved
by changing the frequency to cause phase
shifts.

With phase analysis eddy current
instruments, an operator can produce
impedance plane loci plots or curves
automatically on a flying dot oscilloscope
or integral cathode ray tube. Such
impedance plane plots can be presented
for the following material conditions (as
shown in Fig. 8): (1) liftoff and edge
effects, (2) cracks, (3) material separation
and spacing, (4) permeability,
(5) specimen thinning, (6) conductivity
and (7) plating thickness.

Evaluation of these plots shows that
ferromagnetic material conditions
produce higher values of inductive
reactance than values obtained from
nonmagnetic material conditions. Hence
the magnetic domain is at the upper
FIGURE 7. Phase angle changes on
impedance plane caused by frequency
changes.
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quadrant of the impedance plane whereas
nonmagnetic materials are in the lower
quadrant. The separation of the two
domains occurs at the inductive reactance
values obtained with the coil removed
from the conductor (sample); this is
proportional to the value of the coil’s
self-inductance L.

Linear material values do not produce
linear responses on the impedance plane
loci. With the eddy current probe
balanced on the metal specimen, the loci
values for linear material conditions are
displayed as follows.

1. Magnetic and nonmagnetic liftoff
conditions are displayed
logarithmically (in X).

2. Magnetic and nonmagnetic edge
effects are displayed logarithmically.

3. Magnetic and nonmagnetic
conductivities vary with test
frequency.

4. Magnetic permeability varies with test
frequency.

5. Metal thinning varies exponentially.
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6. Nonmagnetic plating thickness is
displayed logarithmically.

7. Material spacing or separation varies
exponentially.

Electromagnetic induction effects are not
easy to understand. Neither the magnetic
fields nor the eddy currents can be seen.

In a problem solving situation,
impedance plane analysis is a useful tool
because it improves the ability to detect
various conditions and provides a better
understanding and interpretation of the
eddy current test results.
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PART 3. Conductivity Testing1

FIGURE 9. Decrease in conductivity of copper caused by
various impurities.
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Effect of Alloys
Metals are by definition good conductors
of electricity. Conductivity depends on
the arrangement of atoms in each metal
lattice and the distribution and energy of
the electrons surrounding each atom. Any
variation in the structure of metals that
affects the electronic structure and energy
of the atoms decreases the conductivity of
the metal. For simplicity, a decrease in
conductivity may be associated with
obstacles in the path of electron flow
through a metal. The obstacles to electron
flow may be caused by lattice distortions
resulting from dislocations, missing atoms
(lattice vacancies), foreign atoms or grain
boundaries. The presence of particles of
different composition also restricts the
flow of electrons; a greater number of
smaller particles offers more resistance
than fewer larger particles.

Most engineering metals are alloys. An
alloy is formed by adding one or more
metals or nonmetals to a base metal.
Alloying elements are usually added
during melting of a base metal and the
quantities added are normally specified
over a percentage range.

The alloying elements can take one or
more forms in the solidified state
depending on the amount added and the
rate of cooling from the melting
temperature. Some elements may occupy
lattice positions normally occupied by
atoms of the base metal. The alloy thus
formed is called a substitutional solid
solution. Very small atoms such as those of
carbon, nitrogen and hydrogen take up
positions between the base metal atoms to
form an interstitial solid solution. This
action can actually change the lattice
structure as when carbon is added to iron
to make steel.

Alloying elements can also form new
lattice structures continuous throughout
the metal or distributed as small particles
of various sizes throughout the metal. The
distribution of the alloying elements
depends on (1) the amount of alloying
elements added in relation to the amount
that can be tolerated in the lattice of the
base metal and (2) their change in
solubility with temperature.
Alloy Effects on Mechanical
Properties
All of the alloying element distributions
increase the resistance of a metal to
deformation. Increased strength results
from the interference of particles formed
by the alloying atoms with the movement
of dislocations or by the generation of
new dislocations. The distribution can
often be modified by heat treatment.

Alloy Effects on Conductivity
The conductivity of a metal is decreased
as increasing amounts of alloying
elements are added. Even small amounts
of foreign atoms can greatly reduce
conductivity (Figs. 9 and 10). Some
alloying elements have a much greater
effect on conductivity than others.
Generally atoms that most severely differ
from the base metal in size and electron
distribution cause the greatest decrease in
conductivity. The lattice distortion caused
by the alloying atoms (and particles of
different chemical composition) inhibits
the flow of electrons through the lattice.
Because of variations in chemical
composition resulting from the tolerances
in alloy additions, a conductivity range
rather than a specific conductivity value is
obtained for each alloy (Fig. 11).

MOVIE.
Metal sorting.
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Heat Treatment
The properties of metals can be altered by
changing the number and distribution of
dislocations, alloying atoms and particles
of different composition. These changes
can be accomplished through various
types of heat treatment. The three
principal types of heat treatment are:
(1) annealing, (2) solution heat treatment
and (3) precipitation heat treatment or
artificial aging.

In annealing, the metal is heated to a
sufficiently high temperature to remove
the effects of cold working by
redistribution of dislocations and in some
instances by the formation of a new stress
free grain (recrystallization). During the
annealing of alloys, the temperature is
selected sufficiently high to permit the
alloying atoms to migrate readily.
However, this selected temperature is
sufficiently below that of maximum
solubility to favor the formation of
separate particles and compounds by the
alloying atoms. Slow cooling from the
annealing temperature encourages even
more alloying atoms to move from their
random position in the base metal lattice
to aid in the growth of larger secondary
compounds.

Annealing removes many of the
obstacles to plastic flow such as
interacting dislocations and the numerous
individual alloying atoms and fine
particles that normally resist plastic
deformation. These processes generally
330 Electromagnetic Testing

FIGURE 10. Influence of metallic additives on conductivity of
aluminum.
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result in metals of lower strength and
greater ductility after annealing.

The annealing process reduces
obstacles to electron flow. Therefore
annealing improves the conductivity of a
metal. Increased annealing times favor
more complete diffusion and greater
coalescence and growth of particles with
associated increases in conductivity.

The maximum number of alloying
atoms will occupy lattice sites of the base
metal when a temperature slightly below
melting point is reached. In interstitial
solid solutions, the maximum number of
atoms will occupy interstitial positions. As
temperatures are lowered, the atoms of
many alloying elements will tend to
diffuse together and form separate
compounds or regions with a different
lattice. If the metal is cooled rapidly
enough, the atoms do not have time to
diffuse and are held in their original
lattice positions (retained in solution).
The process is called solution heat
treatment. Any delay in rapid cooling
(delayed quench) or a slow rate of cooling
will permit an increased amount of
diffusion and reduce the number of
alloying atoms held in solution.

The alloying atoms retained in base
metal lattice positions by solution heat
treatment present obstacles to dislocation
movement. The resistance to plastic
deformation increases the strength of the
metal. In many instances, more than one
alloying element contributes to the higher
strength of alloys. Slow rates of cooling
from solution heat treatment
temperatures or a low solution
temperature can reduce the strength of
the heat treated alloy.

The distortion and stresses established
by the substitution of alloying atoms for
those of the base metal reduce the
conductivity of the metal. The greater the
number of solute atoms of a specific
material, the greater the reduction in
conductivity. The presence of lattice
vacancies caused by solution also disrupts
the electronic structure of an alloy and
contributes to lower conductivity. The
conductivity is not lowered as much if
solution heat treatment temperatures are
low or if cooling from solution heat
treatment temperatures is excessively
slow; poor solution heat treatment
practices such as these permit too many
atoms to come out of solution or form
secondary particles.

If an alloy has been solution heat
treated to retain atoms in the same lattice
occupied at high temperature, properties
can be further modified by a precipitation
or aging treatment. During a precipitation
treatment, an alloy is heated to a
temperature that will allow alloying atom
diffusion and coalescence to form
microscopic particles of different



composition and lattice structure in the
metal. The number, size and distribution
of the particles are controlled by the time
and temperature of the aging process.
Temperatures are much lower than those
required for solution heat treatment or
annealing. Lower temperatures and
shorter times result in smaller particle
sizes. Higher temperatures favor the
formation of fewer but larger particles.

Precipitation or aging treatments are
generally designed to increase the
strength of alloys, particularly the yield
strength. The strengthening is
accomplished by the formation of small
particles of different composition and
lattice structure from the original lattice.
The small particles provide obstacles to
the movement of dislocations in which
planes of atoms slip over each other,
causing plastic deformation. Greatest
strengthening usually occurs at a specific
range of particle sizes for a particular alloy
system. In many cases, aging is performed
under conditions designed to provide a
specific combination of strength and
ductility or corrosion resistance. As aging
increases beyond the optimum time or
temperature, the particle size increases
and gradual softening occurs. When
FIGURE 11. Electrical conductivity values for various metals and 
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material has been aged for excessive times
or at too high a temperature, then it is
said to be overaged.

The removal of foreign atoms from the
parent lattice during precipitation
hardening removes much of the
distortion of the electron distribution in
the lattice. This action favors the
movement of electrons through the metal
and results in higher conductivity. As
increased amounts of foreign atoms are
removed from solution and particle
growth occurs during overaging,
conductivity continues to increase.

Conductivity of Aluminum
Alloys
Conductivity measurement is often
applied to aluminum alloys.5 This
application results from the extensive use
of aluminum alloys in the aerospace
industry and the wide variation in the
electrical conductivity and mechanical
properties between different alloys and
heat treatment. For most common usage,
specific conductivity ranges have been
established for each alloy and temper.
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Table 1 lists the conductivity ranges for
many of the aluminum alloys commonly
used in aircraft structural applications.
These data represent a composite of values
from various airframe manufacturers and
government agencies. The ranges include
all values obtained for standard heat
treatments except for extreme values
obtained from one or two sources clearly
outside the ranges of all other lists. Any
time a conductivity value is obtained for
an aluminum alloy and temper outside of
the applicable range, its mechanical
properties should be considered suspect.

An aluminum alloy has the highest
conductivity and lowest strength when it
is in the fully annealed temper. After
quenching from the solution heat
treatment temperature, the strength is
increased and the conductivity is
decreased. Many aluminum alloys are
unstable after solution heat treatment
even if held at room temperature. During
this time, a certain amount of atom
migration takes place to initiate the
formation of submicroscopic particles.
This process, sometimes called natural
aging, increases the strength of the alloy
332 Electromagnetic Testing

TABLE 1. Ranges of electrical conductivity for 

Alloy and Tempera
____________________________________________

Unified Numbering Aluminum
System (UNS) Association (AA

UNS A91100 AA 1100
UNS A92014, untempered AA 2014-0
UNS A92014, temper 3XX AA 2014-T3XX
UNS A92014, temper 4XX AA 2014-T4XX
UNS A92014, temper 6XX AA 2014-T6XX
UNS A92019, untempered AA 2219-0
UNS A92019, temper 3XX AA 2219-T3XX
UNS A92019, temper 62X AA 2219-T62X
UNS A92019, temper 8XX AA 2219-T8XX
UNS A92024, untempered AA 2024-0
UNS A92024, temper 3XX AA 2024-T3XX
UNS A92024, temper 4XX AA 2024-T4XX
UNS A92024, temper 6XX AA 2024-T6XX
UNS A92024, temper 8XX AA 2024-T8XX
UNS A93003 AA 3003
UNS A96061, untempered AA 6061-0
UNS A96061, temper 4XX AA 6061-T4XX
UNS A96061, temper 6XX AA 6061-T6XX
UNS A97075, untempered AA 7075-0
UNS A97075, temper 6XX AA 7075-T6XX
UNS A97075, temper 73X AA 7075-T73X
UNS A97075, temper 76X AA 7075-T76X
UNS A97178, untempered AA 7178-0
UNS A97178, temper 6XX AA 7178-T6XX
UNS A97178, temper 76 AA 7178-T76

a. Xs represent numerals unspecified in this list.
b. Percentage of International Annealed Copper Standard
but either has no effect on conductivity or
causes a slight decrease in conductivity.
Some aluminum alloys remain unstable
for such long periods after quenching that
they are never used in the solution heat
treated condition — for example, Unified
Numbering System A97075 wrought
aluminum alloy.

If a solution heat treated alloy is
precipitation hardened by heating at
relatively low temperature, between
93 and 232 °C (200 and 450 °F), alloying
atoms form small particles. At a critical
size and distribution of particles, the
strength of the aluminum alloy reaches a
maximum. Conductivity increases during
the precipitation hardening or artificial
aging process. If aging is carried beyond
the point where optimum strength is
obtained, the strength will decrease but
conductivity will continue to increase.
Figure 12 shows the relationship between
conductivity and strength for a typical
structural aluminum alloy.

Variations from specified heat
treatment practice can result in aluminum
alloys with strengths below required
levels. Heat treatment discrepancies
aluminum alloys.

Electric Conductivity___ _______________________________
Minimum Maximum__________________ __________________

) MS·s–1 (%IACSb) MS·s–1 (%IACSb)

33.1 (57.0) 36.0 (62.0)
28.1 (48.5) 29.9 (51.5)
18.3 (31.5) 20.3 (35.0)
18.3 (31.5) 20.3 (35.0)
21.5 (37.0) 24.1 (41.5)
24.9 (43.0) 26.7 (46.0)
15.7 (27.0) 18.0 (31.0)
18.0 (31.0) 20.6 (35.5)
18.0 (31.0) 20.6 (35.5)
26.4 (45.5) 29.0 (50.0)
16.2 (28.0) 19.1 (33.0)
16.5 (28.5) 18.9 (32.5)
20.3 (35.0) 23.8 (41.0)
20.9 (36.0) 24.7 (42.5)
25.8 (44.5) 29.0 (50.0)
27.3 (47.0) 29.6 (51.0)
20.6 (35.5) 24.1 (41.5)
23.2 (40.0) 26.1 (45.0)
25.5 (44.0) 27.8 (48.0)
17.4 (30.0) 20.3 (35.0)
22.0 (38.0) 24.7 (42.5)
20.9 (36.0) 22.6 (39.0)
24.9 (43.0) 27.3 (47.0)
16.8 (29.0) 19.7 (34.0)
20.3 (35.0) 22.6 (39.0)

.



include deviations or misapplication of
the following processes: (1) solution heat
treatment temperature, (2) solution heat
treatment time, (3) quenching practice,
(4) aging temperature, (5) aging time,
(6) annealing temperature and time and
(7) uncontrolled temperature application.

Solution heat treatment temperatures
for each aluminum alloy vary over a
range. Wider ranges can lead to greater
variations in conductivity and mechanical
properties. For instance, Unified
Numbering System 97075 wrought
aluminum alloy can be solution heat
treated at temperatures from 460 to 500
°C (860 to 930 °F) depending on product
form and size. Solution heat treatment at
the higher temperatures results in greater
numbers of atoms in solution and in
vacancies. These conditions provide slight
increases in hardness and decreases in
conductivity after quenching. Solution
heat treatment at the lower end of the
temperature range causes slightly higher
conductivity. The variations in permissible
heat treatment temperature partially
contribute to the ranges in conductivity
obtained.

During solution heat treatment,
a minimum time at the solution heat
treatment temperature is usually specified.
The minimum time is required to ensure
that the entire cross section of the part
reaches solution heat treatment
temperature and the soluble elements are
uniformly diffused into the base metal
lattice. Insufficient time at temperature
can result in too few alloying atoms in
solution and a consequent decrease in
strength and hardness and an increase in
conductivity. Too long a time at
temperature promotes grain growth in the
material and can result in excessive
diffusion in clad aluminum. Unless
FIGURE 12. Relationship between yield strength and
conductivity for 2024 aluminum alloy. In saturation, the
magnetic permeability µ0 = 4π × 10–7 H·m–1.
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reaction with the heat treatment
atmosphere occurs or extremely large
grains are formed, little effect is noted on
mechanical properties or conductivity
because of excessively long times at
temperature.

The solubility of alloying elements
decreases rapidly with decreasing
temperature. If an aluminum alloy is
cooled slowly from the solution heat
treatment temperature, the alloying atoms
coalesce to form large particles. These
larger particles form preferentially at the
grain boundaries. Grain boundary
precipitation increases susceptibility to
intergranular corrosion. The fewer
number of alloying atoms retained in
solution by slow quenching reduces the
hardness and strength and increases
conductivity. Slow quenching also
prevents adequate response to subsequent
aging: specified hardness and strength
cannot be attained.

Aging temperatures for aluminum
alloys are chosen to obtain a desired
combination of strength, ductility and
corrosion resistance. Standard aging
temperatures provide the optimum
combination of these properties. In some
cases, the aging temperatures are varied to
obtain properties other than strength. For
instance, temper 6 and temper 73 of
Unified Numbering System A97075
wrought aluminum alloy are obtained by
different artificial aging treatments of
solution heat treated and quenched that
alloy. Temper 6 provides higher strength
but temper 73 has greater resistance to
intergranular corrosion and stress
corrosion cracking. Each of these tempers
has a different conductivity range. The
lower strength of temper 73 is
accompanied by higher conductivity.
Conductivity measurement is widely used
as a process control for determining the
adequacy of aging for temper 73.
Excessive aging temperatures for
aluminum alloys result in a greater
particle growth and cause conductivity
values higher than specified. Low aging
temperature may not result in optimum
strength and resulting conductivities are
lower than usual for a particular alloy and
temper.

As precipitation heat treatment times
at a specific temperature increase for an
aluminum alloy, the alloy’s strength and
hardness increase to a maximum and
then decline. Ductility is usually at a
minimum when strength reaches a
maximum. As the aging time increases,
electrical conductivity continually
increases until maximum precipitation
and growth of precipitate particles occur.
With prescribed aging times, the
conductivity should lie within the
conductivity range for the appropriate
alloys and tempers as listed in Table 1.
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Aged tempers are identified as 5XX, 6XX,
7XX and 8XX following the alloy
number, the Xs representing unspecified
numerals. Aging times less than those
specified can result in conductivities
below the specified range.

Annealing of structural aluminum
alloys can be performed at more than one
temperature, depending on previous heat
treatment and processing history. When
effects of previous solution heat treatment
are to be removed, heating to about
413 °C (775 °F) followed by slow cooling
to about 260 °C (500 °F) or lower is
necessary to obtain adequate precipitation
and coalescence of alloying elements. To
remove the strain hardening effects from
forming operations on previously
annealed material, heating is performed at
340 °C (650 °F) for a time sufficient to
ensure temperature uniformity. Strength is
lowest after annealing and ductility is
highest. Conductivity reaches the highest
value for each aluminum alloy following a
full anneal. Excessive annealing times
have little effect on properties or
conductivity.

Occasionally during processing or in
service, aluminum alloys may be
subjected to the application of
uncontrolled temperatures for indefinite
periods of time. An example of a
processing application would be the
heating of a heat treated and aged alloy
for a forming operation where heating is
applied without specific controls. During
service, heat may be applied in the form
of jet exhaust by aerodynamic heating or
as a result of an aircraft fire. Depending
on temperature and time of exposure, the
strength and corrosion resistance can be
significantly reduced. These effects are
usually accompanied by changes in
electrical conductivity. The direction and
amount of change in electrical
conductivity depends on the temperature
applied, the time of application and the
rate of cooling.

If heat is applied in a nonuniform
manner, as might be the case in a fire, a
wide range in strength and conductivity
may be obtained. Areas heated near
solution heat treatment temperatures and
rapidly cooled by water or adjacent cold
metal may have low conductivity.
Adjoining areas may be heated to
temperatures above the aging temperature
and close to the annealing temperature.
This heating results in low strength and
relatively high conductivity.

Magnetic Permeability
Measurement of electrical conductivity is
applicable to materials with a relative
magnetic permeability of one or nearly
one when using most general purpose
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instruments. If the permeability exceeds
one, it will affect the conductivity
measurement and erroneous readings will
be obtained. Some stainless steels may be
essentially nonmagnetic in the annealed
condition but slight amounts of cold
working or exposure to extremely low
temperature can cause transformation to a
magnetic structure.

Saturation techniques provide
meaningful eddy current data about some
magnetic materials. A direct current field
is applied to the material until it reaches
saturation on the hysteresis curve. At this
point, the material has an effective
permeability of one and behaves like a
nonferromagnetic material.

Geometry Effects on
Measurement
Any change in part configuration that
affects distribution or penetration of eddy
currents will result in erroneous electrical
conductivity readings. The following
sources of error are included in these
categories: (1) proximity to test object
edges or adjoining structure, (2) metal
thickness less than the effective depth of
penetration and (3) excessive curvature of
the test object surface.

If conductivity readings are taken too
close to the edge of a test object,
a deviation from true conductivity will be
obtained. This deviation increases as the
probe approaches the edge of the test
object. Generally edge effects can be
entirely eliminated if the coil stays at least
6 mm (0.25 in.) away from the edge of
the test object. Proximity of other
materials, particularly steel, can also affect
the measured conductivity values.

As the radius of curvature of a test
object decreases, the measured
conductivity value decreases below the
true value. A curve demonstrating this
decrease is shown in Fig. 13. Because the
deviation from true value will change
with various conductivity measuring
instruments and probes, with base metal
conductivity and with liftoff adjustment,
curves should be established for each
application as necessary. In general,
convex radii of curvature greater than
100 mm (4 in.) and concave radii greater
than 500 mm (20 in.) in aluminum alloys
do not require any adjustment or special
calibration curves. Deviation from true
value increases with increasing
conductivity of the test object.

Conductivity measuring eddy current
instruments often have a preset liftoff
adjustment. For some models, liftoff
compensation is set at 0.08 to 0.1 mm
(0.003 to 0.004 in.) by an internal
adjustment. Another model has a preset



liftoff adjustment of about 0.05 mm
(0.002 in.). The liftoff adjustment is
usually set during calibration of the
instrument. Maintenance manuals
describe the procedures that can be
performed by trained nondestructive test
personnel.

With probe wear and changes in the
instrument’s electrical components over a
period of time, liftoff adjustment can
change. When conductivity
measurements are performed on rough
surfaces or through thin nonconductive
coatings, therefore, liftoff adjustment
should be checked before the
measurements. After calibrating an
instrument against the conductivity
standards, the liftoff adjustment should
be checked against a specimen with
conductivity representative of the test
object. Subsequent to determining the
conductivity of a bare specimen,
nonconductive shims should be inserted
between the specimen and the probe. The
amount of liftoff adjustment is the
maximum shim thickness at which the
conductivity begins to differ from that
obtained on the bare surface.

Liftoff greater than the amount of
preset liftoff adjustment (if any) results in
errors in conductivity readings. Causes of
excessive liftoff can be heavy
nonconductive coatings of paint or
plastic, local waviness, minor changes in
contour and excessively rough surfaces.

When using general purpose
equipment, the effect of liftoff depends
on the amount of liftoff adjustment used
and the sensitivity used. The effects of
excessive liftoff on conductivity
measurements are shown in Fig. 14.
FIGURE 13. Decrease of measured
conductivity with decreasing radius for
Unified Numbering System A92024
wrought aluminum alloy, temper 42.
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Temperature Effects on
Measurement
Higher temperature increases the thermal
activity of the atoms in a metal lattice.
The thermal activity causes the atoms to
vibrate around their normal positions.
The thermal vibration of the atoms
increases the resistance to electron flow
and thereby lowers the conductivity of
the metal. Lower temperature reduces
thermal oscillation of the atoms resulting
in increased electrical conductivity.

The conductivity of reference standards
is usually determined at a specific
temperature; 20 °C (68 °F) is commonly
used. Typical conductivity values are
allowable conductivity ranges also
established at about this temperature. If
all instrument calibration and
conductivity measurement could be
performed at this temperature, then errors
in conductivity measurement related to
temperature variation would not occur
and temperature compensation would not
be required. In field applications,
however, test temperatures can range
from –20 to 50 °C (0 to 120 °F). Unless
precautions are taken in selection of
reference standards in instrument
calibration and in testing, there can be
errors in the measured conductivity
values. Two ways in which erroneous
readings occur are (1) difference in
temperature between reference standards
and test object and (2) difference between
the temperature at which the conductivity
of the reference standard was originally
established and the temperature at which
instrument calibration and conductivity
measurements are performed.

To prevent errors from differences in
temperature between reference standards
and test object, the instrument and
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FIGURE 14. Effects of liftoff on conductivity
measurements.
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reference standards should be allowed to
stabilize at the test object temperature
before calibration and conductivity
measurements are performed. In no
instance should measurements be taken if
the temperatures of the test object and
the reference standard differ by more than
5 °C (10 °F). Even though reference
standards and test objects are at the same
temperature, error in determining
conductivity occurs when the measuring
temperature differs from the temperature
at which the conductivity of a reference
standard was originally established. The
magnitude of the error becomes larger as
this difference in temperature increases.

Two other factors also contribute to
errors caused by temperature differences:
(1) increased difference in conductivity
between the upper and lower reference
standards and (2) differences in the
temperature coefficient of electrical
resistivity between reference standards
and the test object. These two sources of
error can be reduced by decreasing the
range between the conductivity standards
and using standards of the same or about
the same temperature coefficient of
electrical resistivity as the test object.
Because all aluminum alloys have about
the same rate of change of electrical
resistivity with temperature change,
aluminum conductivity reference
standards are preferred for aluminum
alloys.

Conductivity measurements should not
be performed under conditions where the
relative humidity exceeds 85 percent.

Conductivity Reference
Standards
For calibration of eddy current
conductivity requirements, the number of
reference standards needed may vary
depending on the test purpose and the
accuracy required. The conductivity range
of the reference standards used for
calibration (calibration blocks) must be
within the range of the instrument and
must cover the range of conductivity
values to be measured. Preferably the
calibration reference standards should
have the same change in resistivity with
temperature as the test objects. It is
desirable for the difference in
conductivity between the calibration
standard representing the low end of the
calibration range and the calibration
standard representing the high end of the
range to be at least 10 percent
International Annealed Copper Standard
(IACS) but not to exceed 25 percent.
When a calibration curve is established

for a general purpose instrument, a
sufficient number of calibration standards
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are necessary to develop a smooth
continuous curve over the range of
interest.

For convenience of transportation and
storage, conductivity standards are usually
kept relatively small. Reference standards
must have sufficient size to prevent edge
effects or thickness from having a bearing
on conductivity readings. These
requirements can be satisfied by requiring
length and width to be 25 mm (1 in.)
greater than the probe diameter and the
thickness greater than 3.5 times the
standard depth of penetration at the test
instrument frequency. Calibration
standards should be flat, have a smooth
surface and be free of coatings.
Reference standards used for calibrating
instruments immediately before
measuring conductivity should be
accurate within ±0.5 percent International
Annealed Copper Standard of the nominal
value. A second set of calibration
standards accurate within ±0.6 MS·m–1

(±0.35 percent of the International
Annealed Copper Standard) should be
periodically made available for checking
the performance of instruments and field
calibration standards.

Calibration standards should be
traceable to the National Institute of
Standards and Technology, Gaithersburg,
Maryland. Such calibration standards are
available from some manufacturers of
eddy current conductivity instruments.

Many reference standards, particularly
those of aluminum alloys, are subject to
metallurgical changes if exposed to
temperatures of 65 °C (150 °F) or greater.
Surfaces of reference standards can also
corrode if exposed to moisture or other
hostile environments. Damage caused by
rough handling can also lead to error in
conductivity readings. For these reasons,
standards should be transported and
stored in dry, clean, protected areas not
subject to excessive temperatures.



PART 4. Hysteresis Loop Characteristics1
Magnetic Hysteresis6

The magnetic behavior of a ferromagnetic
material is characterized by its hysteresis
loop (magnetization curve). In
ferromagnetic materials, there is no linear
relationship between magnetic field
intensity H and flux density B. A very
small change in H may produce a large
change in B. The relationship is best
shown in the magnetization or B,H curve
(Fig. 15). As H increases, the flux density
increases rapidly up to the knee of the
curve. Beyond the knee, a further increase
in H causes no useful increase in B and
the material is said to be saturated.

It is evident from Fig. 15 that the
magnetic permeability µ (the ratio of
magnetic flux density B to magnetic field
intensity H) up to the saturation
magnetization Is is not constant. The
magnetic permeability’s variation as a
function of B is shown in Fig. 16. The
largest value on this curve is the
maximum permeability µmax. Another
important quantity is the initial
permeability µ0, measured at very low
fields at the toe of the hysteresis loop.

It is a familiar phenomenon that some
ferromagnetic materials when magnetized
by an external field do not return to a
completely unmagnetized state when
removed from that field. In fact, these
materials must be subjected to a reversed
field of a certain intensity to demagnetize
FIGURE 15. Magnetization or BH curve
showing relation between flux density B and
magnetic field intensity H in ferromagnetic
materials. The intensity of magnetization at
saturation is Is.
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them. Other ways to demagnetize are to
heat the material to a characteristic
temperature called the curie point (above
which ferromagnetic ordering of atomic
moments is thermally destroyed) or to
work the material mechanically to reduce
the magnetization. If an external field
varied in a controlled manner is applied
to a completely demagnetized (virgin)
specimen and if the magnetic induction
in the specimen is measured, the
magnetization curve of the material may
be determined. Figure 17 shows a
representative hysteresis loop for a
ferromagnetic material.

As shown in Fig. 17a, starting at the
origin O with the specimen in the
unmagnetized condition and increasing
the magnetizing force H in small
increments, the flux density B in the
material increases quite rapidly at first
and then more slowly until it reaches a
point beyond which any increase in the
magnetic field intensity does not increase
the flux density. This is shown by the
dashed curve OA. In this condition the
specimen is said to be magnetically
saturated.

When the magnetic field intensity is
gradually reduced to zero, the curve AB
results (Fig. 17b). The amount of
magnetism that the steel retains at point
B is called residual magnetism or remanence
and is represented by Br.

When the magnetizing current is
reversed and gradually increased in
magnitude, the flux continues to
diminish. The flux does not become zero
until point C is reached, at which time
the magnetic field intensity is represented
by OC (see Fig. 17c), which graphically
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FIGURE 16. Variation of magnetic
permeability with flux density.
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designates the coercive force Hc in the
material.

As the reversed field is increased
beyond C, point D is reached (Fig. 17d).
At this point, the specimen is again
saturated but in the opposite polarity. The
magnetic field intensity is now decreased
to zero and the DE line is formed and
retains reversed polarity residual
magnetism Br in the specimen. Again
increasing the magnetic field intensity in
the original direction completes the curve
EFA. Now the cycle is complete and the
hysteresis curve (ABCDEFA) is called the
hysteresis loop. In alternating current
applications, the ferromagnetic material
goes through this cycle for every reversal
in current, 60 times per second on a
60 Hz power line. The area enclosed by
the loop is proportional to the energy
dissipated per cycle.

The lag throughout the cycle between
the magnetic field intensity and the flux
is called hysteresis. It is significant that the
various factors of the hysteresis loop
338 Electromagnetic Testing

FIGURE 17. Representative magnetization (hyst
(a) magnetic saturation; (b) reduction in magn
loop.
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A, B = reference points

Br = residual magnetism
Hc = coercive force
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(saturation, remanence, coercive force and
permeability) are influenced in different
ways by material properties such as alloy
composition, structure and internal stress.

Magnetic saturation is mainly a
function of chemical composition and
crystal structure. The coercive force is
influenced by (1) internal stress and
magnetostriction; (2) number, magnitude
and distribution of foreign bodies
embedded in or between ferromagnetic
crystals; and (3) the energy and size of the
ferromagnetic crystals. The
magnetostriction, crystal energy,
saturation magnetization and curie point
are independent of the structural
condition. However, the coercive force,
permeability and rayleigh constant are
influenced by internal stress and
structural condition. The magnetic
behavior depends to a large degree on
selection of the initial materials and on
melting, foundry, rolling and annealing
processes.
eresis) curve for ferromagnetic material:
etic force; (c) coercive force; (d) hysteresis
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FIGURE 20. Three sets of hysteresis loop
patterns for samples of Unified Numbering
System G10150 carbon steel: (a) patterns
for sample as cold drawn; (b) patterns for
same sample after stress relief annealing;
(c) patterns for samples carburized and then
either quench hardened or slowly cooled.
(a)

4

al
e)
Hysteresis Loop Tests
The hysteresis loop can be represented for
steel samples produced easily from
standard semifinished parts. Only the
infinitely long sample or the ring sample
without magnetic poles permit
representation of the hysteresis loop
without distortion. The tube shown in
Fig. 18 has been used as a standard sample
for magnetic investigations. For
magnetizing, this sample is placed on a
conducting rod (Fig. 19) that in turn is
placed in a high current fixture.

An alternating current passing through
the conductor produces circular
magnetization without free poles in the
sample. A winding is used to measure the
test piece induction and the central
conductor is equipped with an air ring
coil for measuring the applied field
intensity. These measurements are then
applied across the vertical and horizontal
sweeps of an oscilloscope.
FIGURE 18. Standard test object for
investigating ferromagnetic properties of
material.

1 mm
(0.04 in.)

30 mm
(1.2 in.)

50 mm (2 in.)

FIGURE 19. Device for magnetizing standard ring samples
with axial current and measurement of magnetic field
intensity with air ring coil.
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Loop Pattern Analysis6

By subjecting various standard test pieces
to a wide variety of treatments, a large
number of cathode ray tube screen
pictures can be developed illustrating the
effects of cold drawing, annealing,
carburizing, quenching and tempering.
Such pictures illustrate the capability of
loop pattern analysis in nondestructive
testing. Three sets of loop patterns are
shown in Fig. 20. The family of loop
patterns in Fig. 20a is for a sample of cold
339Electromagnetic Techniques for Material Identification
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FIGURE 21. Operating procedures and screen displays
obtained when sorting two steels of composition A and
composition B: (a) after phase and sensitivity adjustments;
(b) second sample B1 introduced; (c) sample A reintroduced;
(d) curve B1 centered; (e) curve A1 symmetrically displaced;
(f) amplification. Shaded symbols represent adjusted
controls. Screen images show variation of permeability with
magnetization (relative scale).
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Phase shifter
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(f) Sample A

Sample B1
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Amplifier
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Sample A
drawn Unified Numbering System G10150
carbon steel tested at six different
magnetic field intensities (H values).
When the same sample was stress relief
annealed, the loop patterns were altered,
appearing as shown in Fig. 20b. Figure 20c
compares loop patterns of standard
samples of carbon steel that were gas
carburized for 1 h at 900 °C (1650 °F) and
then cooled from the carburizing
temperature at markedly different rates.
The larger loop, with higher
magnetization values, represents the
slowly cooled sample; the smaller loop,
with lower magnetization values and
higher coercive force, represents the
sample that was quench hardened.

Comparator Bridge Tests6

For sorting, the hysteresis loop is not the
best representation of magnetic material
variables. An improved presentation of
the electromagnetic characteristics of a
material occurs in test equipment that can
indicate (1) the magnetization variations,
(2) the permeability variations or (3) the
variations of the curvature of the
hysteresis loop of the test object with
reference to a standard, depending on the
selection of the presentation.

Using such an instrument, the
procedures followed in sorting two steels
of different chemical composition A and B
are outlined in Fig. 21. The principal
objective in this instance is to obtain the
greatest possible difference in amplitude
and shape between the patterns displayed
on the screen for the two different steels.
This differentiation can be used as a basis
for sorting. In Fig. 21, the shaded symbols
represent the controls that are adjusted
during each step of setup.

As shown in Fig. 21a, a sample of steel
A placed in the test coil causes a pattern
to appear on the screen. The phase shifter
and coarse sensitivity are adjusted until
the entire pattern is displayed and
centered. A fine sensitivity adjustment is
used to bring the curve to a specific
indication height called the absolute value.
This adjustment lets all positions on the
sensitivity selector be expressed as
percentages of absolute value. If a second
sample A1 of steel A (Fig. 21b) is placed in
the unoccupied difference coil and the
sensitivity control is adjusted to a higher
level, then a difference between the
magnetic properties of samples A and A1
will appear on the screen as indicated by
the solid line in Fig. 21b. If A is then
replaced by sample B1, a curve for this
sample might be as indicated by the
broken line in Fig. 21b. Next, sample A1 is
reinserted in the difference coil, replacing
B1, and the compensator is adjusted so
that curve A1 becomes a horizontal,
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straight line (Fig. 21c). In the next step,
curve B1 is displayed by the phase shifter
so that its peak or maximum lies in the
center of the screen (Fig. 21d). In Fig. 21e,
curve A1 is symmetrically displaced
downward with reference to curve B1 by
using the compensator. Finally the
amplifier is turned up so that the area of
the screen is fully used (Fig. 21f).

Spread Bands
When a large number of samples
representing two steels of different
chemical composition are sorted, minor
variables in samples of the same steel
result in a spread band or slight variations
to either side of the principal curve. Slight
differences in internal stresses or surface
decarburization are among the factors
that account for these variations. Typical
spread bands made with identical
instrument settings are shown in Fig. 22
for carbon steel and a sulfurized free
machining steel. The bands shown in
Fig. 22 reflect the spread obtained when
1000 samples of each steel were tested.
341Electromagnetic Techniques for Material Identification

FIGURE 22. Spread bands obtained when 1000 samples each
of two steels of different composition (Unified Numbering
System G10150 carbon steel and free machining steel) were
comparator bridge tested at identical instrument settings.
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PART 5. Electrical Resistivity Measurements1
The resistivity of metals has been studied
for many years and resistivity values for
most materials are readily available. The
reason that this parameter has not been
widely used for metal identification or
sorting, however, is the difficulty in
determining the resistivity without special
laboratory techniques.

Resistivity testing is also called potential
drop testing and can be used for
discontinuity detection.

Conductivity measurements are often
made with eddy current devices. These
techniques determine the conductivity or
resistivity indirectly by measuring its
effect on a coil in a high frequency
alternating current test circuit.
Consequently surface roughness, surface
curvature and trace impurities can
significantly affect the results. Another
drawback is the requirement for a
standard sample to compare with the
unknown.

Instruments are now available that
permit measuring resistivity directly. The
advantages of direct measurement are that
measurements can be made on bulk
material in its manufactured state, that no
reference standards are required and that
resistivity values do not require
intermediate calculation.
342 Electromagnetic Testing

FIGURE 23. Probe arrangement and
schematic diagram of resistivity measuring
instrument.
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Legend
I = current (A) through sample
S = distance (meter) between probes
V = potential difference (volt)

W = sample thickness (meter)
Principles of Resistivity
Tests
A typical instrument consists of two parts:
a four-point probe and an electronics
package to supply current, determine the
voltage drop and convert it to a resistivity
value. The four-point probe has been
widely used for studying semiconductor
materials; the relationship between probe
geometry, voltage drop and sample
resistivity has been established for many
common cases. Although this relationship
cannot be solved in closed form for a
sample of arbitrary geometry, two
important cases lead to very simple
solutions. Using the notation of Fig. 23
I is the current through the sample, S is
the distance (in meter) between the
probes, V is the voltage detected across
the inner probe and W is the thickness (in
meter) of the sample. For samples of
length and width several times the overall
probe spacing, the resistivity ρ for sheets
with thickness W < 0.5 S is:

(6)

and

(7)

for sheets with W > 3 S. Resistivity ρ is
usually expressed in microohm centimeter
or microohm meter. Note that for thin
sheets resistivity ρ is determined
independently of the probe spacing. For
thick sheets the determination is
independent of thickness. An important
implication of Eq. 7 is that the resistivity
can be determined for massive samples
like ingots or bars, provided only that

ρ π= =2
6 2

SV
I

S
V
I

. 8

ρ π= ( ) =VW
I

VW
Iln2

4 53.
FIGURE 24. Typical resistivity measuring
system.
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there is one flat surface and that the
overall sample size is large compared to
the probe spacing.

Figure 24 shows a block diagram of a
typical instrument. The current source
puts a known current through the sample,
the signal processing electronics remove
interfering voltages and the sample
thickness (or probe spacing) is accounted
for by an analog multiplier. The circuit
output voltage is read by a digital volt
meter. The calibration is adjusted so that
the output reading is directly in
microohm meter or microohm centimeter.
A minor circuit change could make the
output read in a conductivity unit.

Applications of Resistivity
Measurements
This technique can be very useful when
absolute resistivity readings are required.
There may be cases however when test
object geometry, material thickness or
probe spacing will not be within the
constraints of the theory. In these
instances for which no theoretical
correction factors are available, the
application may be solved empirically.
Sorting for mixed material is a good
example of an application that usually
requires only relative readings. Theoretical
correction factors for some applications
are available from several sources.

Resistivity changes arising from the
heat treatment (and subsequent
precipitation and recrystallization) of
various alloys are frequently large enough
to use as a determination of whether the
heat treatment has led to the desired
microstructure. Resistivity measurements
for this purpose are particularly useful on
steels because such measurements on steel
do not suffer any effects from
permeability variations as do eddy current
tests. Another important advantage of
resistivity measurements over other
techniques is that a significant volume of
the sample is measured (to a depth of
about the probe spacing) rather than just
the surface. This distinction can be
important in view of the effects of surface
oxidation, segregation and cold work in
making the surface different from the
bulk.

So far it has been assumed that the
material being studied is homogeneous.
Heterogeneities such as voids, cracks, slag
or flux inclusions are generally
nonconductive and will sharply raise the
observed resistivity if they are in the
vicinity of the voltage probes. It is
estimated that voids greater in diameter
than 10 percent of the probe spacing S
could be detected if they are within a
distance S of the surface. Cracks
perpendicular to the surface and the line
made by the probe points can be most
easily detected whereas those
perpendicular to the surface but along the
line of the probes would have a very
much smaller effect. This difference allows
some localization and measurement of the
size of discontinuities.
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PART 6. Thermoelectric Sorting1
Though not strictly electromagnetic,
another useful approach to material
sorting involves thermoelectric effects.
There are three thermoelectric effects: the
seebeck effect, the peltier effect and the
thompson effect.

The seebeck effect is observed when
two conductors are joined: if the
junctions are maintained at different
temperatures, an electromotive force
(EMF) will be developed around the closed
loop. This force is the thermocouple
voltage or seebeck voltage θ. It is easily
measured by inserting a voltmeter in the
loop.

The peltier effect is the evolution (or
absorption) of heat when an electric
current passes from one material to a
different material at the same
temperature. The rate at which heat is
evolved at the junction when a current J
is passing from material 1 to material 2 is
π12 J where π12 is the peltier coefficient.

The thompson effect is the evolution
(or absorption) of heat when an electric
current passes from a material at one
temperature to the same material at a
different temperature (in a material with a
temperature gradient imposed). The rate
at which heat is evolved per unit
temperature difference is µ·J where µ is
the thompson coefficient and J the
current flowing from the higher to the
lower temperature. The thompson heat
like the peltier heat is reversible and is in
addition to any (irreversible) joule heat.

The mechanisms can be visualized that
give rise to thermoelectricity and they can
be loosely described as the tendency of
heat to drag along electricity. The
tendency of electricity to drag along heat
could also be described but is of no
particular interest here because most
commercially available instruments use
the first approach.

Imagine a piece of material as a long
box of electrons with a uniform
concentration of charge carriers. Make
one end hot and the other end cold. The
electrons at the hot end will diffuse more
rapidly than those at the cold end, so
they will move around a little more and
more of the hot electrons will move to
the cold end. This flow of electric current
would keep up indefinitely if the piece of
material under consideration were not
electrically insulated. In this case the
initial current produces a pile up of
344 Electromagnetic Testing
electrons at one end, which gives rise to a
back electromotive force that prevents
further flow of charge.

In the equilibrium situation, hot
electrons keep flowing to the cold end
while cold electrons flow to the hot end
because of the voltage gradient. Thus,
there is no net flow of particles or charge.
There is however a flow of energy, a heat
current. Under the influence of a
temperature gradient, there exists then a
heat flow together with a tendency for
electricity to flow. This tendency is
balanced by the back electromotive force.

Application of the
Thermoelectric Effect
There exist two relationships between the
seebeck, peltier and thompson quantities.

(8)

(9)

These equations are obtained by
considering a thermocouple with an
infinitesimal current flowing through it.
The thermocouple is made of material 1
and material 2 with one junction at a
higher temperature Th and the other at a
cooler temperature Tc. The main point to
be made is that there are three physical
effects and two relationships between
them. If all three measurements are
carried out, the two relationships are
tested and there remains one parameter to
describe the material. In other words, the
measurement of any one effect
determines the other two. This is made
clearer by the introduction of the seebeck
coefficient, the differential coefficient of
the seebeck voltage:
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(10)

(11)

(12)

where α1(T ) is the (absolute) seebeck
coefficient of material 1 at the
temperature T. The relative seebeck
coefficient of the two materials is
α1(T ) – α2(T ). Equations 8, 9 and 10 taken
together are equivalent to Eqs. 8 and 9
with a defining equation for the seebeck
coefficient.

The thompson coefficient is
determined for a single material rather
than a pair of materials and so is the
seebeck coefficient. This rather difficult
measurement, however, needs to be made
only on one material. The seebeck
coefficient of any other material may be
obtained by measuring the temperature
dependence of the seebeck voltage of a
thermocouple constructed of the
unknown and a reference standard.

The magnitude of the seebeck
coefficient for different kinds of systems
may be estimated using the following
relationship:

(13)

where Cv = the specific heat of the system
of charge carriers, N = the number of
conducting particles and q = the charge of
each particle. The usual unit of Cv·N–1 is

q
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FIGURE 25. Variation in seebeck coefficients
for four hypothetical materials.7
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Most thermoelectric instruments
currently do not actually measure the
seebeck coefficient but rather the seebeck
voltage. Copper is commonly the hot
contact although some instruments can
work with other metals. As is evident
from Eq. 10, the voltage produced
depends on the difference in the seebeck
coefficients of the two materials.

Figure 25 illustrates how seebeck
coefficients vary for different materials.7
Consequently a greater (and more easily
measured) voltage may be produced by
judicious selection of the hot probe’s
material and temperature. Because of the
nature of the circuitry, the temperature is
seldom variable although probe tips may
be interchanged on some instruments.
Although not as effective as in identifying
alloy variations, thermoelectric techniques
may be used to identify heat treatment
and possibly other metallurgical
variations.

To measure the electromotive force in
terms of the thermoelectric voltage,
normally two electrodes are brought into
direct contact with the sample at two
points maintained at different
temperatures and the electric potential
between the electrodes is measured. This
measurement unavoidably includes the
thermoelectric voltage generated in the
sample, the voltage of the electrodes and
the possible contribution from the
contact potential caused by oxidation or
other contaminants on the sample
surface. The requirement of direct contact
with the surface and the dependence on
surface conditions limit the application of
thermoelectric testing mostly to raw
materials or specially prepared samples.22

The small value of the thermoelectric
voltage makes measurement of small
variations extremely difficult.

To overcome the surface contamination
problems, a technique can be applied to
use noncontacting readout of the
thermoelectric signals by most sensitive
magnetometers.23 This technique has
potential for detection of segregations,23,24

regions with fatigue damage before
cracking,25-27 texture28 and stress29 and for
further microstructural analysis.
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PART 7. Dielectrometric Techniques for Material
Characterization

FIGURE 26. Dielectrometry system including impedance
measurement instrumentation, probe electronics and
interchangeable sensors for single sided property
measurements.
Dielectrometry involves the measurement
and characterization of weakly conducting
or insulating dielectric materials. This is
accomplished with electrode structures
that apply an electric field to the test
material so that measurements of the
effective impedance or admittance
between the electrodes reflects the
complex dielectric permittivity of the test
material. These measurements can also be
expressed in terms of the dielectric
permittivity, electrical conductivity and
loss tangent. Typically these
measurements are then correlated to other
properties of interest, such as the cure
state, moisture content, concentration of
impurities and additives, coating
thickness, density and aging status. The
electric fields in these sensors are
analogous to magnetic fields in eddy
current sensors and magnetometers.
Different electrode structures and multiple
excitation frequencies allow spatial and
temporal variations of the dielectric and
material properties to be determined; the
variations lend valuable insights into
physical phenomena in materials and
equipment. These dielectric property
sensors provide instrumentation for
system monitoring and diagnostics and
can be used for optimization of design
and performance characteristics.8-11

Dielectrometers have been used to
measure the properties of many liquid
and solid dielectrics, composites and
surface coatings.8 Such applications are:
cure state monitoring of polymer
composites, adhesives and epoxies;
porosity measurements of ceramics, such
as thermal barrier coatings and
microporous alkaline battery separators;
surface conductivity determination of
thin semiconducting coatings; monitoring
of toxic vapor absorption in chemical
protection garments; detection of
discontinuities in glass fiber epoxy
composites; moisture diffusion
monitoring in oil pressboard systems used
in power transformers; measurement of
interfacial electrochemical parameters of
debye length, zeta potential, molecular
diffusion coefficients and ion mobilities;
and detection of buried objects such as
plastic and metallic land mines.9 Other
applications involve capacitive sensors for
system diagnostics such as proximity
sensors and liquid level sensors.10
346 Electromagnetic Testing
A typical dielectrometry system is
shown in Fig. 26. The sensor is connected
to probe electronics for signal
amplification and buffering. The
electronics in turn are connected to
instrumentation for measuring the
terminal impedance or admittance of the
sensor electrodes. Most systems stand
alone and provide front panel access for
instrument control and data display but
some also use a computer, which then
provides greater flexibility for data display
and processing. Buffers in the probe
electronics allow the sensor itself to be at
a distance from the instrumentation. This
separation is particularly useful for
manufacturing settings where it is
convenient to have all of the control
systems and diagnostic information in a
central location.

The goal of dielectrometry is to relate
physical and electrical characteristics of
an unknown material to electrical
admittance or impedance measurements
made at electrical terminals. This is done
most easily for materials with
homogeneous electrical properties using
parallel plate electrodes. When a voltage
is placed across the electrodes (Fig. 27),
the electric field is spatially uniform in
the central region between electrodes and
points in a single direction perpendicular
to the electrode surface. An equivalent
circuit for the response is shown in
Fig. 28. For a homogeneous material of
permittivity ε and ohmic conductivity σ
(inverse of resistivity ρ), the capacitance C



and conductance G (inverse of
resistance R) can be expressed as:

(14)

and

(15)

where A is the electrode area and d is the
gap thickness between the electrodes. The
permittivity of free space is ε0 =
8.854 pF·m–1. Note that for a
homogeneous ohmic dielectric:

(16)

This result is true, independent of
electrode geometry.12 When excited by a
sinusoidal voltage in time with
frequency f and angular frequency
ω = 2πf, the corresponding equivalent
admittance Y (inverse of impedance Z)
can be expressed as:

(17) Y
Z

G j C= = +1 ω

RC = ε
σ

G
R

A
d

= =1 σ

C
A
d

= ε
FIGURE 27. Parallel plate electrode sensor: (a) basic sensor;
(b) sensor with guard electrodes.
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where j = √(–1). The dielectric material
properties can also be expressed in terms
of the complex permittivity ε*:

(18)

Typical excitation frequencies range from
less than 1 mHz for insulating materials
up to several megahertz for
semiconducting materials. The sensor
geometry is accurately captured by the
ratio of the area to the gap (A·d–1) when
the electrode widths are much larger than
the gap so that the fringing fields at the
electrode sides can be neglected. Placing
guard electrodes around the sense
electrode with their voltage the same as
the sense electrode voltage helps
minimize the effects of the fringing fields
as illustrated in Fig. 27b. A guard
electrode can also be placed behind the
sense electrode to further reduce
extraneous coupling from the fringing
fields. The final use of these
dielectrometry measurements is to infer
related physical properties such as
moisture content, density, porosity and
impurities. Empirical measurements then
can generally map values of the physical
variable to values of the material
permittivity and conductivity.

For simple systems (as in Fig. 28),
measurements at a single excitation
frequency can be used to determine both
the permittivity and conductivity of the
material. Most materials are dispersive,
however, so the effective properties
depend on the excitation frequency.
Dispersiveness can be attributed to
heterogeneous material properties, such as
particles embedded in a matrix or
multiple layers of different material
properties, or can be attributed to
multiple physical processes, such as
multiple conduction mechanisms.
Different techniques or models are then
used to determine the properties of
interest. As examples for multiple layered
materials, equivalent circuits and
expressions for the terminal capacitance
or conductance (Eqs. 14 and 15) that
account for the properties of each layer

ε ε ε ε σ
ω

* = ′ − ′′ = −j
j
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FIGURE 28. Equivalent circuit for parallel plate
electrode sensor and homogeneous
dielectric material.
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can be used.12 For two-phase composite
materials, the effective dielectric
properties of the composite can be related
to the dielectric properties and geometry
of the constituent materials.13

The effects of material heterogeneity
can also be displayed graphically. If
excited by a sinusoidal voltage in time, as
the frequency is varied from zero to
infinity, a plot of the imaginary part of
the impedance or admittance versus the
real part of the impedance or admittance
traces out a semicircle for the equivalent
circuit of Fig. 28. Such plots are called
cole-cole plots and when semicircular
provide a quick verification that the
material is homogeneous and frequency
nondispersive. If the dielectric properties
of permittivity and conductivity are
spatially dependent or dependent on
frequency, then the cole-cole plots will
deviate from the semicircular shape.

To illustrate this effect, consider
Fig. 29, which shows the effective
properties for a relatively insulating liquid
dielectric.14 In this case, a parallel plate
sensor was immersed in a liquid dielectric
so that no air gaps would be present
between the test material and the
electrodes. At high frequencies, the
348 Electromagnetic Testing

Legend
= permittivity
= conductivity

FIGURE 29. Representative plots of effective material
properties for transformer oil: (a) at 15° C (59° F); (b) at
70° C (158° F).
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effective permittivity is constant and the
effective conductivity is unmeasured
because the response is dominated by the
capacitive effects. At intermediate
frequencies, both the permittivity and
conductivity can be determined and are
constant with frequency. At very low
frequencies, the effective properties show
a dependence on frequency and reflect
the existence of an electrical double layer
at the electrode interfaces. The cole-cole
plot of Fig. 30 shows this frequency
dependence: the semicircular shape of the
response is lost at low frequency and at
the elevated temperatures because of the
electrical double layer capacitance.

In many circumstances, only one side
of the test material is accessible or the
spatial variations of the material
properties may be of interest. In these
situations, it is generally impractical to
use a parallel plate sensor and one-sided
measurement schemes are required. These
single-sided sensor schemes can be
visualized as parallel plate capacitors that
have been opened so that the sensor
responds to the material properties
through changes in the fringing electric
fields between the electrodes. Guard
electrodes can also limit unintentional
coupling of the fields to the sense
electrode.

One single-sided electrode format that
has an advantage of providing a relatively
large sensing response within a given
sensor footprint is an interdigitated
electrode structure as shown in
Fig. 31a.15-17 The spatial periodicity of the
electrodes is determined by the
wavelength λ. One set of electrode fingers
is driven by a sinusoidally time varying
signal VD with known amplitude and
frequency whereas the second set of
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FIGURE 30. Representative cole-cole plots of real and
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data of Fig. 30.



interdigitated fingers is capacitively
loaded and floats to a sensed voltage VS or
is virtually grounded with a terminal
current IS. The sensed signal amplitude
and phase with respect to the driven
voltage depend on the complex
permittivity of the adjacent dielectric.
With these interdigitated structures, the
inversion between the measured sensor
terminal variables and the dielectric
properties is more complicated than with
the parallel plate structures.17-19 The
spatially periodic variation of electric
potential along the surface (in the
Y direction) produces an electric field that
penetrates into the medium (in the Z
direction). The potential obeys Laplace’s
equation and can be represented using a
fourier series.

This model shows that the electric field
for each spatial mode at a given frequency
decays exponentially (in the Z direction)
FIGURE 31. Single-sided electrode format: (a) interdigital
dielectrometry sensor in one-sided contact with material
under test; (b) electrode spatial wavelength limits electric
field intensity depth of penetration into test material.
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Legend
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Electric field lines
with a decay proportional to the spatial
wavelength of the periodic electrodes
(Fig. 31b). Consequently, sensors with
longer wavelengths have larger
penetration depths and will respond to
changes of material properties far from
the interface of sensor to dielectric
material. Smaller wavelength sensors will
primarily respond to changes near the
interface. Thus, multiple wavelength
sensors provide spatial profile information
about the test material and permit, for
example, simultaneous measurement of
the dielectric properties and thickness of
any air gaps that may be present between
the test material and the sensor. These
multiple wavelength sensors can use
multiple sets of interdigitated spatially
periodic electrodes attached to a common
substrate or colocated designs that
interweave the electrodes for a multiple
wavelength measurement in a single
sensor footprint.20 Segmenting of the
electrodes into arrays also permits wide
area imaging of dielectric properties.

Multiple frequency techniques are also
used to study interfacial electrochemical
processes such as surface corrosion and
energy storage in battery components and
for electrochemical impedance
spectroscopy.21 In addition to the bulk
response of the materials, these
techniques allow interfacial processes,
such as reaction rates and transport of
charged species, to be isolated. These
measurements provide insight into
physical phenomena in the materials and
are used to optimize performance
characteristics.
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PART 1. Electromagnetic Testing in Primary
Metals Industries
The basic principles of electromagnetic
testing were known in the nineteenth
century and practical applications of
electromagnetic techniques have been
commonplace in the metals industry since
1930. Eddy current testing has evolved
from relatively simple devices for metal
sorting to complex, automated test
systems as part of manufacturing
processes.1 Electromagnetic techniques
offer simplicity, low cost, noncontact and
couplant free operation, high speed and
high temperature capabilities. They are
widely used in all types of industries to
evaluate the quality of materials and
components, including both ferritic and
nonferritic metals. The total number of
tests performed annually by these
techniques may exceed that of all other
nondestructive test techniques.

Because of the skin effect, which limits
the depth of penetration, eddy current
testing is limited to surface and near
surface evaluation of materials and
products. Both eddy current and magnetic
techniques are preferred in the steel
industry throughout the world for inline
surface testing of bars, billets and tubes at
production speeds. The eddy current
technique is used by the metals industry
for the inline testing of hot wires at high
production speeds, often in excess of
120 m·s–1 (265 mi·h–1).

Electromagnetic test techniques find
their application in all stages of forming,
shaping and heat treating of metals and
alloys, where the effectiveness of
processing steps can be quickly evaluated.
Materials damaged during processing can
be detected and removed from production
without incurring further processing costs.
Thermal treatments such as annealing,
normalizing, hardening, case hardening
and other heat treating processes can be
monitored directly in many instances.

Eddy Current versus
Magnetic Testing
Metals are said to be ferromagnetic if, like
iron (ferro- comes from the Latin word for
iron), they can be magnetized.
Ferromagnetic metals include iron, cobalt
and nickel. Nonferromagnetic metals
include copper and aluminum. Magnetic
techniques such as magnetic flux leakage
and magnetic particle testing can be used
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only on metals that can be magnetized —
on steel, not aluminum.

On the other hand, eddy current
testing can be used on all electrically
conductive materials — magnetic and
nonmagnetic. For this reason, eddy
current testing is extensively used in
factories that manufacture nonmagnetic
but electrically conductive materials and
components, such as aluminum and
copper. The anisotropic and highly
nonlinear behavior of ferromagnetic
materials during magnetization tends to
generate eddy current signals that are
difficult to interpret. For this reason,
ferromagnetic objects tested with the eddy
current technique are often magnetically
saturated, making them behave like
nonmagnetic objects.

Developments in Eddy
Current Testing
Eddy current techniques are widely used
to test materials and components at high
temperature. A differential technique with
encircling coils is used to perform
continuous process testing of hot rolled
wires and rods in many steel mills around
the world.

Testing of hot steel billets (round and
square) is also performed using eddy
current probes. Both nonrotating and
rotating probes scan the hot surface.

Technique Developments2

Pulsed and Multifrequency Techniques.
Many complex eddy current test problems
can be solved through the application of
pulsed and multifrequency eddy current
techniques, as in the nondestructive
measurement of case carburized and case
hardened thickness in bearing
components.
Inversion of Eddy Current Data.
Separating a desired variable from eddy
current signals influenced by many
undesirable variables is difficult despite
advances in signal processing.
Improvements in the reliability of online
eddy current tests have been implemented
mainly through eddy current signal
processing techniques.
Phase Measurement. Many industrial
applications use the amplitude of an eddy
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current signal to judge the product quality
and do not use the equally valuable phase
information from the same signal.
Discontinuity depth in steel mills has
typically been sized through amplitude
only. The reliability of eddy current
testing is improved if both amplitude and
phase are used in developing accept/reject
criteria.

Probe Designs
Multiple-sensor eddy current test heads
have been developed to detect surface
discontinuities in continuously cast slabs
at high temperature. Phase discrimination
can be used to suppress liftoff variations.

The need for high speed data
acquisition and probes contoured to fit
complicated shapes has led to arrays of
electronically scanned eddy current
sensors rather than mechanical scanning
with solitary sensors.

Probes are designed to optimize
operating parameters such as excitation
frequency, test speed and liftoff.
Successful design of eddy current tests
requires accurate knowledge of electrical
and magnetic characteristics of the test
object and of the materials chosen for the
construction of the probe. Even the best
mathematical model is of little value
without these material characteristics,
which are often (depending on the
application) nonlinear functions of
magnetic flux density, space and
temperature. Measurement of these
characteristics in materials is important
for optimization of eddy current tests.2

Numerical Modeling

Most practical eddy current problems are
three-dimensional; some of them involve
anisotropic materials and materials with
nonlinear electrical and magnetic
characteristics. Numerical models have
shown success in handling nonlinear
situations and awkward discontinuity
boundaries, especially in two-dimensional
or axisymmetric test geometries.2

Thanks to advances in digital computer
technology since 1975, numerical
modeling techniques have overcome most
drawbacks associated with analytical
techniques. Numerical techniques are not
limited by material nonlinearities and
complex discontinuity shapes but by
computer memory.

The numerical model has much in
common with the experimental approach.
Numerical analysis techniques, unlike
analytical models, do not produce any
equation as the solution but rather
produce flux density, current density,
phase and impedance plane trajectory
plots. Numerical modeling techniques can
predict the complex interactions between
fields and discontinuities, interactions
important for discontinuity
characterization. Better eddy current tests
and sensors have been designed with the
help of advanced computer models.

Eddy Current Applications
Presented below are case histories
representing typical applications of
electromagnetic test techniques in the
primary metals industry for the surface
testing of bars, square billets and hot
wires, rods and tubes.

Most of these techniques are eddy
current tests for hot metal. For efficient
process control, eddy current testing is
performed on steel while it is still hot
because it is more efficient to detect
discontinuities early in the process before
the material undergoes further working.

Eddy currents are induced by probe
coils driven at medium to high
frequencies. The coverage of the test
surface depends on the probe motion
relative to the test object. This relative
motion can be achieved either by moving
the test object or by moving the probe
during testing. The applications in the
rest of this chapter each illustrate an
arrangement for this relative motion.
355Primary Metals Applications of Electromagnetic Testing



PART 2. Rotating Probe Testing of Hot Rolled
Bars3
Test Requirements
A rotating probe eddy current technique
has been used for surface testing of hot
steel bars as they are rolled.

There are several requirements for an
effective bar testing system: (1) high
discontinuity sensitivity, (2) the ability to
classify bar quality, (3) fully automatic
operation, (4) rugged construction for use
in mills, (5) the ability to test bars as
received without special preparation. That
is, bars would not have to be pickled or
shot blasted to remove surface scale before
testing. Likewise, bars that meet
commercial straightness criteria would not
have to be straightened before testing.

The rotating probe eddy current system
costs less than alternative systems. Unlike
ultrasonic test systems, an eddy current
system does not require a liquid couplant
and can achieve a higher sensitivity to
surface discontinuities.

Magnetic flux leakage testing requires
magnetization of the test object.
Disadvantages of the magnetic particle
version of such systems are that accurate
discontinuity depth discrimination is not
possible, that full automation is usually
impractical and that magnetic particles
are expensive and cannot be fully
reclaimed after testing. A significant
improvement over magnetic particle
testing for this application, magnetic flux
leakage testing has not only the
disadvantage of requiring magnetization
but also the drawback that the probe must
be very close to the bar surface, preferably
riding on it.

In the rotating probe eddy current
technique, the equipment rotates an eddy
current probe around an advancing bar,
the probe being held a preset minimum
distance from the bar surface. The
equipment maintains the selected level of
test sensitivity regardless of changes in
discontinuity signal amplitude caused by
varying surface spacing from probe to bar
and marks only those discontinuities that
exceed a preselected length and depth.
Bars with discontinuities are automatically
separated from discontinuity free bars.
Automatic paint marking is also available
if visual discontinuity identification is
required for subsequent reconditioning.
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Mechanical Equipment
The major items of the mechanical
equipment developed for the eddy current
system are (1) bar handling equipment for
supplying bars for testing and (2) a test
station for rotating the test probe around
an advancing bar.4

Bar Handling Equipment
Though fairly conventional in design, the
bar handling equipment is designed (1) to
automatically supply one steel bar at a
time for testing, (2) to operate at a line
speed up to 0.76 m·s–1 (1.7 mi·h–1) and
(3) to separate bars into two
classifications, those to be accepted in one
cradle and those to be scrapped or
reconditioned in a second.

Test Station
Testing of bars occurs while the bars are
inside the test station. To carry out
testing, the test station must perform
several functions.

1. The station must rotate the eddy
current probe around the bar at a
preset rotational speed. Top rotational
speed is 26.7 cycles per second
(1600 rotations per minute). Speed
depends on bar diameter.

2. The station must extend the probe to
the test position when a bar is in the
unit and retract the probe when the
bar leaves.

3. For all bar diameters, the station must
maintain a minimum preset spacing
from probe to bar.

4. The station must transfer signals from
the rotating probe to the electronic
instrumentation.

5. The station must supply probe
position signals for subsequent
discontinuity identification and
marking.

There are three major components of
the test station.

1. A floating head can move up to
13 mm (0.5 in.) vertically or
horizontally to accommodate testing
of nonstraight bars. The test probe
used to scan the bar surface is inside
the head.



2. A rotary transformer transfers signals
between the rotating probe and the
electronic instrumentation.

3. A variable speed motor rotates the
transformer and bore of the head
assembly.

The test station operates with a
constant center line while testing bars of
different diameters; however, the
conveyor line operates with a fixed base
pass line. For this reason, the test station
is on a platform whose height can be
adjusted when the test is changed to a
different bar diameter.

During testing, the probe follows a
helical test path on the bar. The spacing
between successive helical scans is
determined by both the rotational speed
of the test probe and the forward speed of
the bar. The helical pattern permits
100 percent surface coverage except for
end loss. Testing is carried out to within
about 0.2 m (8 in.) of either end of each
bar.

Electronic Instrumentation
Electronic instrumentation for the bar
tester consists of the following circuits:
(1) eddy current circuits for detecting the
presence of discontinuities, (2) automatic
gain control circuits for maintaining a
constant test sensitivity, (3) signal
processing circuits that function
separately and together to discriminate
between noise and actual discontinuity
signals and (4) marking circuits.

Discontinuity Detection
Figure 1 is a block diagram of the
electronic instrumentation. The
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FIGURE 1. Circuits of eddy current bar testers.
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discontinuity detection circuits are
coupled to the rotating probe through
one channel of the three-channel rotary
transformer.

Electrical signals developed by the high
frequency discontinuity oscillator and
applied to coils in the test probe generate
eddy currents on the bar surface. When a
discontinuity is present on the bar
surface, the orderly flow of eddy currents
is disrupted; the deeper the discontinuity,
the greater its effect on the eddy current
flow.

Detection, amplification and filtering
circuits then develop electrical signals that
indicate the presence of discontinuities
and provide a signal amplitude
proportional to discontinuity depth for
processing by subsequent circuits to assess
discontinuity severity.

Automatic Gain Control
One drawback of eddy current testing is
that the amplitude signals for a given
discontinuity will decrease with increasing
spacing between the test probe and bar
surface. Although several techniques have
been developed to minimize this effect,
they have limitations such as the narrow
range in spacing from probe to bar over
which they are effective and poor signal
correction accuracies. To overcome these
shortcomings, the instrumentation
includes circuits for measuring variations
in distance from probe to bar and
developing a liftoff signal for use in other
circuits for correcting eddy current signal
amplitude. These circuits are included in
the block diagram of Fig. 1. As is the case
for the discontinuity detection circuits,
the low signal amplitude circuits for
measuring distance from probe to bar are
357Primary Metals Applications of Electromagnetic Testing
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coupled through the rotary transformer to
coils in the probe assembly. The liftoff
signal provided by this equipment is a
function of the distance between the bar
surface and the discontinuity sensing
coils. This signal automatically varies the
instrument gain, thereby providing a
constant test sensitivity under conditions
of varying distance from probe to bar.
Although the automatic gain control thus
maintains a constant test sensitivity, the
desired level of sensitivity is obtained by
adjusting the manual gain control.

Signal Processing Circuits
In the case of eddy current testing, noise
signals can be caused by conditions such
as surface roughness, scale and electrical
interference, as well as short and shallow
discontinuities that are not causes for
rejection. These problems can be
overcome through two techniques: pulse
width discrimination and signal
correlation. Gross discontinuity signals are
processed by conventional amplitude
discrimination. Finally, the system
provides marking for subsequent visual
location of discontinuities if required.

Pulse Width Discrimination
The pulse width discriminator identifies as
a discontinuity indication any eddy
current signal that (1) exceeds a preset
amplitude and (2) decreases in amplitude
from its peak value to half its peak value
in less than a predetermined time. The
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FIGURE 2. Identification of discontinuity signals by pulse width
discriminator.
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B, C = pulses in excess of amplitude threshold
D = amplitude decrease longer than preset time
E = amplitude decrease briefer than preset time
F = signal triggered by abrupt amplitude change
corollary is that the discriminator
disregards other signals. For simplicity, the
period of time in which the amplitude
decreases is referred to as signal width.

Figure 2 can be used to illustrate the
way in which pulse width discrimination
works. There are three typical eddy
current signals applied to the
discriminator circuit. Signal A, typical of
conditions such as shallow surface
scratches or surface roughness, does not
exceed the preset amplitude value and is
therefore disregarded by the circuitry.
Although signal B, characteristic of
conditions such as loose surface scale,
exceeds the amplitude value, the signal
width D exceeds the preselected time.
This signal is likewise disregarded by the
circuitry. Signal C is characteristic of a
surface discontinuity because it exceeds
the amplitude value and because its
amplitude decreases (in width E) from the
peak to half the peak amplitude in less
than the predetermined time. Pulse C is
identified by the pulse width
discriminator as an indication of a
discontinuity. The discriminator generates
a digital output signal in such cases.

Signal Correlation
Signal correlation not only discriminates
between discontinuities and harmless
surface imperfections such as short,
shallow scratches but also serves to
further suppress the effects of random
noise signals. Correlation is used in the
bar tester as a type of discontinuity
pattern recognition based on the principle
that harmful surface discontinuities such
as laps and seams are longitudinal or
continuous. Laps and seams will,
therefore, be detected by the rotating
probe at about the same circumferential
position on the bar for successive probe
scans.

As seen in Fig. 3, the correlation of
discontinuity signals is performed as
follows. As the eddy current probe rotates
around the bar, an encoder in the test
station is synchronously driven with the
FIGURE 3. Signal correlation for identification of continuous
discontinuity.
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FIGURE 4. Marking guns.
probe, dividing the bar circumference into
32 incremental surfaces. When a
discontinuity signal is provided by the
pulse width discriminator, information
identifying the incremental surface and
scan number is stored in the correlation
electronic circuits. Using this information,
the electronic circuits correlate
discontinuity signals for the same
position in a preselected number of prior
scans. Because the equipment can,
depending on instrument setting,
compare the present scan and incremental
position with up to two adjacent
incremental positions for prior scans, it
has the additional capability of allowing
for bar turning and discontinuity skew.
Finally, the tester can be adjusted to
correlate data for up to five probe scans.

Major Discontinuity
Discontinuities that are deep but short,
such as scabs and slivers, occur within
only one probe scan and are processed in
a conventional manner by amplitude
discrimination. Figure 1 shows the block
diagram location of these circuits. Because
discontinuities of this type usually greatly
exceed the amplitude of noise signals as
well as correlated signals, they can be
readily detected by amplitude level
discrimination techniques. Signals of this
type bypass the pulse width discriminator
and correlation circuits.

Marking
The system includes provision for accurate
discontinuity marking so that the
discontinuities identified by the electronic
circuits can be visually located for
purposes such as subsequent bar
reconditioning.

The essentials of the marking
equipment are as follows. Four paint guns
are arranged around the circumference of
the bar, each gun being centered in a
quadrant of the bar (Fig. 3). The marking
circuits (Fig. 1) process signals from the
major discontinuity and correlator circuits
and provide a paint mark in the quadrant
where the discontinuity is located. An
electrical signal from an encoder driven
by the conveyor line delays marking until
the anomalous area of the bar reaches the
marking guns. In Fig. 4, the gun in the
foreground is seen spraying a white stripe
in a quadrant where the electronic circuits
identify a discontinuity.

Calibration
Before the test is begun, the operator
adjusts the equipment for bar diameter,
metallurgical grade of the bars and the
surface test requirements. To simplify
adjustments for bar diameter, the controls
and readouts for test station height, probe
P

rotational speed and conveyor line speed
are calibrated in terms of bar diameter.
Adjusting for metallurgical grade is
simple, usually requiring only a slight
readjustment of two potentiometers to
provide readings for on bar and off bar,
respectively.

Surface test requirements can be stated
in terms of minimum depth of
discontinuity to be marked and for
continuous or seam type discontinuities,
the minimum length to be marked. Thus,
the setting for the desired test is obtained
by adjusting the sensitivity potentiometer
and the switch for discontinuity length.

At the beginning of each turn, an
overall check of equipment operation can
be made by inserting a calibration fixture
into the test station. This fixture has an
accurately machined 50 mm (2 in.)
diameter round section shifted off the
center line of the test station. On the
surface are accurately machined artificial
discontinuities. The off center round
section and the artificial discontinuities
make it easier for the operator to quickly
check a number of mechanical and
electronic features of the equipment.
359rimary Metals Applications of Electromagnetic Testing



PART 3. Eddy Current Device for Total Surface
Testing of Square Billets5
Integration of Test in
Rolling Process
Eddy current testing can automatically
inspect 100 percent of the surface of steel
billets (having a square cross section)
without the need of an operator’s
judgment for interpreting test results. The
system described here can detect seams,
evaluate their severity and mark the
location of those that exceed an
acceptable depth. The key component is a
scanning head assembly that keeps an
eddy current probe in contact with and
tangent to the billet surface at all
locations around the periphery, including
the corners. The machine is designed to
test round cornered, square billets as they
are rolled. This integration with the
manufacturing process is an important
step in the development of integrated
automatic testing and conditioning
systems.

The inherent shortcomings of visual
testing motivated the development of
electronic techniques for measuring seam
dimensions. One seam evaluation device
uses a probe coil that causes eddy currents
to flow in the test surface of the metal.
Any discontinuity in the surface affects
the electrical loading of the probe coil; in
the case of seams, coil loading is inversely
proportional to seam depth.

For the detection of such
discontinuities, absolute coil loading has
little meaning. However, the changes in
the loading of a coil as it crosses a
discontinuity are significant. Therefore,
relative movement between the probe coil
and the product is required. In a manual
test, this movement is achieved by
moving the probe while holding the test
object stationary. In an automatic test, the
test object, the probe or both are moved.

Application to Rounds
The diameter of the test object dictates
the means of obtaining the relative
movement necessary between the search
probe and the test object. Machines
designed to test small diameter bars rotate
and propel the product while the probe is
held stationary. For large diameter bars,
pipe and billets, the probes are rotated
360 Electromagnetic Testing
around the product as it moves forward
through the machine.

Using the second means of obtaining
relative motion, an installation for testing
of rounds consists of two machines
designed for 75 to 250 mm (3 to 10 in.)
diameter, straightened solid product.
These machines have been installed in a
mill finishing line that also includes
facilities for grit cleaning, straightening
and grinding.

Square Products
To test products having a square cross
section, a prototype billet test machine
has been built. In this machine, a search
probe is reciprocated across the face of the
billet by an air cylinder while the billet
moves forward.

The next step is the designing and
building of production equipment. It
includes two machines, each testing two
of the four faces of a billet on one pass.
The search probes are reciprocated by a
hydraulic cylinder with servo controlled
reversing. Although these probes test the
face of the billet adequately, they do not
test the corners, also susceptible to seams.

Design Requirements
One way to test the entire circumference
of the surface, including corners, is for the
probe to revolve continuously around the
billet. This motion, however, presents
challenges in system design.

1. The probe must be maintained
tangential to and at a close but
constant distance from the surface.
The probe may bounce rapidly when
rounding the corners, causing an
electronic signal similar to that from a
discontinuity. Excessive bounce also
changes the electrical coupling and
varies the sensitivity to
discontinuities.

2. The probe holding assembly has to be
mechanically rugged to withstand the
shock encountered while passing each
corner and an occasional very rough
surface.



FIGURE 6. Probe at various positions on quarter section of
100 mm (4 in.) billet: (a) cross section; (b) speed.
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3. The speed of the probe relative to the
test surface must be maintained
within limits. Experimental studies
have established that the optimum
range is 0.4 to 0.7 m·s–1 (0.9 to
1.6 mi·h–1). A slower probe speed
would result in an inconsistent
measurement of discontinuity depths.
Speeds above this range cause
objectionable electronic noise.

Probe Assembly
These problems are addressed by the
search probe scanning assembly (Figs. 5
and 6), similar to a roller chain with the
search probe in place of a center roll. The
assembly is flexibly mounted so that the
rolls smoothly guide the search probe
around the billet surface.

The search probes, at the center of the
assembly, are encapsulated in nylon
housings mounted in a titanium holder.
Attached to the integral parts of the
holder are tungsten carbide wear shoes
that bear on the billet surface. Two coils
are used in each search probe assembly to
increase the area of surface tested.

The entire probe assembly is held
against the surface by a spring that exerts
constant force. The test surface forces the
outside rolls to open the pivot mounted
arms, causing the chainlike arrangement
to become taut and conform to the test
surface. The four small springs hold the
various elements against the surface at
different positions around the square
section.

Most of the assembly is constructed
from a titanium alloy selected for high
strength and lightness. Weight must be
minimized because centrifugal forces
resulting from rotation and inertia tend to
lift the assembly from the billet surface.
FIGURE 5. Components of billet search probe scanning
assembly.

Carbide shoes

Probe

Holder

Rollers
The high strength of this material permits
the assembly to withstand forces resulting
from surface roughness and the
directional changes necessary during
testing. The rolls are tungsten carbide for
maximum wear resistance and use
bearings but require no lubrication.

The dimensions of the probe assembly
components affect the instantaneous
velocity of the probe relative to the billet
surface. The most significant dimensions
are the spacing between the rolls, the
diameter of the rolls and the distance of
the probe pivot from its contact surface.
Figure 6 shows the relative speed of the
probe at different positions on a quarter
section of a billet with a 0.1 m (4 in.)
square cross section. The element shape
for this assembly gives the probe a
velocity that is maximum on the flat part
of the surface, where bounce is least
likely, and minimum at the corner, where
361Primary Metals Applications of Electromagnetic Testing
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the coil has the greatest tendency to leave
the surface. The speed fluctuates smoothly
within the allowable testing range as the
probe assembly is rotated around a square
billet. The probe assembly dimensions are
optimized for 102 and 127 mm (4 and
5 in.) billets but this same assembly can
test a greater range.

Discontinuity Marking System
A marking system is selected that consists
of spray markers, an air compressor, a
paint reservoir and valves to direct paint
to the billets. The spray markers and two
retractable search assemblies are attached
to pivot arms on a rotating face plate. The
face plate in turn is attached to a rotating,
open ended drum through which the
billet passes. The spray markers are spaced
to mark the exact location of the seam
362 Electromagnetic Testing

FIGURE 7. Machine elements that permit free m
cambered product: (a) diagram; (b) photograp
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(b)
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anywhere around the billet periphery. The
other components of the marking system
are attached to the exit end of the drum
and also rotate.

Electrical energy is transmitted by
means of slip rings to the search probes,
to the solenoid valves for the marking
system and to the compressor.

Machine Details
The drum that encircles the billet moves
freely in all directions perpendicular to its
axis, thus enabling the drum to follow
twists and bends in billets. Camber up to
114 mm (4.5 in.) in overall length can be
accommodated.

The machine elements that permit free
movement of the drum are shown in
Fig. 7. Guide rolls ensure that the center
ovement of drum and enable testing of
h.

Guide roller

Drum

Billet

Slide

Slide way

Base



line of the drum corresponds to the billet
center line. The drum assembly is
counterweighted by the drum motor and
steel weights. This entire assembly is
attached to an A shaped member through
a pivot that permits vertical motion of the
drum. The A shaped member is mounted
on the base by a low friction slide
assembly that permits the drum to move
horizontally. Any movement of the billet
is transferred by the guide rolls to the
drum and the combination of the pivot
and slide allows the drum to move readily
in the planes perpendicular to its axis. An
extension of the slide for horizontal
movement of the drum is used to remove
the entire machine from the production
line for calibration and easy access for
service.

Production Installation
The installation includes a grit blaster. The
turnover mechanism moves the billet
from the grit blast conveyor to the testing
conveyor. The forward speed of the
conveyor is adjusted for various sizes of
billets. To ensure the detection of all
discontinuities longer than 25 mm (1 in.),
the forward speed of the conveyor for
127 mm (5.0 in.) billets, for example, is
0.17 m·s–1 (0.4 mi·h–1). With no delays,
this would provide a test rate of 64 000 kg
(140 000 lb) per hour.

Calibration
To calibrate the electronic circuitry, the
entire drum assembly is moved out of the
line of billet travel. A small billet section
is swung into the test position (Fig. 7b).
P

FIGURE 8. Chart recording of electronic signals from sample
100 mm (4 in.) billet.

Legend
A. Artificial seam on flat surface.
B. Natural seam 1.5 mm (0.06 in.) on flat surface.
C. Artificial seam 0.75 mm (0.03 in.) deep lags corner.
D. Artificial seam 0.75 mm (0.03 in.) deep directly on corner.
E. Artificial seam 0.75 mm (0.03 in.) deep leads corner.

One revolution

Corner 5Chart travel

A B C D E
The drum is then rotated with the probes
contacting the test sample and the signals
are recorded. The electronic circuit is
calibrated by simple dial adjustments.

Figure 8 shows a chart recording of the
signals obtained from the calibration
billet specimen. The billet has four
discontinuities milled about 0.75 mm
(0.03 in.) deep by a 0.15 mm (0.006 in.)
wide cutter. The seams are on the flat
surface before, on and after the corner. A
natural discontinuity, 1.5 mm (0.06 in.)
deep on the flat, is also present in this
billet.

The calibration procedure provides for
adjustment of the electronic circuitry and
supplies the operator with information on
equipment performance. It can also be
used to verify that the probes are riding
the billet properly, that no elements in
the probe assembly are binding and that
both markers are operating properly.
363rimary Metals Applications of Electromagnetic Testing



PART 4. Rotating Machine to Test Hot Steel Rods
and Wires6
Integration of Test before
Coiling
Wires and bars are usually coiled
immediately after they are hot rolled.
When discontinuity detection is
performed on cold products, they must be
uncoiled for testing. If discontinuity
detection can be accomplished during the
rolling process, while wires or bars are still
hot, costs can be reduced by saving
electric power and by omitting the
uncoiling process.

Eddy current testing using an
encircling coil has been applied to hot
rolling of bars.7 Steel mills use encircling
coil eddy current systems to test hot
wires. Generally, encircling coils in a
differential configuration can detect short
discontinuities such as scabs and roll
marks. It is, however, difficult to detect
harmful longitudinal discontinuities such
as seams and cracks.

When the eddy current tester uses a
rotating probe for wires and bars in hot
rolling, there are technical problems.

1. The rotating machine must be
centered mechanically at the pass line.

2. Electronic correction is required to
detect discontinuities without
disturbance of liftoff variation.

3. The probe must be cooled to protect
against heat damage.
364 Electromagnetic Testing

FIGURE 9. Rotating probe machine for eddy curr
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Testing Machine
To apply the rotating probe technique to
hot wires and bars, it is important to
develop the techniques to suppress the
liftoff variation and correct discontinuity
signal amplitude by measurement of
liftoff variation. The liftoff variation is
caused by wobble of wires or bars and by
difference of centering between the
rotating test machine and the pass line.

Components have been developed for
the technique. An electronic controller
can eliminate the signal caused by the
residual liftoff variation and correct the
corresponding discontinuity signal. The
influence of liftoff variation is also
minimized by several means.

1. Two pairs of pinch rolls can keep the
tested wire near the center of the
rotary machine. Also, they can reduce
the vibration of the wire.

2. The mechanical stage supporting the
eddy current tester can be driven by
stepping motors to position the
machine precisely at the pass line.

3. An air jet emitted from the probe case
to the surface of the wire lifts the
probe for noncontact scanning. The
air continues along the surface of the
wire to minimize the liftoff variation.
The air jet also serves to cool the
probe.
ent testing of hot steel wires and rods.

Rotary drum
Probe coil

Air cylinder

Rod



FIGURE 10. Air flotation scanning technique.
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4. Multifrequency signal processing
eliminates the liftoff variation signal
caused by high frequency components
of the wobble.

5. The liftoff variation is measured by a
displacement probe and the
discontinuity signal change caused by
the liftoff variation can be
compensated electronically.

By these means, the rotating probe eddy
current system performs quantitative
evaluation of discontinuities on the
surface of wire.

Rotating Probe Machine
Figure 9 schematically shows the eddy
current testing machine with rotating
probes. It consists of a rotary drum that
has two sensor holders and actuators for
sensor holders, a cylindrical housing and
a motor that drives the rotary drum.

The cylindrical housing has a rotary
transformer, an air flow tube of duplex
steel and a water cooled guide tube. The
rotary drum is mounted on the
downstream side of the housing. The
motor can drive the rotary drum at the
maximum rotation speed of 16.7 cycles
per second (1000 rotations per minute).

Within the rotary drum, the sensor
holders are mounted with probes and air
cylinders for retracting the probe. The
probe is moved away from the center of
the rotary drum by the air cylinder to
keep the probe from rubbing against the
top or bottom of the material. The
mechanism for retracting the probe
successfully operates at up to 16.7 cycles
per second (1000 rotations per minute)
even though centrifugal force acts against
the mechanism.

The air flow tube is made of duplex
steel and comprises an inner tube and an
outer sleeve. The air conduit extends into
the rotary drum at the downstream side
end. To supply compressed air to the
rotary drum, sealing members are fitted
between rotor and stator as shown in
Fig. 9. The compressed air has three
functions: (1) noncontact scanning using
air jets, (2) cooling the probe coil and
(3) driving the air cylinder.

The air cylinder is controlled by
solenoid valves mounted on the rotary
drum. The water cooled guide tube is
fitted into the air tube. The guide tube
protects the rotary transformer and
bearings against heat damage. The signals
from the noncontacting probe coil are
sent or received by the rotary transformer.

Air Flotation Scanning
In the air flotation scanning station, the
probe case has an air inlet and several air
jet outlets. An air jet flows to the surface
of wire through these outlets, lifting the
probe. The air flotation force keeps the
liftoff constant because air force becomes
stronger when liftoff decreases and
becomes weaker when liftoff increases
(Fig. 10).

Air flotation scanning closely follows
its intended path until it reaches a
scanning speed of 1.05 m·s–1

(2.35 mi·h–1), a rotation speed of
16.7 cycles per second (1000 rotations per
minute) at the wire’s diameter of 20 mm
(0.8 in.), when the value of eccentricity is
0.4 mm (0.016 in.). For this application,
the eccentricity is considered to be the
distance from the center of the wire to the
center of the rotating machine.

The probe opposite to the tested
material of temperature over 1000 °C
(1800 °F) can be cooled by the air jet. The
temperature rise of the probe coil is only
50 °C (120 °F) and does not affect test
results in practice.

Centering Machine
The eddy current testing machine is set
on a truck with a specially designed
mechanical centering machine as shown
in Fig. 11. The truck can be pulled out
from the pass line to calibrate and
maintain the test machine.

The centering machine consists of two
pairs of pinch rolls and a mechanical
stage. Two horizontal and two vertical
pinch roll assemblies hold the wire. The
centering machine is used to set the
rotating drum in the center of pass line.

The mechanical stage is moved by Y
and Z axis actuators driven by stepping
motors as shown in Fig. 12. A
displacement sensor arranged near the
probe picks up the liftoff variation during
probe rotation. The value of eccentricity is
computed from both signals measured by
the displacement sensor and a probe
position sensor. The probe position sensor
mounted on the cylindrical housing
generates one pulse for each revolution of
the drum; the rotating position of the
probe is obtained by noting the pulse
interval.
365Primary Metals Applications of Electromagnetic Testing
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FIGURE 11

Final ro
A set of digital panel meters shows the
vertical and horizontal components of
eccentric value as shown in Fig. 12. The
cathode ray tube displays an actual trace
of the probe. An operator drives the
stepping motors to minimize the

eccentricity. The setting is accurate to
±0.2 mm (±0.008 in.).

The test for hot wires or bars is
performed as follows.

1. Upstream and downstream, hot metal
detectors at the sides detect the hot
wire.
lectromagnetic Testing

. Layout of eddy current machine for hot wires and rods.
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FIGURE 12. Block diagram for automatic alignment of rotating probe machine.
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FIGURE 13. Effect of dual-frequency eddy
current testing of 24.3 mm (0.96 in.)
diameter stainless steel: (a) without
eccentricity and with 0.3 mm (0.012 in.)
deep notch; (b) with 0.4 mm (0.016 in.)
eccentricity and with 0.5 mm (0.02 in.)
deep notch.
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2. Pinch rolls are actuated by the hot
metal detector signals and hold the
hot wire.

3. The air cylinder on the rotary drum is
actuated. The rotating probe
approaches the wire and the test
begins.

4. After the hot wire passes at the hot
metal detector point, the air cylinder
is actuated to make the probe retract.

5. Pinch rolls release the hot wire.

To shorten the untested length of wire’s
ends, the rotary drum is always rotated
during the test.

Signal Processing

Multifrequency Signal Processing
Phase analysis and frequency analysis are
used to suppress the liftoff variation
signal. Because the phase angle difference
between the discontinuity signal and the
liftoff variation signal in hot steel testing
is usually slight, such as 0.18 to 0.35 mrad
(10 to 20 deg), it is difficult to
discriminate the liftoff variation by phase
analysis.

On the other hand, the frequency
analysis technique serves to suppress an
undesirable signal by means of a
frequency difference between the
undesirable signal and the discontinuity
signal. Because the liftoff variation caused
by the vibration of wire has frequency
components similar to those of the
discontinuity signal, however, this
technique cannot distinguish the signals.

The wobble of wire is caused by
vibrations from a roll stand or a coiling
machine. The air floating sensors cannot
follow the surface of wire whose vibration
frequency is over 20 cycles per second.

To make it possible to suppress the
signal caused by this vibration and to
detect a discontinuity with higher ratio of
signal to noise, the multifrequency eddy
current technique is applied.
Multifrequency eddy current testing of
hot wires with encircling and probe coils
has been reported.6,8

Single-Frequency versus
Dual-Frequency Testing
The single-frequency and dual-frequency
techniques have been compared for
detectability by using an austenitic
stainless steel bar with artificial
discontinuities. Electromagnetic properties
of the stainless bar are similar to those of
hot steel over the magnetic curie
temperature. The liftoff variation of the
tested bar is given by the vibrator.

The relation between the vibration
amplitude of the tested bar and
detectability of artificial discontinuities
whose depth is 0.3 mm (0.012 in.) is
shown in Fig. 13a. The data are obtained
under the condition without eccentricity.
For detecting artificial discontinuities, the
single-frequency technique is better than
the dual-frequency technique when there
is no eccentricity and no vibration.
However, detectability with the
367Primary Metals Applications of Electromagnetic Testing



single-frequency technique decreases
markedly with the increase of vibration
amplitude. On the other hand,
discontinuity detectability decreases
slowly with the dual-frequency technique.
The dual-frequency technique is superior
to the single-frequency technique when
there is vibration.

Where the eccentricity is greater than
the vibration of the tested bar, the
difference in detectability between the
two techniques becomes even greater, as
shown in Fig. 13b. Both vibration and
eccentricity are present in the testing of
hot wires, making the dual-frequency
technique very efficient for discontinuity
detection.

Signal Processing for Liftoff
Compensation
The liftoff variation changes the
amplitude of the discontinuity signal
itself. When liftoff varies, it is impractical
to measure a discontinuity size by the
amplitude of discontinuity signals. In
such cases, the liftoff compensation
circuit can be adopted.

The compensation circuit consists of a
function converter and a calculator. The
liftoff signal is converted to a
compensated value by the function
converter. The outputs of the function
converter and discontinuity signal are
multiplied by the calculator and provide a
signal in proportion to discontinuity
depth. For example, when the liftoff
varies from 0.7 mm to 1.3 mm (0.03 to
0.05 in.), the signal amplitude nearly
doubles. This circuit ensures that signal
amplitude varies by less than ±10 percent.
368 Electromagnetic Testing



PART 5. Seam Testing in Hot Steel Rods9

FIGURE 14. Probe rotating mechanism.
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Surface Testing in Rods
Surface discontinuity testing is essential in
the quality assurance of iron and steel
products. In many mills, quality control
of hot rolled rods is provided through
eddy current and magnetic flux leak
testing carried out after the rolling,
shearing and cooling processes. If the test
is made during hot rolling, information
about surface quality could be rapidly fed
back to the rolling process, thus
minimizing the quantity of surface
discontinuities in future products. To
achieve this, the encircling coil
technique10 has been put into practice.
However, the orientation of encircling
coils is unsuited for detection of long
discontinuities, such as seams.

Rotary Probe System
Features
The rotary probe eddy current technique
has been widely used for cold rods and is
described here for the detection of long
surface discontinuities during the hot
rolling of iron and steel rods. The probe
has been modified for the temperature of
the rods. Rotary probe techniques, when
installed immediately after the finishing
stand in the rolling process, are suited for
detecting seams with depths over 0.3 mm
(0.012 in.).

In addition to functions needed for
cold rods, the rotary probe discontinuity
detector must perform the following
functions for hot rods: (1) provide heat
resistance for discontinuity detection in
high temperature materials,
(2) compensate for the vibration of the
rod under hot rolling and (3) provide for
probe retraction to protect the probe from
the deformed ends of the hot rod.

The modifications made to the probe
to achieve these additional functions are
described below.

Heat Resistance
The rotating mechanism, exposed directly
to radiant heat from hot rods, is equipped
with a water cooled sleeve and the probe
itself is put into a heat resistant case. The
water cooled sleeve is the outer part of a
cast iron pipe with a double structure to
P

allow the circulation of water inside. This
pipe is installed on the inside of the
rotating mechanism to absorb radiant
heat to protect the probe rotating
mechanism (but not the probe) from the
radiant heat (Fig. 14).

The probe case protects the probe from
the radiant heat outside. The interior of
the probe case is air cooled. To keep
discontinuity detection performance from
deteriorating because of temperature, the
material at the bottom of the probe case is
carefully selected for minimum eddy
current loss, for heat resistance and for
mechanical strength. Materials such as
ceramics and austenitic stainless steel
satisfy these requirements. A 0.2 mm
(0.008 in.) thick Unified Numbering
System S30400 austenitic chromium
nickel stainless steel plate is selected
because of its easy machinability. The
actual eddy current loss caused by this
plate is found to be about 20 percent, too
small to limit discontinuity detection.

Compensation for Rod Vibration
High speed rolling produces large
vibrations of the rods. Measures are
required to compensate for vibratory
effects. The vibrations could be either
369rimary Metals Applications of Electromagnetic Testing



high or low frequency, calling for
different countermeasures.

High frequency vibration causes
fluctuation in the liftoff, thus
deteriorating the ratio of signal to noise.
On the other hand, the frequency of the
discontinuity signal is proportional to the
probe rotation speed. If the discontinuity
signal is of much higher frequency than
the liftoff fluctuation noise, it may be
distinguished by means of a high pass
filter. It is therefore necessary to increase
the probe rotation speed as a measure
against vibration. The vibration frequency
of rods under hot rolling is found to be
about 10 cycles per second (600 rotations
per minute). Hence, probe rotation is set
to three times the vibration frequency,
30 cycles per second (1800 rotations per
minute).

The low frequency vibration refers to
the fluctuation of the passing position of
the rods (pass line fluctuation), a
phenomenon that rarely occurs at low
speed. When this does occur, the probe
rotational orbit becomes eccentric with
the rods, causing liftoff fluctuation as the
probe rotates even if the rod itself does
not rotate. Being proportional to the
probe rotational speed, this noise cannot
be distinguished from the discontinuity
signal even if the rotational speed of the
probe is increased. To eliminate this noise,
a servo mechanism is added to make the
probe rotating mechanism follow the pass
line fluctuation.

Liftoff compensation is desirable and
may be provided by an optical or other
sensor designed for the application.

Probe Retraction
Rods under hot rolling generally have
both ends distorted and are not
completely circular. Because probes
generally have liftoffs of 1 to 2 mm
370 Electromagnetic Testing

FIGURE 15. Probe retracting technique.
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(0.04 to 0.08 in.), set on the premise that
the rod is circular throughout, a probe
may get damaged on contact with the
largely distorted ends of the rod. Hence, it
is necessary to retract the probe at the
ends of the rod.

Figure 15 shows the technique used for
retracting the probe at 30 cycles per
second (1800 rotations per minute) when
the end of a rod appears and then
reapproaching the rod once that end
passes. The inner and outer disks in
Fig. 15 have the same rotational speed.
However, when the outer disk is retarded
by means of the brake, the difference in
speeds between the inner and outer disks
creates a force large enough to retract the
probe. Release of the brake will allow the
probe to go back to its normal position.
This technique is an alternative to
retraction techniques that use a hydraulic
cylinder or an electromagnetic solenoid.

Experimental Work
Experiments using the rotary eddy current
probe have been made by installing the
probe rotating mechanism after the
finishing stand in the hot rolling process.

Artificial discontinuities are produced
on billets before rolling by cutting slits
along the length of the billets with a thin
blade grinder. These slits turn into seams
with depths of 0.1 to 1.0 mm (0.004 to
0.040 in.) after rolling. These artificial
discontinuities are of almost the same
shape as the natural discontinuities found
in practice in the billets after rolling
(Fig. 16). The billets with the artificial
discontinuities are inserted into the
reheating furnace before the rolling
process in a manner similar to that used
in normal practice.
FIGURE 16. Cross section of artificial discontinuity produced in
billet.
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FIGURE 17. Schematic diagram of multiple-coil induction
differential probe: 50 turns in exciting coil, 70 turns in
receiving coil.
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The conditions for the hot eddy
current test are as follows: multiple-coil
induction differential probe (Fig. 17),
32 Hz discontinuity detection frequency,
30 cycles per second (1800 rotations per
minute) motion frequency, 1 to 2 mm
(0.04 to 0.08 in.) probe liftoff between
bottom of probe and rod, 800 to 1000 °C
(1470 to 1830 °F) rod temperature, 5 m·s–1

(11.2 mi·h–1) rolling speed, 40 mm
(1.6 in.) rod diameter and carbon steel
rods.

Signals have indicated the dimension
and position of real and artificial
discontinuities on billets 150 × 150 mm
(6 × 6 in.) and 12 m (39 ft) long rolled
into 40 mm (1.6 in.) diameter rods over a
length of about 230 m (750 ft).

The rods used in the experiment have
been sheared and cooled. Fluorescent
magnetic particle testing has then been
used to detect the discontinuities and the
rods have been ground to measure the
discontinuity depth (Fig. 18). These
discontinuity signals are found to have a
pitch of 167 mm (5 m at 30 rotations per
1 s). Measurements at distance intervals of
500 mm (20 in.) have shown that
indication amplitude correlates well with
discontinuity depth.
371Primary Metals Applications of Electromagnetic Testing

FIGURE 18. Discontinuity depths and signals in sections of steel rod made from billets that had 3 mm (0.12 in.) wide artificial
discontinuities machined into them before rolling: (a) 4 mm (0.16 in.) prerolling depth; (b) 3 mm (0.12 in.) prerolling depth;
(c) 5 mm (0.20 in.) prerolling depth.
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Legend
= predicted correlation
= ratio of signal to noise = 2
= ratio of signal to noise = 3

FIGURE 19. Results of hot discontinuity
detection experiment: (a) relation between
discontinuity depth and ratio of signal to
noise; (b) relation between discontinuity
depth and detection rate. Detection rate is
number of detected discontinuities
expressed as percentage of total
discontinuities.
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Reliability
The variation of the signal-to-noise ratio
and the detection rate with the
discontinuity depth are shown in Fig. 19.
If a discontinuity is considered detectable
at a signal-to-noise ratio of 2, the
probability of detection for discontinuities
over 0.3 mm (0.012 in.) is 100 percent.
On the other hand, if a discontinuity is
considered detectable only at a
signal-to-noise ratio of 3, the probability
of detection of discontinuities 0.3 mm
(0.012 in.) and deeper drops to an average
of 83 percent.



PART 6. Online Testing of Hot Metal Products

FIGURE 20. Diagram of single-strand steel rod control system,
showing four stages: (1) signal acquisition, (2) data display,
(3) data sorting and (4) reporting.
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Process Control of Hot
Metal Rods10

Quality control of hot metal is difficult in
view of the material’s high temperature
and the production environment, which
is unsuitable for sensitive electronic
measurements. The problem is
compounded in single-strand rod mills by
the speed of the production line, which
reaches 120 m·s–1 (268 mi·h–1).

Eddy current testing is well suited for
the quality evaluation of hot rods because
of its fundamental characteristics:
(1) measurement without contact, which
allows quality control at high temperature
and high speed, and (2) the rapid
response time of the sensor, which
permits quality testing in real time with a
suitable computer.

Statistical Process Control
A steel coil is normally 5 or 6 km (3 or
4 mi) long and can be as long as 9 km
(6 mi), depending on the size of the billet
used and the diameter of the rod
produced. One particular eddy current
technique concentrates on determining a
statistical distribution of the
discontinuities on the coil length rather
than on locating each discontinuity
precisely.

There are four main stages of quality
control.

1. Discontinuities are detected, located
and sized.

2. Discontinuities are counted in each
10 mm (0.4 in.) length. This gives a
count, for example, of 600 000 data
over a 6 km (4 mi) coil.

3. These data are gathered in segments or
windows of a predetermined length.

4. A final quality report is based on an
algorithm specific to the mill. This
includes an overall quality index and
depends on the quality criteria desired.
For example, the operator may decide
the discontinuity density that must
not be exceeded.

Figure 20 shows the four main stages in
the eddy current test.

1. The sensor gathers raw analog data of
the eddy current discontinuity
detection.
2. The analog signal processing system
displays analog discontinuity signal
data.

3. The digital preprocessing system sorts
the discontinuity signals according to
amplitude and location.

4. The results are printed out using
software for a final quality report of
the coil.

Sensor. The sensor is an encircling coil
located just after the finishing stand.
Photoelectric cells on either side signal
the beginning and end of rods passing
through at high speeds. Guides at either
end of the sensor feed the rod through
the exact center of the coil.

Arranged as a self-comparison
differential coil, the sensor has separate
injection and reception functions. The
373Primary Metals Applications of Electromagnetic Testing



FIGURE 21. Signal processing of eddy current signals.
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sensor injection coil is powered by a high
frequency current (about 100 kHz) from
the programmable multichannel processor
(an analog unit, described below),
through an injection box near the sensor.
The reception coils deliver an eddy
current signal immediately as a
discontinuity passes through their
magnetic fields.
Analog Signal Processing. The raw signals
are sent to the programmable
multichannel system through the
amplification box near the injection box
and the sensor. The programmable
multichannel system is an analog unit
that can be controlled remotely. It
processes the discontinuity signals, with
processes such as filtering, dephasing and
expanding.

The signals are then (1) displayed in
phase and amplitude on a normal cathode
ray tube (for checking or adjustment of
the system) and (2) presented on a
multichannel graphic recorder (one
channel per strand). This information
gives the rod mill operator an immediate,
initial idea of rod quality.
Digital Preprocessing. A preprocessing
computer receives the product presence
and speed signals in addition to data from
the programmable multichannel
processor. Then, with special software, the
preprocessing computer performs data
reduction. The eddy current signals are
digitized, are integrated for 10 mm
(0.4 in.) unit lengths of rod and are sorted
according to three amplitude levels, one
of which is background noise.
Results. Finally, the preprocessed
information is collected by the central
processing unit that manages the whole
system. This computer produces an
analysis report of each window over the
entire coil as well as an overall quality
index. The report is produced according
to a quality program in the computer. The
user can select or customize programs
according to the quality level desired for
the application. Of course, the central
processing unit may be hooked up to the
central quality management computer of
the rod mill or the plant.

Signal Processing
The discontinuity signals are processed
and shaped before they go to the
preprocessing computer and central
processing unit to produce an overall
quality report (Fig. 21). They must pass
from the eddy current detector through
the remote amplifier, the programmable
multichannel processor unit and the
analog-to-digital converter before reaching
the preprocessing computer.
Multichannel Processing of Raw Signals.
The amplitude of the imbalance signals
374 Electromagnetic Testing
from the coil’s electrical circuit is largely a
function of the size of the discontinuities.
The amplified raw signal is processed in
the programmable multichannel processor
in three ways: (1) a phase projection
(along the Y axis) corrects the rod
vibration influence by treating it as liftoff,
(2) analog filtering improves the ratio of
signal to noise and (3) automatic
balancing eliminates the drifts that can
occur, for example, with temperature
variations or changes in the structure of
the metal.
Sampling, Discontinuity Counting and
Digitizing. A pulse generator at the rod
drive wheel delivers a pulse for every
10 mm (0.4 in.) of the passing rod. This
pulse will group the discontinuities
detected in each unit length of rod. The
programmable multichannel processor
counts and memorizes the passing peaks.
A 6 km (4 mi) coil, for example, will have
600 000 data after sampling and counting.
This information, in the form of analog
voltages, is then converted into digital
values.

Signal Interpretation
The preprocessing computer receives the
sampling signals — the digital eddy
current signals as well as the signals that



FIGURE 23. Indications from short
discontinuities: (a) test object; (b) high
amplitude signals exceeding preset level at
threshold S1 with normal background.
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FIGURE 24. Indications from long
discontinuities: (a) test object; (b) significant
the steel rod has started and finished
passing. The quality assessment of the coil
begins once these data are assembled.
Amplitude Classification. The digitized
signal is sorted (Fig. 22) according to three
preset amplitude levels: two preselectable
levels S1 and S2 for signal detection and a
background threshold level Sbkg for
detecting the ratio of signal to noise. This
sorting stage is fundamental because it
can help reveal the nature of the
discontinuity detected. The application
described below shows how long and
short discontinuities are recognized.
Summarizing the Information. Having
600 000 measurements for a coil of 6 km
(4 mi) is difficult to manage. In practice,
the information is assembled into image
segments called windows. The number and
length of these windows depends on the
user’s quality control needs.

Data processing software is flexible. At
one plant, for example, a coil measuring
5 mm (0.2 in.) diameter and 6 km (4 mi)
long is broken down into 200 windows of
30 m (100 ft) each. Another plant,
however, uses only 12 windows (including
one head and one tail window). The
format of the quality report may be
slightly different but the basic principles
of quality control are the same.

At this stage, the system has gathered
enough information to produce a quality
distribution report for the coil.
Discontinuity Length Measurement. The
encircling sensor does carry with it certain
limitations.

With short discontinuities, there is no
problem. A short discontinuity generates a
high signal that is perfectly identifiable. It
will be detected above the S1 threshold
(Fig. 23).
FIGURE 22. Sorting of eddy current indications.
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In theory, a long discontinuity that is
perfectly straight (like a razor blade cut) is
undetectable because of the very nature of
the encircling sensor. At best, the sensor
will signal the beginning and the end of
the discontinuity as it would indicate two
short discontinuities (Fig. 24).

Fortunately, most of the long
discontinuities on a rod have uneven
edges that generate an elevation in the
level of background noise as well as
significant signals above S2. Pulse density
and noise density increase. Thus, they can
be detected with the S2 and Sbkg levels
adjusted correctly.
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signals exceeding preset level at threshold S2
with noise rising above background signal
Sbkg.
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High Speed Testing of Hot
Wire and Hot Tubes11

Nondestructive testing of hot wire differs
from other test processes in one essential
aspect: production speed. Speeds up to
50 m·s–1 (112 mi·h–1) are routine and
speeds up to 100 m·s–1 (224 mi·h–1) are
not unusual. Material flow and test data
flow from 100 percent surface testing are
extremely high. Online nondestructive
testing in the production line is a
cybernetic process. Different feedback
mechanisms with different time responses
occur in such a process, depending on the
type of discontinuities and the
information about detected
discontinuities.

Hot Aluminum Products

Hot Rolled Aluminum Wire. Aluminum
wire having a temperature of about
300 °C (570 °F) and a diameter of about
15 mm (0.6 in.) is continuously tested
with the eddy current unit at 10 m·s–1

(22 mi·h–1). The discontinuities are
marked immediately with a paint that
resists heat up to 500 °C (930 °F). The
marked discontinuities are controlled
visually and cut out before cold drawing.
The eddy current test record and the
micrographs of some typical
discontinuities are shown in Fig. 25.
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FIGURE 25. Hot testing of 10 mm (0.4 in.) diameter aluminum w
and at temperature of about 300 °C (570 °F): (a) overlap; (b) m
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Extremely small discontinuities are of less
interest because they are removed by the
cold drawing process. The representation
of dangerous, hard ferrous inclusions is
out of proportion to their occurrence.
Because of the high magnetic
permeability of iron, even small iron
inclusions are detected.
Hot Formed Aluminum Tubes. Another
successful application of eddy current
testing is in aluminum alloy tube
production. Aluminum alloy tubes are
produced at about 1 m·s–1 (2.2 mi·h–1) at
about 450 °C (840 °F) with an extrusion
press. Directly after the press, the material
flow through the eddy current test is
nearly continuous.

Figure 26 shows eddy current
indications of an extruded tube of 16 mm
(0.63 in.) diameter with drilled holes
according to the specification and
indicated with a good ratio of signal to
noise. Because only small differences exist
between hot and cold aluminum, these
typical test results, which have been
attained by a test of a cold tube, are also
valuable for hot material.

Welded Steel Tubes
In one installation, welded steel tubes are
tested by an eddy current system just
behind the calibration mill in a welded
steel tubing line. Transverse welds and
typical discontinuities are indicated with a
ire at speeds of about 10 m·s–1 (22 mi·h–1)
echanical damage; (c) ferrous inclusion.

(c)

.0 mm
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.0 mm
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high ratio of signal to noise by the test
instruments and an automatic saw is
activated by the output signals. This eddy
current test obviates hydrostatic testing
for this product.

Hot Steel Wire
Steel wire production is not only the
widest field of application for hot testing
equipment but also the field with the
highest demands because of the physical
conditions for the detectability of small
discontinuities. The following
investigations have been carried out in
seven European rolling mills.

As a first step, single discontinuities
and their eddy current indications have
been compared. To this end, holes with
diameters between 2 and 5 mm (0.08 and
0.20 in.) and depths from 5 to 9 mm
(0.20 to 0.35 in.) have been drilled in the
cold billets to produce artificial
discontinuities in the rolled wire. The
difficulty with this technique is the fact
that the discontinuities in the wire will
have large depths, 1 to 3 mm (0.04 to
0.12 in.). It is difficult to attain smaller
discontinuities in the wire by this
technique because smaller holes in the
billet will be burnt out during the heating
process. There are many ways to produce
discontinuities in the wire. One is to
overheat the billet and roll it in scale. This
technique will cause discontinuities of
various sizes.

In the test record and micrographs of a
wire rolled from a billet with drilled holes,
all the large artificial discontinuities are
well indicated.
FIGURE 26. Eddy current test of 16 mm
(0.63 in.) diameter extruded aluminum
tubes with 1.5 mm (0.06 in.) thick walls:
(a) strip chart; (b) schematic.

Legend
A, B, C = drilled holes of 0.94 mm (0.037 in.)

diameter and 0.41 mm (0.016 in.) deep
D, E, F = drilled holes of 0.94 mm (0.037 in.)

diameter and 0.84 mm (0.033 in.) deep
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Conclusion
Online applications to metals
demonstrate the speed and effectiveness
of electromagnetic testing for the control
of process and product quality. The
method’s widespread use in primary
metals production saves that industry
many millions of dollars annually and
provides the world with stronger and safer
products.

In addition to the detection of cracks,
seams, inclusions and other
discontinuities that occur randomly, it is
possible to detect repetitive
discontinuities caused by broken or
cracked rollers. Overheated billets and
other problems that occur as a function of
time are also detectable.
377Primary Metals Applications of Electromagnetic Testing
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PART 1. Electromagnetic Testing of Process
Tubing and Heat Exchangers
Tubing
Tube testing is an important part of
maintenance for the refining and
petrochemical industry. Heat exchangers
and condensers are designed to keep
products in the tubes separate from
products in the vessel (see Fig. 1). A
leaking tube not only could cause a
significant impact on production but also
could cause a catastrophic failure and loss
of life.

Tube testing techniques include
magnetic flux leakage testing, remote field
testing, conventional eddy current testing,
ultrasonic testing, laser profilometry and
remote visual testing. The present
discussion concentrates on
electromagnetic techniques; ultrasonic
and laser methods complement the
electromagnetic techniques and often are
used in parallel.

Tube testing is typically broken down
into two categories: ferrous and
nonferrous. Ferrous metals are metals
such as carbon steel, 400 series stainless
steel and metals with similar magnetic
properties; nonferrous metals are
nonmagnetic and include copper, brass
and most stainless steels. Table 1 lists
techniques used for tubes made of various
materials.

The choice of technique is mainly
influenced by the type of service damage
to be detected but often the technique is
dictated by tube cleanliness. For example,
rotary ultrasonic testing and laser
profilometry require very clean interior
382 Electromagnetic Testing

FIGURE 1. Cutaway image of typical heat exchanger, showing
tube bundle.
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surfaces whereas electromagnetic tests do
not. Often, electromagnetic techniques
are used as screening tools before cleaning
for ultrasonic or laser techniques.

Several damage mechanisms and
discontinuities can occur. Some are
volumetric and not connected with either
surface. However, the primary
discontinuities are either outside diameter
or inside diameter surface breaking
discontinuities. Table 2 lists various
discontinuities that can be detected with
the various techniques for both
nonferrous and ferrous tubing materials.

Eddy Current Testing
The eddy current technique works by
inducing electrical currents (eddy
currents) in electrically conductive
materials as detailed elsewhere. Bobbin
probes containing coils are used for tube
testing (Fig. 2a). In theory, any
discontinuities in the material such as
cracks, pitting or wall loss will disrupt the
flow of the eddy currents and thus be
detected by the instrumentation.1,2

Saturation or special probes can be used
for thin walled ferromagnetic tubing.
Most tube exchanger bundles contain
supports susceptible to damage in service.
Multiple-channel systems are capable of
suppressing or mixing out the signal
responses from supports to closely
interrogate the material under and near
the supports.

Conventional eddy current testing is
used mainly on nonferrous (nonmagnetic)
materials because of the effects from
permeability with ferrous materials. In
many cases, the owners and users of the
exchangers prefer eddy current testing to
internal rotary ultrasonic testing because
the cleanliness of the tubes is less critical.
TABLE 1. Applicability of nondestructive tests to ferrous
and nonferrous metals.

Applicability to Metals_________________________
Technique Ferrous Nonferrous

Eddy current testing no yes
Magnetic flux leakage testing yes no
Remote field testing yes yes
Laser techniques yes yes
Ultrasonic testing yes yes



Additionally, eddy current testing can be
several times faster than internal rotary
ultrasonic testing.

Remote Field Testing
Remote field testing was developed for
ferrous or carbon steel materials and
requires a special remote field eddy
current probe in which the exciter coil is
separated from the pickup coil by a
distance of two to three times the tube
diameter (Fig. 2b). The receiving or pickup
coil then detects the generated flux lines
that cross the tube wall twice. Because of
the highly magnetic properties of ferrous
materials, meaningful eddy current testing
requires higher power fields. Other eddy
current techniques for ferrous tubing
require complete magnetic saturation of
the tube material but remote field testing
does not. The remote field testing
amplifier provides the higher power
output levels needed for ferrous tube
testing and remote field probe coils are
designed to handle the increased power
levels.3

Because remote field testing is
transmitted through the tube wall, it is
equally sensitive to discontinuities on the
inside surface and outside surface of the
tube. However, much like eddy current
testing, the factor having the greatest
effect on the signal is change in the cross
sectional area. Without the proper
instrumentation, a 10 percent wall
reduction for 360 degrees of tube surface
could have a response similar to that for a
90 to 100 percent pinhole. The owners
and users of the exchangers prefer remote
field testing to internal rotary ultrasonic
Chemica

TABLE 2. Discontinuity detection by nondestructive tests for

Eddy
Curren

Damage Mechanism Testing

Nonferrous Materials
Pitting, inside surface yes
Pitting, outside surface yes
Stress corrosion cracking, inside surface yes
Stress corrosion cracking, outside surface yes
Volumetric discontinuities, embedded and other yes
Wall loss, inside surface yes
Wall loss, outside surface yes

Ferrous Materials
Pitting, inside surface no
Pitting, outside surface no
Stress corrosion cracking, inside surface no
Stress corrosion cracking, outside surface no
Volumetric discontinuities, embedded and other no
Wall loss, inside surface no
Wall loss, outside surface no
testing because the cleanliness of the
tubes is less critical. Additionally, remote
field testing can be three times faster than
internal rotary ultrasonic testing. Remote
field testing is somewhat slower than
conventional eddy current testing and the
speed of travel must be as constant as
possible to obtain accurate responses.

Magnetic Flux Leakage Testing
Magnetic flux leakage testing uses a strong
magnet inside the probe to magnetize the
test object (Figs. 2c and 3). As the probe
encounters a wall reduction or a sharp
discontinuity, the flux distribution varies
around that area and is detected with
either a hall effect sensor or an inductive
pickup coil.4,5 Magnetic flux leakage
response is sensitive to discontinuities
such as isolated pitting. Magnetic flux
leakage testing has been used successfully
on air cooled, finned, heat exchanger
tubes of carbon steel. Magnetic flux
leakage testing is less sensitive to signal
effects from the aluminum fins coiled
around the carbon steel tubes than
remote field testing is.

Complementary Methods

Internal Rotary Ultrasonic Testing.
Internal rotary ultrasonic testing is well
suited for petrochemical and refinery tube
tests. The technique uses an ultrasonic
beam to scan the tube internal surface in
a helical pattern to ensure that the full
circumference of the tube is tested. The
system monitors the front wall and the
back wall echoes to measure the tube wall
thickness precisely. Essentially, a radial
383l and Petroleum Applications of Electromagnetic Testing

 ferrous and nonferrous metals in used components.

Magnetic Remote
t Flux Leakage Field Laser Ultrasonic

Testing Testing Profilometry Testing

no tube and pipe yes yes
no tube and pipe no yes
no no limited no
no no no no
no tube and pipe no limited
no tube and pipe limited yes
no tube and pipe limited yes

yes tube and pipe yes yes
yes tube and pipe no yes
no no limited no
no no no no
no no no limited
limited tube and pipe limited yes
limited tube and pipe limited yes



FIGURE 3. Magnetic flux leakage probe
inserted in carbon steel tube bundle of
crude petroleum processing unit.
B-scan of the tube profiles total wall
thickness and pitting on the inside or
outside of the tube. A drawback of
ultrasonic testing is that the tubes are
required to be extremely clean and
typically are sandblasted with silicon grit
or soda ash. Also, ultrasonic testing can
require three times as much time as an
electromagnetic technique would.
Laser Profilometry of Tubing. Laser
profilometry is based on the principle of
optical triangulation. A laser source
similar to a standard laser pointer is
directed at the surface whose height is to
be measured. An imaging lens collects the
light reflected from the surface and
focuses it onto a position sensitive
detector. As the surface height changes,
the position of the focused laser spot on
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FIGURE 2. Bobbin coil probes for
electromagnetic testing: (a) probe for eddy
current testing; (b) probe for remote field
testing; (c) probe for magnetic flux leakage
testing.
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MOVIE.
Bobbin coil
probe.
the detector moves. The output from the
detector is processed electronically to
convert the detector positions to accurate
height measurements that can be stored
on a computer for display and analysis.

Essentially, laser techniques provide
information regarding the nearside surface
by profiling the tube wall. Pitting and
wall losses can be detected as a diameter
FIGURE 4. Gasoline processing plant:
(a) external view, showing distillation
columns; (b) interior view of chamber in
distillation column.

(a)

(b)



change with a high degree of accuracy.
Additionally, laser techniques are used for
the detection of cracking, which appears
as a disruption or distortion in the optical
field.

Pressure Vessels
Pressure vessels are continually subject to
testing and are considered one of the
most critical pieces of equipment in a
petrochemical plant or refinery (Fig. 4).
Traditional preservice tests include
radiographic and ultrasonic testing during
fabrication. Traditional inservice tests
include visual, ultrasonic, magnetic
particle and more recently
electromagnetic techniques such as eddy
current testing and alternating current
field measurement. Electromagnetic
testing can be used for the detection,
sizing and evaluation of damage
mechanisms such as cracking.

Industry practices for inservice tests of
pressure vessels have specified visual
testing, ultrasonic testing, wet fluorescent
magnetic particle testing and
electromagnetic testing. Electromagnetic
techniques such as eddy current testing
and alternating current field measurement
offer distinct advantages. To perform wet
fluorescent magnetic particle testing, the
vessel surfaces must be prepared by
sandblasting. Eddy current testing and
alternating current field measurement
techniques do not require sandblasting
and, unlike magnetic particle testing, can
also provide depth sizing information.

Alternating Current Field
Measurement
Alternating current field measurement
(Fig. 5) was developed from the
alternating current potential drop
Chemical 

FIGURE 5. Equipment for alternating current
field measurement.
technique. Potential drop testing has been
used for crack sizing and crack growth
monitoring for underwater applications
such as offshore platforms. The
alternating current field measurement
technique is simple, relying on the
measurement of surface magnetic fields
instead of surface electric fields, thus
requiring no electrical contact. This
reliance on magnetic fields allows the
technique to be used through coatings up
to 6 mm (0.25 in.).6

Eddy current techniques and probes
can be dramatically influenced by probe
liftoff but alternating current field
measurement, with its unidirectional
fields, is not. Another benefit of
alternating current field measurement is
that the technique requires no calibration.
The technique relies on field values
compared with a theoretical model and
database of known crack responses.
385and Petroleum Applications of Electromagnetic Testing



PART 2. Electromagnetic Testing of Transmission
and Storage Systems

FIGURE 7. Equipment for magnetic flux leakage testing of
pipes and tubes: (a) pig tool; (b) data acquisition from pig
sensors.
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Pipelines
Pipelines connect field production (gas
and oil extraction) with refineries and
petrochemical plants where gas and crude
petroleum are processed into usable
products (Fig. 6). Because pipelines cross
state lines in the United States, they are
governed by the Department of
Transportation. The construction,
maintenance and testing of these
pipelines are critical to the safety of the
environment and the general public.
Buried pipelines not only have the
potential for catastrophic failure but could
contaminate lakes, rivers and
underground water sources if leakage
occurs.

Traditional preservice tests include
radiographic and ultrasonic testing during
fabrication to ensure the quality of the
welding. Once a pipeline is in service, the
pipeline companies depend largely on
inservice testing to assess corrosion.

Test strategies before 1970 included
leak detection systems. Since the late
1960s, flux leakage testing tools have been
inserted into the pipelines and propelled
by product flow. This expedient offers a
test technique without significant
interruption in pipeline production.

In magnetic flux leakage testing,
changes in the material mass such as
corrosion or pitting cause a localized flux
leakage to occur at the discontinuity.
These perturbations in the magnetic field
are detected by the sensors within the
magnetic circuit, are recorded and later
are analyzed and reviewed. Much like the
baffles or supports in a tube exchanger
bundle, the pipeline circumferential welds
provide abrupt signals and easy landmarks
when the data are evaluated for
discontinuity locations.7-9
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FIGURE 6. Carbon steel, 0.75 m (30 in.)
outside diameter, gas transmission pipeline.
Smart pigs are test vehicles that
product flow pushes through a pipeline
(Fig. 7). The technique got its name from
a squealing sound from the pig moving
through the pipe. At the end of the line
or run, the pig is retrieved and the
onboard data are then processed and
analyzed. The pigs are similar to the
magnetic flux leakage probes used in tube
testing but the pigs are constructed to
propel themselves down pipelines and
collect the required test data.

MOVIE.
Pig tool.
1. Pressure.
2. Ambient temperature.
3. Magnetic field (magnetization).
4. Surrounding magnetic flux.
5. Magnetic flux leakage (stray flux).
6. Odometer (distance and speed).
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FIGURE 9. Magnetic flux leakage test:
(a) schematic of bridge; (b) tank floor
scanner incorporating magnetic flux leakage
test bridge.

(a)

(b)
Magnetic Flux Leakage
Testing of Aboveground
Storage Tank Floors
Tank floors of aboveground storage tanks
(Fig. 8) are subject to corrosion where
they touch the ground. In the 1970s,
ultrasonic testing was being performed on
tank floors — spot ultrasonic testing using
transducers on large wheels and
automated ultrasonic techniques such as
C-scanning. One destructive technique
was to randomly cut out 0.3 × 0.3 m (12 ×
12 in.) square coupons, to visually test
them and then either to weld them back
in place or to replace them with new
patch plates.

Magnetic flux leakage test techniques
have been widely used in the oil field
industry since the 1970s for the testing of
pipe, tubing and casing, both new and
used. During the 1980s, magnetic flux
leakage testing for tank floor applications
was introduced to the petrochemical and
refining industry. Since 1990, this
technique has been applied to
aboveground storage tank floors to
provide a reliable indication of overall
floor condition within an economical
time frame.10,11

Magnetic flux leakage floor scanners
provide reliable tests at a fraction of the
time and cost associated with ultrasonic
thickness gaging. A tank floor test at
regular intervals is required by some
specifications.12 As with other techniques,
evaluation by ultrasonic testing is
required when magnetic flux leakage
testing is specified. Generally, the
evaluation is accomplished by ultrasonic
thickness gaging and sometimes by B-scan
or C-scan ultrasonic testing.

For tank floor testing, a magnetic
bridge is used to introduce as near a
saturation of flux as is possible in the test
material between the poles of the bridge.
Chemical

FIGURE 8. Aboveground storage tank for
petroleum products.
Any significant reduction in the thickness
of the plate will force some of the
magnetic flux into the air around the
reduction area. Sensors that can detect
this flux leakage are placed between the
poles of the bridge (Fig. 9a). To create
leakage fields from corrosion or pitting, it
is necessary to achieve near saturation of
the magnetic field in the material. Near
saturation is accomplished with powerful
rare earth magnets, which offer more
stability than electromagnets. The sensor
can detect the magnetic flux leakage field
caused by corrosion and pitting but
cannot reliably determine if the flux
387 and Petroleum Applications of Electromagnetic Testing



leakage is caused by top or bottom
indications. For uncoated materials, the
top discontinuities can be verified during
a simple visual test. Other methods such
as ultrasonic testing are performed for
coated floors.

Floor scanning has problems not
evident in the testing of tubular goods,
where certain parameters can be closely
controlled. Probably the greatest problem
is that tank floors are never flat whereas
tubes are always round. The unevenness
of tank floors makes it hard to get
reasonably consistent quantitative
information. The application of rigid
accept/reject criteria based on signal
amplitude thresholds is also very
unreliable for quantitative information. A
realistic approach is required in the
application of this test technique and in
the design of the test equipment to ensure
that fewer significant discontinuities are
missed.

Test Conditions
To optimize the test, it is necessary to
consider the environment and address the
physical restrictions imposed by the
actual conditions found when testing
most tank floors.
Climate. The range of temperature and
humidity conditions varies enormously
during the year and around the world.
The effect on both operator and
equipment must be taken into
consideration.
Cleanliness. Most aboveground storage
tanks are dirty and sometimes dusty
places to work. The conditions vary
widely and depend on how much the
tank operator cleans the floors in
preparation for magnetic flux leakage
scanning. As an absolute minimum, a
good water blast is necessary and all loose
debris and scale must be removed from
the test surface. The surface does not have
to be dry but puddles of standing water
need to be removed. The cleaner the floor,
the better the test.
Surface Condition. Significant top surface
corrosion and buckling of the floor plates
represent serious limitations to both the
achievable coverage in the areas
concerned and also the achievable
sensitivity. Although very little can be
done to improve this situation before
testing, it must be considered in the
design of the equipment. The effect of
corrosion and buckling on the sensitivity
of the test must be appreciated by both
the tank operator and the inspector. Any
physical disturbance of the scanning
system as it traverses the floor will result
in the generation of noise. The rougher
the surface, the greater the noise and
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therefore the more difficult it is to detect
small indications.

Equipment
It is important that magnetic flux leakage
equipment produced for this particular
application be designed to handle the
environmental and practical problems
always present. Figure 9b shows a mobile
floor scanning unit.

Powerful rare earth magnets are well
suited for introducing the required flux
levels into the material under test.
Electromagnets by comparison are
excessively bulky and heavy. They do
have an advantage in that the magnetic
flux levels can be easily adjusted and
turned off if necessary for cleaning.
Permanent magnet heights can be
adjusted to alter flux levels but the bridge
requires regular cleaning to remove ferritic
debris. The buildup of debris can impair
system sensitivity significantly.

It is virtually impossible for this
technique to achieve 100 percent coverage
because physical access is limited. The
equipment should be designed so that it
can scan as close as possible to the lap
joint and shell. The wheel base of the
scanner is an important consideration on
floors that are not perfectly flat. Smaller
scanning heads can be used in confined
spaces to increase coverage.

Sensors
Two types of sensors are used for
magnetic flux leakage of aboveground
tanks: coils and hall effect sensors. Both
can detect the flux leakage fields caused
by corrosion on tank floors. There is a
fundamental difference, however, in the
way that they respond to leakage fields
and generate a response.

Coils are passive devices and follow
Faraday’s law in the presence of a
magnetic field. As a coil passes through a
magnetic field, a voltage is generated in
the coil. The level of this voltage depends
on the number of turns in the coil and
the rate of change of the flux leakage.
Scanning speed has a direct effect on the
rate of change of the magnetic flux
leakage passing through the coils
(scanning speed needs to be constant.)

Hall effect sensors are solid state
devices that form part of an electrical
circuit. When passed through a magnetic
field, the voltage in the circuit varies with
the flux density. It is necessary to carry
out some cross referencing and canceling
with this type of sensor so that true
signals can be separated from other causes
of large variations in voltage levels
generated by the test.

Hall effect sensors are more sensitive
than coils and so result in false calls when



surface conditions are imperfect. For tube
testing, on the other hand, coils are
adequately sensitive and are more stable
and reliable than hall sensors.

Interpretation of Indications

Surface Differentiation. Magnetic flux
leakage testing cannot differentiate
between indications from the top and
bottom of the test object. Some attempt
has been made to use the eddy current
signals from top discontinuities for the
purposes of surface differentiation. Such
discrimination is unreliable on real tank
floors because the test surface is uneven
and dirty. In most cases, visual testing is
adequate. Contrary to what is expected,
the flux leakage response from a top
indication is significantly lower in
amplitude than that from an equivalent
bottom indication. To some degree, the
influence of the top indications can be
tuned out to assess the bottom
indications.
Quantitative Assessment. Magnetic flux
leakage testing is not quantitative but is a
reliable, qualitative detector of corrosion
on tank floors. Because of environmental
and physical restrictions during tests, no
reliable quantification of indications is
possible. Amplitude alone does not
indicate remaining wall thickness because
it depends on volume loss. Discontinuities
exhibiting various combinations of
volume loss and through-wall dimension
can give the same amplitude signal. This
difficulty plus the continually changing
spatial relationship of magnets, sensor
and test surface makes an accurate
assessment of remaining wall thickness
virtually impossible. Quantitative results
can be obtained by using ultrasonic
testing as a followup test.
Misuse of Signal Threshold. Expediency
has sometimes motivated accept/reject
criteria using a signal threshold but signal
amplitude alone is not a reliable indicator
of remaining wall thickness. Significant
indications can be completely missed
where there is a single threshold or where
the equipment does not provide a real
time display to the operator during the
test. To carry out a reliable test, the
operator must have as much information
as possible available in a real time display
that is easy to interpret.
Computerized Signal Mapping. Mapping
of flux leakage signals to tank floor layout
is available on some systems. These maps
can be used to plan further tests, for
corrosion surveys and for hard copy
reporting. The usefulness of this
equipment must be weighed against the
risk of electrical equipment inside storage
tanks.
Chemical 
Training and Qualification. Training
available to inspectors using magnetic
flux leakage testing on tank floors is
limited. Training must be specific to the
equipment. The ultrasonic test must be
carried out by personnel who are
adequately trained and qualified. It must
be remembered that this is not just
thickness measurement but rather corrosion
evaluation and the technician must have
a full understanding of the damage
mechanisms and the test technique.

Conclusions
Magnetic flux leakage testing is a reliable
and economical means of qualitatively
assessing the condition of tank floors.

The environment and physical
restrictions must be addressed in the
design of the equipment. Despite the
greater sensitivity of hall effect sensors,
coils are more reliable for this application.

Amplitude of flux leakage signals is an
unreliable indicator of remaining wall
thicknesses. Quantitative information can
be obtained by applying ultrasonic testing
to the areas indicated by magnetic flux
leakage.
389and Petroleum Applications of Electromagnetic Testing



PART 3. Electromagnetic Testing of Drill and Coil
Pipe
Drill Pipe Testing
Drill pipe is manufactured from various
grades of seamless carbon steel tube, with
tool joints of different steel grades friction
welded on at either end. Details of
chemistry, sizes and grades for both the
pipe body and tool joints can be found in
various specifications.13-17 Drill pipe has
also been manufactured from aluminum,
a material not addressed here.

Testing in Manufacturing Plants
To detect material discontinuities, the
carbon steel tube body is 100 percent
tested by magnetic flux leakage testing, by
shear wave ultrasonic testing or by both
and may be repaired by discontinuity
removal to leave a remaining wall of at
least 87.5 percent of the specified wall
thickness. The test sensitivity for new
tube body is determined from
API SPEC 5D.13 Acceptable pipe then is
upset at each end and the box and pin
tool joints are friction welded in place.
Tool joints are threaded, one end as a pin
connection and the other as a box
connection (Fig. 10).3 The excess metal on
the inner and outer surfaces from this
process is removed by machining. Then,
the friction welds between the pipe body
and the tool joints may be tested with
conventional shear wave ultrasound for
material discontinuities.

Inservice Testing
Table 3 shows criteria applied to used drill
pipe according to API RP 7G.15 Several
points need particular attention.
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FIGURE 10. Diagram for drill pipe testing. (See Table 4.)

Internal
Threads

Upset

Upset plus 0.6 m 
(24 in.) of pipe body

Pipe b

Box

Joint
1. In the case of outside surface cuts and
gouges, the remaining wall thickness
shall be (a) not less than 80 percent
for premium pipe, (b) not less than
70 percent for class 2 pipe with
longitudinal discontinuities and
(c) not less than 80 percent for class 2
pipe with transverse discontinuities.
Discontinuities may be ground out
provided (a) the remaining wall is not
reduced to less than 80 percent for
premium pipe, (b) the remaining wall
is not reduced to less than 70 percent
for class 2 pipe and (c) the removal by
grinding is approximately faired, or
smoothed, into the outer contour of
the pipe.

2. Where cracks are found, the pipe is
considered unfit for further drilling.

3. The average adjacent wall is
determined by measuring the wall
thickness on each side of the cut or
gouge adjacent to the deepest
penetration.

4. String shot refers to discontinuities
caused by expansion of the pipe wall
after a controlled explosion to
dislodge drill pipe stuck in the hole.

Figure 10 shows the various parts of a
drill pipe. Table 4 lists problems that
occur with different parts of used drill
pipes.

Tube Body Testing
The original form of drill pipe testing was
visual, with an optical gage for the critical
areas at the ends. Then, for many years,
drill pipe tube bodies were tested by
magnetizing the tube longitudinally and
scanning it with rings of inductive coil or
ThreadsUpset

ody

Pin

Upset plus 0.6 m 
(24 in.) of pipe body

Joint
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TABLE 3. Acceptance criteria for three classes of inservice drill pipe according to API RP 7G.15

Pipe Condition Premium Class Class 2 Class 3

Exterior Conditions

Corrosion ≥ 80 percenta ≥ 70 percenta < 70 percenta

Cracks none none none

Cuts and gouges
Longitudinal ≥ 80 percenta ≥ 70 percenta < 70 percenta

Transverse ≥ 80 percenta ≥ 80 percenta < 80 percenta

Dents and mashes diameter reduction ≤ 3 percentb diameter reduction ≤ 4 percentb diameter reduction > 4 percentb

Slip area mechanical damage
Crushing and necking diameter reduction ≤ 3 percentb diameter reduction ≤ 4 percentb diameter reduction > 4 percentb

Cuts and gouges depth ≤ 10 percentc depth ≤ 20 percentc depth > 20 percentc

Stress induced diameter variations
Stretched diameter reduction ≤ 3 percentb diameter reduction ≤ 4 percentb diameter reduction > 4 percentb

String shot diameter reduction ≤ 3 percentb diameter reduction ≤ 4 percentb diameter reduction > 4 percentb

Wear ≥ 80 percenta ≥ 70 percenta imperfections that exceed
those of Class 2

Interior Conditions

Corrosive pitting ≥ 80 percenta,d ≥ 70 percenta,d < 70 percenta,d

Erosion and wear ≥ 80 percenta ≥ 70 percenta < 70 percenta

Cracks none none none

a. Percent of specified wall.
b.Percent of specified outside diameter.
c. Percent of average adjacent wall.
d.Measured from base of deepest pit.

TABLE 4. Testing of areas of used drill pipe.15 (See Fig. 10 for parts of pipe.)

Location Test Description Discontinuity or Detail of Interest

Basic Test
Tube body, transverse full length, magnetic flux leakage test internal and external fatigue cracks, gouges and pitting
Tube body, longitudinal full length, magnetic flux leakage test internal and external seams, slip area cracks, wire line cuts
Body wall measurement ultrasonic and gamma ray tests wear and conformance to specifications
Tool joints and upsets transverse external magnetic particle testing external fatigue cracks and pits

(threads excluded)
longitudinal external magnetic particle testing external seams, heat check cracks

(threads excluded)
Permanent marking metal stencil applied to pin tool joint shoulder date, test company, joint number, object classification

Optional Features
Upsets and 0.6 m (24 in.) critical area internally tested by magnetic internal transverse fatigue cracks

of pipe body particle testing
Tool joint outside diameter caliper measurement to specification undersized (worn) tool joints
Shoulder (face) visual testing for discontinuities affecting galls, nicks, washes, fins

pressure holding capacity
Joint random check of 10 percent of tool joints determination of reworking of tool joints

for manufacturers’ markings
Shoulder width mechanical gaging of tool joint shoulders nonuniform wear caused by crooked drill pipe
Box swell measurement of inside diameter of box dimensional change caused by excessive torque

counterbore
Thread profile mechanical gaging of threads galled or stretched threads, flank wear, sharp crowns
Thread box and pin threads are cleaned and transverse crack in thread roots

tested with ultraviolet radiation or
magnetic particle testing



hall sensors (Fig. 11). This simple
magnetic flux leakage test is sensitive to
discontinuities with a transverse or
volumetric component, such as internal
pitting, external pitting, drilling rig slip
marks and fatigue cracks. Inflatable
magnetic rubber balloons were also used
to detect fatigue cracks on the inside
surface.

A conductor would also be passed
through the pipe, a shot of current fired
and the tube magnetized circularly before
magnetic flux leakage or magnetic particle
testing over the tube body. Figure 12
shows a typical signal from such a test.
Additionally, the tool joints could be
tested with the residual circular field for
longitudinal imperfections such as cracks
from string shot and longitudinal heat
392 Electromagnetic Testing

FIGURE 11. Tube is scanned by ring of transverse sensors:
(a) longitudinal section diagram; (b) photograph of
equipment.
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(b)
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sensor
check cracking on the tool joints. Circular
magnetization has been accomplished by
using capacitive discharge units.18-20

Spinning gamma ray pipe wall
thickness gages are used to measure the
wall thickness of the tube in a spiral
pattern. This test does not cover the tool
joints and scans only a limited part (2 to
30 percent) of the tube wall but is
extremely effective in detecting wall
thinning from wear and pipe eccentricity.

In magnetic flux leakage testing for
transverse discontinuities, a coil
magnetizes the pipe wall longitudinally to
saturation and detector coils or hall effect
sensors ride inside the magnetizing coil as
close to the tube outside surface as they
can be placed. Usually, they are mounted
in brass shoes that have the same radius
as the pipe and have a layer of tungsten
carbide as a wear plate. The axis of the
coil is generally perpendicular to the pipe
axis, as in Fig. 11. This form of sensor is
somewhat tuned to short range magnetic
flux leakage and so is effective in reducing
longer range noise. It should be noted
that magnetic flux leakage induces eddy
currents in brass shoes. The signals are
filtered and the largest is fed to a chart
recorder. This simple system has been
effective for many years.

In operation, the inspector first backs
the test head as far as it will go onto the
pipe tool joint connection area, then
reverses the direction and scans the entire
pipe to the other upset. Often, signals
from the internal and external upsets can
interfere with imperfection signals and
interpretation is difficult in these areas.
Ultrasound represents a better option for
end regions.
FIGURE 12. Typical signal for flat, parallel coil.
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FIGURE 14. Tangential magnetic field immediately above pipe
wall is measured by hall sensors in magnetic flux leakage
For the longitudinal discontinuity test,
two forms of magnetization occur. In one,
an internal conductor rod is passed
through the pipe, which is then
magnetized by one or many shots, often
from a capacitor discharge system. It is
then scanned by rotating sensors and
tested by the resulting residual circular
induction. This test is relatively
problematic because signals from
permeability variations tend to mask
serious discontinuities unless signal
processing is performed. Of more value is
a rotating pole yoke so that the test can
be performed in an active induction,
where the magnetic flux leakage from
imperfections can be many times in
magnitude what they were in residual
induction.

Magnetic Measurement of Wall
Thickness 
For the simple drill pipe field test that
uses only longitudinal magnetization, one
problem has been the lack of a
measurement of the wall thickness,
especially on worn drill pipe. Erosion on
the inside and outside surfaces is a
common problem. The tube body wall is
measured with an ultrasonic thickness
gage at sample points, which may not
include the thinnest part of the wall.

No wall thickness measurement is
taken by magnetic flux leakage testing, so
one improvement effected in the 1990s
was the inclusion of an encircling coil
inside the magnetizing coil and connected
to an integration circuit.

Magnetic wall thickness has also been
measured by adding a pickup coil and an
integration circuit to measure the total
magnetic flux Φ in the magnetizing coil
(Fig. 13).21,22 With the air term (the flux
in the air between the coil and the pipe
and inside the pipe) subtracted by
calibration, the total flux Φsteel in the steel
is measured:
Chemica

FIGURE 13. Encircling coil total flux system
for magnetic flux leakage testing of tubes.
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If the longitudinal saturation flux
density Bsteel in the steel is a constant, the
cross sectional area Asteel of the steel is
calculated:

(2)

The average wall thickness tav can also be
calculated from Eq. 2.

The measured outside diameter Dmeas of
the drill pipe might not include the
minimum wall thickness in the case of
eccentric seamless tubular goods and
eccentrically worn tubes. Outside
diameter measurement, however, does
help to determine wall thickness of drill
pipe by a magnetic noncontact technique
and is very effective in locating the
thinner regions of the pipe. This
technique is then used to measure the
average wall thickness of oilfield tubing as
it is pulled from a well.

An improvement to the outside
diameter measurement technique is to
add hall sensors to the magnetic flux
leakage shoes and measure the tangential
magnetic field immediately above the
pipe wall. This technique effectively
places the encircling coil close to the pipe
surface and collects localized signals
(Fig. 14).

Tool Joint Testing
Because drill pipe threads suffer tension
and consequently often stretch,
measurement with a mechanical lead gage
is performed to determine the amount of
stretch. If the connection is made loose
and the pipe is used in deviated wells,
there is a possibility of fatigue cracking in

A t D tsteel av meas av= −( )π

Φsteel steel steel= ×B A
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shoes. This technique places encircling coil close to pipe
surface to collect localized signals.

Hc

P1 P2Hd

Legend
Hc = magnetic field
Hd = demagnetizing field

P1 and P2 = sensor locations



FIGURE 15. Scatter plot of magnetic flux leakage test signals
for 73 mm (2.9 in.) outside diameter pipe.
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the last engaged thread region. The end of
the tool joint can be tested by two
techniques.

The tool joint is wrapped in a coil,
magnetized and then tested by the wet
fluorescent magnetic particle method.
Formulas for the magnetization have been
given by Moyer.20 Careful cleaning of the
threads is essential before applying the
particle suspension. The critical area may
be searched for transverse cracks with
multiple-transducer ultrasonic systems.23

Pipe Threads24

An area that requires special attention
during the testing of used drill pipe is the
threaded region of the pin and box
connections (see Fig. 10). Common
problems in these regions include fatigue
cracking from overtorquing at the pin
thread roots and stretching of the thread
metal. Automated systems that use both
active and residual magnetic flux leakage
techniques can be used for detecting such
discontinuities.

The stretching and cracking of threads
is a common problem. For example, when
tubing, casing and drill pipe are
overtorqued at the coupling, the threads
are in their plastic region. Metallurgical
changes in the metal can create regions
where stress corrosion cracking takes place
in highly stressed areas at a faster rate
than in areas of less stress. Couplings
between tubes may become highly
stressed. Drill pipe threads are a good
example of where such stress can cause
plastic deformation and thread root
cracking.

Analysis of Magnetic Flux Leakage
Signals from Coils
In one study,4 flat coil signals from
internal pitting in drill pipe and other oil
country tubular goods were analyzed. It
was found that the amplitude of the
magnetic flux leakage signal, defined as
only the upper part of Fig. 12,
(1) generally increases as the pit deepens
or the remaining wall above it lessens,
(2) often decreases as the pit becomes
longer and (3) increases as the pit widens.
These competing variations lead to scatter
diagrams such as the one in Fig. 15,
which indicate that trying to assess
discontinuity depth from such amplitude
based curves is relatively pointless. The
plot in Fig. 15 was actually performed for
American Petroleum Institute grade J-55
tubing, a carbon steel with 380 MPa
(5.5 × 104 lbf·in.–2) yield strength.25 The
general trend is for deeper pits to give
bigger amplitude signals because deeper
pits also tend to be wider. Such spreads
have also been reported by others in
assessing pipeline pigging signals.26
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Better assessments are generally made
by treating the signal amplitude as the
maximum distance between the peak and
valley on a signal such as the one in
Fig. 12. Such signals generally have one
valley deeper than the other because the
discontinuity is asymmetrical.

Standardization of Magnetic Flux
Leakage Units
Drill pipe test units are often standardized
by running the sensors over a 1.6 mm
(0.06 in.) diameter through drilled hole in
a test standard at the same speed as the
pipe to be tested (such coil based signals
are speed dependent) and setting the
resulting amplitude at some convenient
height on a moving chart. For testing of
new casing and tubing, electric discharge
machined notches are generally used and
the test units are expected to show some
signal amplitude consistency when the
reference indicator is located at twelve,
three, six and nine o’clock positions on
the pipe. The signals confirm that the
pipe is running centrally through the
testing unit. Data such as those shown in
Fig. 15 indicate the danger of using the
amplitude from magnetic flux leakage
reference indicators to decide whether to
perform further evaluation of the
indication.

Coiled Tubing27

Coiled tubing and line pipe are made
from electric welded carbon steel
manufactured in various grades for use in
oil and gas well servicing, coiled tubing
drilling and installed well tubing. Tubing
sizes are typically 25 mm (1 in.) to 89 mm



(3.5 in.) outside diameter with wall
thicknesses varying from 2 mm (0.08 in.)
to 6.3 mm (0.25 in.). Outside diameters of
coiled line pipes range from 13 to
165 mm (0.5 in. to 6.5 in.). Strips are
spooled onto drums. Strings are made by
welding strips together, end to end, and
then passing the strip through a high
frequency induction electric resistance
welding mill. The result is often a coiled
string of length 6 to 10 km (4 to 6 mi).

The testing of new coiled product is
usually conducted according to American
Petroleum Institute specifications.16,28,29

Conventional nondestructive test
methods are used: radiographic, ultrasonic
and liquid penetrant testing, as well as
electromagnetic techniques. The testing of
used coiled tubing is different because the
anticipated discontinuities differ from
those for new product. However, the
equipment for inservice testing follows
from the desirability of noncontact testing
of wall thickness, ovality, pitting, erosion
and other damage. Five types of
electromagnetic testing are important for
the tubing body.

1. An electromagnetic sensing system for
diameter measurement detects
ballooning, necking and ovality.
Standard eddy current standoff
measurement sensors are mounted in
a ring to detect changes in outside
diameter (Fig. 16). Such ovality
measurements are used in collapse
pressure calculations. This
measurement requires an unpitted
outside surface or much compensation
and averaging circuitry.
Chemical

FIGURE 16. Eight eddy current liftoff sensors
measure ovality of coiled tubing from fixed
distance.
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2. A magnetic reluctance wall thickness
measurement system enables the
thickness of the ambient wall (not
localized pits) to be measured along
the string, with thin areas caused by
erosion, general corrosion and rubbing
against the side of the well. These
results can then be used for cross
sectional area computations and
maximum tensile forces for each
section of a string. In this method, the
field intensity measured with rings of
hall effect sensors, placed next to the
tube wall, is related to the wall
thickness immediately below it as
shown in Fig. 14. In principle, the
number of poles at locations P1 and P2
affects the demagnetizing field Hd,
which in turn affects the tangential
field in the sensor ring.

3. The same rings of sensors are also used
for detection of pitting, gouges and
transverse discontinuities by
measuring their magnetic flux leakage.
Signals from localized pitting can be
electronically removed. Sensitivity to
small surface imperfections depends
on the liftoff from the tubing surface
to the electromagnetic center of the
sensor.

4. A standard eddy current (3 kHz)
system can be used to detect
longitudinal discontinuities and areas
of heavy cycling in the tubing surface.

5. Because tubing stretches, it is
important to know where the highly
fatigued areas are, irrespective of
where a length indicator says they are.
Such areas may be removed if the
fatigue life is higher than that of the
rest of the tubing. The same eddy
currents that respond to damage
within the metal through changes in
the electrical conductivity are used.

Electromagnetic test results may be
confirmed with visual, liquid penetrant,
magnetic particle, radiographic or
ultrasonic testing.
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PART 4. Eddy Current Testing of Offshore Welds30
Eddy current testing can be used for
manual inservice nondestructive testing of
welds in marine environments. Eddy
current testing of underwater welds has
become common for oil and gas
companies in Europe and the United
States.

Method Selection

Nondestructive Test Methods
Nondestructive testing methods each have
advantages and limitations for detecting
various types of weld indications.

1. Magnetic particle testing is used for
detecting short length and shallow
surface breaking indications. Its
sensitivity, however, is reduced in
detection of indications through
coatings of 0.2 to 0.4 mm (0.008 to
0.016 in.). Magnetic particle testing is
difficult to use on wet surfaces.

2. Ultrasonic testing is used for detecting
volumetric indications. It is generally
not as sensitive as magnetic particle
testing for detection of fine, surface
breaking indications.

3. Radiographic testing is used for
volumetric detection of indications. It
cannot, however, detect laminar
indications. Radiographic testing
requires special safety precautions.

4. Eddy current testing is used for
detecting surface breaking indications
through coating thicknesses as great as
2 mm (0.08 in.) and can be used on
wet surfaces. However, because only
the area under the probe is being
tested at one moment, several scans
must be used for complete coverage.

Eddy Current Testing and
Magnetic Particle Testing
Consideration must be given to the
component being tested and to the type
and size of indication requiring detection
— during fabrication, in service or during
repair tests. For example, for inservice
tests on offshore structures, the
predominant indications are surface
breaking, mostly in the toe of the weld.
Because magnetic particle testing is ideally
suited for detection of this type of
indication, it has been the method most
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widely used. Its main drawback, however,
is its inability to see through certain
coating thicknesses; nor can magnetic
particle testing be used on wet surfaces —
for example, on surfaces wet from rain.

Eddy current testing has the ability to
overcome both of these disadvantages.31

Magnetic particle testing loses its
sensitivity when applied through most
coatings,32 so the coating must be
removed and reapplied if magnetic
particle testing is to be used. In contrast,
eddy current testing can be reliably
performed through 2 mm (0.08 in.) of
nonconductive coating.

Both wet and dry magnetic particle
testing techniques are difficult or
impossible to implement in wet or windy
environments. Portable eddy current
instruments can be placed into
lightweight, waterproof enclosures. Eddy
current probes are inherently waterproof
and can be used on wet surfaces.

Magnetic particle testing is a
two-handed operation. This constraint
does not matter for most applications but
is difficult for projects where the inspector
must hold the yoke overhead. In contrast,
lightweight eddy current probes can be
held for scanning with one hand. Using a
lightweight instrument of about 3 kg
(6 lb), the eddy current technique is
suitable for rope access and for overhead
applications (Fig. 17).

Eddy current testing can be used with
minimal visibility as in, for example, the
underwater testing of jack supports. To
verify any eddy current indications,
however, visibility must return for
magnetic particle testing to be performed
(Fig. 18).

Magnetic particle testing produces a
residue of particles in the environment.
Although particles (wet and dry) may be
nontoxic, they may require workers to
wear protective equipment to reduce
airborne particle inhalation. This may be
an important consideration for nuclear
applications. 

Limitations of Eddy Current
Testing
Eddy current testing has distinct
limitations compared with other test
methods.



FIGURE 18. Eddy current testing of welds in
marine environment: (a) eddy current
scanning through coatings and on damp
surfaces; (b) magnetic particle testing
verifies eddy current results (arrows point to
magnetic particle indication).

(a)
1. Compared to other surface breaking
indication detection methods
(primarily magnetic particle testing),
eddy current testing requires a higher
inspector skill level for accurate
interpretation of signals.

2. Eddy current testing requires the probe
to be close to the indication for
detection. Specific scanning patterns
must be used for the heat affected
zone, for the toe of the weld and for
weld surface tests. Careful attention
must be given to geometry, access and
full testing of the part.

3. If equal surface preparation, normal
access and a need to test the entire
weld (not just one weld toe) are
assumed, eddy current testing is slow.

4. Unlike magnetic particle testing, eddy
current testing does not produce a
visible indication on the test object.
Eddy current indications require
verification with magnetic particle
testing. Typically, the eddy current
indication is cleaned to bare metal by
using hand tools or a needle gun (an
electric, handheld descaling tool)
before testing.33

5. On extremely corroded, rough
surfaces, eddy current test
performance is degraded by low ratio
of signal to noise.

6. Eddy current testing is not suitable for
evaluation of indications by grinding
because detection is unreliable for
indications that are extremely shallow,
less than 0.5 mm (0.02 in.).
Chemica

FIGURE 17. Rope access for eddy current testing through
coatings.
Before being allowed to perform tests,
eddy current inspectors should be
independently qualified by performing
practical demonstrations on test
specimens having indications in the range
of sizes and geometries of those to be
found in the field.

Other Considerations
As part of a joint industry project in the
1990s, a procedure using lightweight
commercial eddy current equipment and
weld testing probes was developed.31

Using qualified recommended practices
and personnel, results of eddy current
testing were found to be in agreement
with results of magnetic particle testing.
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Speed of Testing
With efficient practices and inspectors,
magnetic particle testing is faster than
eddy current testing on bare metal.
However, operational factors, surface
condition and cost are important.
Magnetic particle testing works on the
assumption that the area between the
yoke legs, about 150 mm (6 in.) wide and
75 mm (3 in.) long, is fully tested in one
yoke placement. To test a weld
completely, the yoke must be placed in
two directions. The scanning rate for
magnetic particle testing is about
5 mm·s–1 (1 ft·min–1) for transverse
indication scans and about 2.5 mm·s–1

(0.5 ft·min–1) for indications parallel with
the weld, such as toe cracks, centerline
cracks and cracks parallel in the base
metal.

Eddy current testing interrogates only
the area directly under the probe. Five
eddy current scans are typically used for
weld testing: two for the base metal
(parallel and transverse), one specifically
targeted for the weld toes and two for the
weld face (parallel and transverse).
Additionally, rough weld faces typically
will decrease scan speed because of
increased signal complexity. Eddy current
scanning rates vary with the size and
profile of the weld face.

Access
Eddy current testing is easier to use from
rope access. If most of the testing is in the
overhead position, the one-handed eddy
current technique is ergonomically easier
than magnetic particle testing.

Sensitivity
Of the two methods (magnetic particle
testing and eddy current testing),
magnetic particle testing has a slightly
greater sensitivity for indication detection.
One recommended practice34 gives the
sensitivity of magnetic particle testing as
6 mm (0.25 in.) long and 1 mm (0.04 in.)
deep. According to a European standard,35

current testing of welds has a sensitivity
of 5 mm (0.2 in.) long and 1 mm
(0.06 in.) deep. The slight difference in
sensitivity between magnetic particle
testing and eddy current testing is
sometimes not critical. Eddy current
testing should be considered for tests of
intact coatings in the following
circumstances: (1) where magnetic particle
testing would require coating removal and
reapplication, (2) for wet or damp surfaces
(bare metal or painted) when the surface
would have to be dried to perform
magnetic particle testing, (3) for
operations using rope access and (4) for
underwater operations where visibility
limits the use of magnetic particle testing.
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Conclusion
A combination of eddy current and
magnetic particle testing has been
successfully used on a number of
applications, including the top structural
testing of painted offshore oil rigs, large
aboveground storage tanks and the testing
of painted ship details. The inspector
should select the best technique to
achieve safety, the required sensitivity and
the desired cost effectiveness. Written
practices for eddy current weld testing
and qualification of inspectors should be
specified so that the eddy current test
procedures are documented.



1. Datt, P.L. and T.R. Schmidt. “Some
Applications of Eddy Current Testing
in the Petroleum Industry.”
Nondestructive Testing. Vol. 20, No. 5.
Columbus, OH: American Society
for Nondestructive Testing
(September-October 1962): p 335-338.

2. Wehrmeister, A.E. “Eddy Current
System for Maintenance Inspection of
Chemical Reformer.” Materials
Evaluation. Vol. 31, No. 2. Columbus,
OH: American Society for
Nondestructive Testing
(February 1973): p 21-24.

3. Schmidt, T.R. and M.J. Maulucci.
Section 8, “Eddy Current Tests of
Ferromagnetic Tubes.” Nondestructive
Testing Handbook, second edition:
Vol. 4, Electromagnetic Testing.
Columbus, OH: American Society for
Nondestructive Testing (1986):
p 205-215.

4. Stanley, R.K. “Basic Principles of
Magnetic Field Flux Leakage
Inspection of Oilfield Tubular
Materials.” National Fall Conference:
American Society for Nondestructive
Testing [Houston, TX]. Columbus, OH:
American Society for Nondestructive
Testing (1980): p 157-166.

5. Stanley, R.K. “Simple Explanation of
the Theory of the Total Magnetic Flux
Method for the Measurement of
Ferromagnetic Cross Sections.”
Materials Evaluation. Vol. 53, No. 1.
Columbus, OH: American Society for
Nondestructive Testing (January 1995):
p 72-75.

6. Raine, G.A. and N. Smith. “NDT of On
and Offshore Oil and Gas Installations
Using the Alternating Current Field
Measurement (ACFM) Technique.”
Materials Evaluation. Vol. 54, No. 4.
Columbus, OH: American Society for
Nondestructive Testing (April 1996):
p 461, 462, 464, 465.

7. Shannon, R.W.E. and L. Jackson. “Flux
Leakage Testing Applied to
Operational Pipelines.” Materials
Evaluation. Vol. 46, No. 12. Columbus,
OH: American Society for
Nondestructive Testing (November
1988): p 1516-1518, 1520-1522, 1524.

8. Mackintosh, D.D., D.L. Atherton,
P.C. Porter and A. Teitsma. “Test Rigs
for Magnetic Flux Leakage Inspection
Tools for Pipelines.” Materials
Evaluation. Vol. 50, No. 1. Columbus,
OH: American Society for
Nondestructive Testing (January 1992):
p 13-17.

9. Beuker, T.M.E., B.W. Brown,
A.E. Crouch and M. Afzal. Advanced
Magnetic Flux Leakage Signal Analysis
for Detection and Sizing of Pipeline
Corrosion: Field Evaluation Program.
Final Report, GRI-00/0109. Chicago,
IL: Gas Technology Institute (1999).

10. Amos, D.M. “Magnetic Flux Leakage as
Applied to Aboveground Storage Tank
Flat Bottom Tank Floor Inspections.”
Materials Evaluation. Vol. 54, No. 1.
Columbus, OH: American Society for
Nondestructive Testing (January 1996):
p 26-28.

11. You, Z. and D. Bauer. “Combining
Eddy Current and Magnetic Flux
Leakage for Tank Floor Inspection.”
Materials Evaluation. Vol. 52, No. 7.
Columbus, OH: American Society for
Nondestructive Testing (July 1994):
p 816-818.

12. API STD 653, Tank Inspection, Repair,
Alteration, and Reconstruction, third
edition. Washington, DC: American
Petroleum Institute (2001).

13. API SPEC 5D, Specification for Drill Pipe,
fifth edition. Washington, DC:
American Petroleum Institute (2001).

14. API SPEC 7, Specification for Rotary Drill
Stem Elements, fortieth edition.
Washington, DC: American Petroleum
Institute (2002).

15. API RP 7G, Recommended Practice for
Drill Stem Design and Operating Limits,
sixteenth edition. Washington, DC:
American Petroleum Institute (2000).

16. API RP 5A5, Recommended Practice for
Field Inspection of New Casing, Tubing,
and Plain End Drill Pipe, sixth edition.
Washington, DC: American Petroleum
Institute (1999).

17. API RP 574, Inspection Practices for
Piping System Components, second
edition. Washington, DC: American
Petroleum Institute (1998).

399Chemical and Petroleum Applications of Electromagnetic Testing

References



18. Moake, G.L. and R.K. Stanley.
“Inspecting Oil Country Tubular
Goods Using Capacitive Discharge
Systems.” Materials Evaluation. Vol. 41,
No. 7. Columbus, OH: American
Society for Nondestructive Testing
(June 1983): p 779-782.

19. Bray, D.E. and R.K. Stanley.
Nondestructive Evaluation: A Tool in
Design, Manufacturing, and Service,
second edition. Boca Raton, FL: CRC
Press (1996).

20. Moyer, M.C. “Magnetic Requirements
for Oilfield Tubulars.” Materials
Evaluation. Vol. 44, No. 6. Columbus,
OH: American Society for
Nondestructive Testing (May 1986):
p 616-617, 620-624.

21. Bradfield, J.E., J.E. Kahil, M.S. Jaynes,
G.L. Moake, M. Milewits, W. Curtis,
C.C. Lam and R.K. Stanley. United
States Patent 4 710 712, Method and
Apparatus for Measuring Defects in
Ferromagnetic Elements (December
1987).

22. Stanley, R.K. “Magnetic Measurements
in NDT.” British Journal of
Non-Destructive Testing. Vol. 36, No. 5.
Northampton, United Kingdom:
British Institute of Non-Destructive
Testing (May 1994): p 360.

23. Stanley, R.K. and L. Wells. “Recent
Advances in Used Drill Pipe Inspection
by Ultrasonic Method.” Materials
Evaluation. Vol. 52, No. 11. Columbus,
OH: American Society for
Nondestructive Testing (November
1994): p 1282-1285.

24. Stanley, R.K., T. Hiroshima and
M. Mester. Section 24, “Diverted Flux
Applications.” Nondestructive Testing
Handbook, second edition: Vol. 4,
Electromagnetic Testing. Columbus, OH:
American Society for Nondestructive
Testing (1986): p 633-651.

25. API SPEC 5CT/ISO 11960, Specification
for Casing and Tubing, seventh edition.
Washington, DC: American Petroleum
Institute (2002).

26. Cueto, A.G., B.A. Toledo and
A.P. Soberanes. “Development of
Ultrasonic Techniques to Confirm the
Kind of Discontinuities Detected by
Automated Inspection Systems (Pig) in
Oil and Gas Pipelines in Mexico.”
Presented at Second Pan-American
Conference for Nondestructive Testing
(PACNDT) and ASNT’s International
Chemical and Petroleum Industry
Inspection Technology (ICPIIT) VII
Topical Conference [Houston, TX].
Columbus, OH: American Society for
Nondestructive Testing (June 2001).

27. Stanley, R.K. “Testing of Coiled
Oilfield Tubing — An Update.”
Materials Evaluation. Vol. 58, No. 8.
Columbus, OH: American Society for
Nondestructive Testing (August 2000):
p 970-975.

28. API RP 5C7, Recommended Practice for
Coiled Tubing Operations in Oil and Gas
Well Services, first edition. Washington,
DC: American Petroleum Institute
(1996).

29. API SPEC 5LCP, Specification for Coiled
Line Pipe. Washington, DC: American
Petroleum Institute (1999).

30. Goldberg, L.O. “Eddy Current Testing:
An Emerging NDT Method for Ferritic
Weld Inspection.” Materials Evaluation.
Vol. 56, No. 2. Columbus, OH:
American Society for Nondestructive
Testing (February 1998): p 149-152.

31. Ferritic Weld Inspection Using Eddy
Current. Report. Merritt Island, FL: Sea
Test Services (1996).

32. NP-5951, Reliability of Magnetic Particle
Inspection Performed through Coatings.
Palo Alto, CA: Electric Power Research
Institute (July 1988).

33. Project #90-61 RP for Underwater
Magnetic Particle Inservice Weld
Inspection of Offshore Fixed Platforms
and Guidelines for Qualification of
Magnetic Particle Inspector Divers.
Research Report. Washington, DC:
American Petroleum Institute (1991).

34. API RP 2X, Recommended Practice for
Ultrasonic and Magnetic Examination of
Offshore Structural Fabrication and
Guidelines for Qualification of
Technicians. Washington, DC:
American Petroleum Institute (1996).

35. BSEN 1711, Non-Destructive
Examination of Welds — Eddy Current
Examination of Welds by Complex Plane
Analysis. Brussels, Belgium: European
Committee for Standardization (2000).

400 Electromagnetic Testing



16

Jack C. Spanner, Jr., Electric Power Research Institute,
Charlotte, North Carolina (Parts 1 and 3)

Thomas U. Bipes, Progress Energy, Raleigh, North
Carolina (Part 3)

Anmol S. Birring, NDE Associates, Webster, Texas
(Part 2)

Gary P. Rogles, AmerenUE, Saint Louis, Missouri
(Part 4)

Lawrence O. Goldberg, Sea Test Services, Merritt
Island, Florida (Part 5)

Electric Power Applications
of Electromagnetic Testing

C H A P T E R



PART 1. Introduction to Electromagnetic Testing
of Electric Power Components
Components that are electromagnetically
tested in nuclear and fossil fueled power
plants include main steam heat
exchangers, condensers, feedwater
heaters, lubrication oil coolers, boiler
tubes, instrumentation tubing and main
generator hydrogen coolers. Surfaces are
electromagnetically tested to detect
cracking in welds, coated surfaces and
other places difficult to test with liquid
penetrants.

The most common use of
electromagnetic testing in the power
industry is tube testing in heat
exchangers. Tubes in a nuclear steam
generator are important for safety because
they carry the primary cooling water. 

Steam Generators
The inspection of the steam generator
tubing is an important task during an
outage, so a variety of strategies are used
to reduce the electromagnetic test time,
including the simultaneous use of two
robotic probe positioners in each steam
generator and over 30 data analysts
working in shifts around the clock. The
requirements for examination plans and
processes to maintain the steam
generators are provided in guidelines
prepared by the industry.1
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TABLE 1. Heat exchanger materials and dam

Heat Exchanger Tube

Feedwater heat exchanger carbon steel
nickel copper a
stainless steel

Generator stator cooling system alloy of 90 per
10 percent n

Generator hydrogen cooler aluminum bras
copper and 

Lubricating oil cooler admiralty brass

Main condenser stainless steel c
admiralty br
Degradation of steam generator tubing
results from corrosion and mechanical
mechanisms: intergranular corrosion,
stress corrosion cracking, thinning,
pitting, denting, mechanical wear,
impingement and fatigue. Most tubes are
fabricated from iron nickel chromium and
nickel chromium alloys (Unified
Numbering System N06600, N06690 and
N08800).

For electromagnetic testing,
multifrequency bobbin coil techniques are
used to test the full length of the tubes. It
is recognized that the bobbin coil is not
qualified for all tube locations, so other
techniques such as rotating coil
technology, array probes and ultrasonic
search units are also used. The U bend,
tube sheet and expanded tube regions are
difficult to test; both differential and
absolute coil techniques are used.

The test program for steam generators
is based on performance. The techniques
must be demonstrated to have a
probability of detection of 80 percent at a
90 percent confidence level for each
damage mechanism. To meet this
qualification requirement, all the
rejectable grading units must be detected
in data sets that contain a minimum of
11 to 17 rejectable grading units. One
miss is allowed for data sets containing
18 to 24 rejectable grading units and two
misses are allowed for sets of 25 to 31
age mechanisms.

Potential
 Material Damage Mechanisms

axial cracking
lloy circumferential cracking

condensate grooving
loose part damage
pitting
roll transition cracking
steam erosion
vibrational wear

cent copper and inside surface pitting
ickel

s; alloy of 90 percent inside surface pitting and
10 percent nickel outside surface damage

inside surface pitting

opper nickel alloys; inside surface pitting and
ass; titanium vibrational wear



FIGURE 1. Curves obtained with calibration
reference tube: (a) calibration curve;
(b) depth curve. Percentages express ratio of
discontinuity depth to total wall thickness.
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rejectable grading units. Sizing accuracy is
based on correlation of the eddy current
parameters and on a standard error of
regression at an interval where there is a
90 percent probability that discontinuity
sizing is accurate to within 50 percent of
discontinuity depth. The demonstration
results and techniques are peer reviewed
by a panel of experts.

The industry guidelines specify a
number of personnel qualification
requirements.1 Before becoming qualified
data analysts, personnel must be certified
as a Level II or Level III (as defined in the
guideline) and attend additional data
analysis training. They must pass written
and practical examinations and attend
annual training. In addition, utilities have
established a site specific performance
demonstration program for all prospective
analysts. To prepare for the next steam
generator inspection, personnel should
attend training that will provide practice
analyzing indications of interest for that
site. A site specific practical examination
must be passed for each planned outage
and written examinations may be
required. The sampling plan for the
inspection may be prescriptive or
performance based: inspections and
additions to the test object sets are partly
determined by previous inspections. The
inspection results and operating history of
other power plants are also considered.

Balance-of-Plant Heat
Exchangers
In a nuclear power plant, heat exchangers
that  do not carry reactor cooling water
from the containment vessel are
commonly referred to as balance-of-plant
heat exchangers. Most of them have
counterparts in fossil fuel power plants
and are tested with similar techniques.
Some of the tubing materials are
ferromagnetic, so techniques other than
conventional eddy current are required.
These other techniques include
magnetically biased eddy current, remote
field eddy current and magnetic flux
leakage testing. Table 1 lists routinely
inspected heat exchangers, potential
damage mechanisms and the tubing
material.

Nonferromagnetic tubing is usually
tested with multifrequency eddy current
techniques in the differential and absolute
modes using bobbin coil probes. In most
cases, phase angle analysis is used and
relies on a flat bottom hole reference
standard. During calibration, the operator
may decide to set the 100 percent hole
response at about 40 degrees. As the
outside surface discontinuities get deeper,
from 20 percent to 100 percent through
the wall, the eddy current lissajous figures
rotate counterclockwise. The changing
phase angles can be correlated to
discontinuity depth and used to establish
a calibration curve of phase angle to
discontinuity depth (Fig. 1). However, this
setup is not ideal for measuring depths of
inside surface discontinuities, such as pits.

Amplitude signals are directly
proportional to the volume of wall loss.2
As a consequence, amplitude analysis is
usually recommended for volumetric wall
losses such as fretting wear at tube
support intersections, inside surface
pitting and erosion. Sometimes, it is
advantageous to use calibration reference
standards with reference discontinuities
that look similar to the discontinuities of
interest. Tapered elongated notches can be
machined to replicate wear damage at a
support plate, for instance.
403Electric Power Applications of Electromagnetic Testing



Surface Tests
Surface tests are also conducted using
electromagnetic techniques to detect
cracking in a variety of components that
are difficult to test with other surface
methods such as liquid penetrant,
magnetic particle and visual testing. Eddy
current techniques tend to be used more
on nonferromagnetic materials or with a
remote technique, such as automated
ultrasonic testing. Components typically
tested include turbine rotors, turbine
blades, socket welds, expansion joint
bellows, coated surfaces, control rod drive
mechanisms and stainless steel pipe
susceptible to corrosion cracking of the
outside surface. These applications
typically require flat (pancake) coils or
flexible array coils. The coils are usually
operated in the absolute mode, in either a
cross wound or a transmit/receive
configuration. Depth sizing is inaccurate
in some surface tests.
404 Electromagnetic Testing



PART 2. Electromagnetic Techniques for Heat
Exchanger Tubing3
A variety of corrosion resistant heat
exchanger tube materials is encountered
in power and petrochemical plants. These
include stainless steel, admiralty brass,
nickel alloys, titanium, nickel copper
alloys, nickel, duplex steel, ferritic
stainless steel and carbon steel. The tubes
are inspected periodically to locate and
size discontinuities such as pits, cracks,
erosion and wear. Selection of a
nondestructive test technique depends on
the tube material and on the type of
discontinuity expected in the tubing.

Nondestructive test techniques for
tubes include conventional eddy current,
full saturation eddy current, remote field
eddy current, magnetic flux leakage,
internal rotary ultrasonic testing and laser
profilometry.

No single nondestructive test
technique can be applied to all of the
tube materials. Each nondestructive test
technique has advantages and limitations.
For example, conventional eddy current
testing is very sensitive to pits and cracks
but its application is limited to

MOVIE.
Eddy current
test of tubing.
TABLE 2. Selection of nondestructive test techniques for tub

Discontinuity Type Technique

Nonferromagnetic Metals

Pits, cracks, wall loss conventional eddy current reliable
speed

Cracks in finned tubes multiple-coil pancake probe detects
Cracks in tubesheet rotating pancake probe slow bu

expansion zone multichannel transmit/receive fast; sp

Partial and Thin
Ferromagnetic Metalsa

Pits, cracks, wall loss full saturation eddy current same a
maxi

Thick Ferromagnetic 
Metals (Carbon Steel)

Wall loss remote field eddy current only fo
speed

partial saturation eddy current only fo

Pits and wall loss magnetic flux leakage cannot
rust o

All Materials

Wall loss and large pits internal rotary ultrasonic testing accurat
crack
(0.25

Inside surface laser profilometry limited 
0.075

a. Unified Numbering System S31803, S44627 and S44736 duplex stainless s
nonferromagnetic materials. Internal
rotary ultrasonic testing is accurate in
measuring wall thickness but will miss
small discontinuities such as pin holes
and cracks. Optical techniques are limited
to inside surface discontinuities. Proper
selection of nondestructive test
techniques is therefore a key to testing
heat exchangers.

Technique Selection
Several nondestructive test techniques for
testing heat exchanger tubing are
discussed below. The selection of
technique depends on the material and
type of discontinuity. Table 2 lists tube
materials and the recommended
techniques.

Eddy Current Testing
The conventional eddy current technique
is based on measuring the impedance of
the test coil.4 The impedance of the coil
405Electric Power Applications of Electromagnetic Testing
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Comments

 for discontinuity detection; accurate for pit sizing; maximum 
 1.8 m·s–1 (6 ft·s–1)

 cracks greater than 50 percent deep
t reliable

ecial probe required

s conventional eddy current; inside surface pit sizing inaccurate;
mum speed 1.8 m·s–1 (6 ft·s–1)

r wall loss, limited pit sizing accuracy; maximum
 0.25 m·s–1 (0.9 ft·s–1)

r wall loss, limited accuracy for pits and pin holes

 size discontinuities; more sensitive to inside surface discontinuities;
n inside surface affects sensitivity; maximum speed 0.9 m·s–1 (3 ft·s–1)

e for thickness measurement; slow; requires clean tubes; cannot detect
s; may miss pin holes and small pits; maximum speed 0.075 m·s–1

 ft·s–1); minimum thickness about 0.9 mm (0.035 in.)
to inside surface testing; requires clean tubes; maximum speed
 m·s–1 (0.25 ft·s–1)

teels.



changes as the electromagnetic field
interacts with the material being tested.
Initially, the coil is placed in the tube and
the instrument is calibrated on a reference
standard having known, machined
discontinuities. The probe is pulled
through the tube and variations in coil
impedance are recorded. These impedance
changes are related to types and sizes of
discontinuities. Conventional eddy
current testing is fast and can be
conducted at speeds up to 1.8 m·s–1

(6 ft·s–1).
Conventional eddy current testing is

limited to nonferromagnetic materials:
stainless steel, admiralty brass, copper
nickel alloys, titanium, nickel alloy and
others. The conventional eddy current
test can be performed in either of two
modes: differential or absolute.
Differential mode detects small
discontinuities such as pitting and
cracking whereas absolute mode detects
wall loss. A mixed channel detects
discontinuities under supports — the
mixed channel is a sum of two frequency
channels added to cancel out the support
plate signal (Fig. 2).

Discontinuities are measured as
percentages of wall thickness and are
detected with a frequency that produces a
phase spread of 180 degrees between the
0 percent inside diameter and 0 percent
outside diameter. Calibration is first
performed on a tube machined according
to the applicable code.5 The phase of the
signal from the 100 percent calibration
hole is set to 40 degrees. Signals that fall
below 40 degrees represent inside
diameter discontinuities whereas signals
greater than 40 degrees represent outside
diameter discontinuities (Fig. 1).

MOVIE.
Calibration
reference
standard tube.
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FIGURE 2. Eddy current test display, showing detection of
discontinuity under support plate by using digitally mixed
channel.
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under support
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channels for pits
The interpretation of discontinuities is
not simple: other anomalies can produce
signals that also look like discontinuity
indications. One such case is ferrite
deposits in stainless steel tubes. These
ferrite deposits produce signals
representative of inside surface
discontinuities. The phase of these signals
is in the 20 to 30 degree range when the
frequency for 180 degree phase is used.
This range represents a 50 to 75 percent
deep inside surface discontinuity. The
discrimination of metallic deposits from
inside surface pits requires additional
frequencies. Data should be taken at four
frequencies and the signals checked for
consistency. If the signal is from a
discontinuity, then all signals will
correspond to either an inside or outside
surface discontinuity. Mismatches among
the four frequencies will occur when the
signal is from a metallic deposit. Careful
selection of the four frequencies is vital
for this test.

Sizing of the discontinuities is
performed using a depth curve generated
on an eddy current calibration tube.
Typically, this tube has five pit type
discontinuities and two grooves,
including one 100 percent hole and
outside surface flat bottom holes with
depths of 80, 60, 40 and 20 percent of the
tube wall thickness (Fig. 1). A depth curve
is generated by taking measurements on
the five outside surface pits. Because there
are no inside surface pits in the reference
standard, a straight line is usually drawn
between the 100 percent hole at
40 degrees and 0 percent at 0 degrees.

Inaccuracies in sizing result from two
causes, the first being that the depth
curve does not account for the effect of
discontinuity diameter on the phase. An
increase in diameter reduces the phase
angle of the discontinuity. It is therefore
not uncommon to obtain a phase angle of
50 to 60 degrees from pinholes in thin
titanium tubes and 25 to 30 degrees from
large diameter holes in admiralty brass
tubes. Errors in sizing can result if only
the phase is used for sizing. These errors
can be reduced if both amplitude and
phase are considered for sizing. The
second reason for sizing inaccuracy is
connecting the 100 percent hole to
0 percent (at 0 degrees) by a straight line.
This error is significantly influenced by
the frequency. The 40 degree spread
reduces with reduction in frequency. The
error in sizing inside surface pits can be
minimized by proper frequency selection.

Rotating and Multicoil Eddy
Current Probes
Special eddy current probes are used for
applications where the bobbin coils can
miss discontinuities. These may include



detection of circumferential cracks in
finned tubes and cracking next to the
tube sheet. Bobbin coils cannot detect
circumferential cracks in finned tubes
because the eddy currents are also in the
circumferential direction and parallel to
the crack. In such a case, multichannel
pancake coil probes should be used. A
typical probe would have four to eight
pancake coils placed around the
circumference.

Another application where bobbin coils
cannot be used is cracking near the tube
sheet. This area is also referred to as the
expansion zone. Simple multichannel coils
can be used but the liftoff caused by the
expansion zone produces a large signal
that can mask the crack signal. In such a
case, there are two options: to use a
motorized rotating pancake coil probe or
to use a multichannel send/receive probe.
The former contains a single pancake coil
that is rotated as the probe is pulled
slowly through the testing area. This
probe is very sensitive to cracking in the
transition zone. One multichannel
transmit/receive probe design is called the
cecco probe,6 in which the transmit/receive
coils are placed around the circumference
of the probe. This transmit/receive design
is less sensitive to liftoff than a coil
operated in impedance mode but can
detect smaller discontinuities than the
differential multichannel probe can.
Testing with the multichannel
transmit/receive coil is significantly faster
than with the motorized rotating pancake
coil probe.

Full Saturation Eddy Current
Technique
The principle of full saturation eddy
current is the same as that of
conventional eddy current. The technique
is applicable to partially ferromagnetic
materials such as nickel copper alloy,
Unified Numbering System S31803 duplex
(austenitic ferritic) chromium nickel
molybdenum stainless steels and thin
ferromagnetic materials such as Unified
Numbering System S44627 or S44736
ferritic chromium molybdenum stainless
steel. The full saturation probe contains a
conventional eddy current coil and a
magnet. The magnetic field of the magnet
saturates the material. Once saturated, the
relative permeability of the material drops
to one and the principles of conventional
eddy current testing are then applicable.

The main problem with this technique
is ensuring that the material has been
fully saturated. Saturation can be
confirmed by running a test on a
calibration tube. A fully saturated tube
produces a normal phase spread on
outside surface discontinuities in the
calibration tube. It is therefore very
important to machine the calibration tube
from the same material as that of the test
object. Consistency in material chemistry
is especially important for nickel copper
alloys whose permeability can vary from
batch to batch. In addition, the strength
of the magnets in a full saturation probe
can vary from vendor to vendor. Weaker
magnets will not saturate the material and
will produce a noisy signal. It is
imperative to check the quality of the
probe before using it. The application of a
full saturation eddy current technique
depends on the permeability of the
material, tube thickness and tube
diameter. Larger diameter tubes will allow
placement of larger magnets, whereby
slightly thicker tubes could be saturated.

Sizing of outside surface discontinuities
is done in a similar manner as in
conventional eddy current testing. Inside
surface discontinuities cannot be sized
with signal phase because the depth of
the discontinuity does not influence the
phase. The sizing of inside surface pits is,
therefore, done purely on the basis of
signal amplitude.

Partial Saturation Eddy Current
Technique
The partial saturation technique is applied
on ferromagnetic tubes too thick to be
fully saturated. A conventional eddy
current instrument monitors variations in
impedance caused by changes in
permeability. Permeability measurements
vary with thickness. A loss of thickness
increases the intensity of the magnetic
field and hence reduces the permeability.
The reduction in permeability affects the
coil impedance, measured by the eddy
current instrument.

Because this technique depends on
gross changes in permeability, it is limited
to detecting variations in wall loss.
Because the magnetic field becomes
weaker as the tube becomes thicker, this
technique is insensitive to small
discontinuities such as pits that have
minimal influence on the total magnetic
field. The technique is also limited to a
maximum thickness of about 2.5 mm
(0.1 in.) in a carbon steel tube measuring
25 mm (1 in.) in outside diameter.

Remote Field Testing
The remote field test technique is based
on the transmission of an electromagnetic
field through the tube material.7 The
exciter coil generates eddy currents at a
low frequency in the circumferential
direction. The electromagnetic field
transmits through the thickness and
travels on the outside surface. A receiver
coil placed in the remote field zone of the
exciter picks up this field. In this zone,
407Electric Power Applications of Electromagnetic Testing



the wall current source dominates the
primary field directly from the exciter.
The separation between the two coils is
two to four times the tube’s inside
diameter.

The remote field technique is effective
in the testing of carbon steel tubes and
pipes, especially for large area
discontinuities such as steam erosion and
baffle wear. For pit sizing, remote field
results can be affected by scale in the
tube, causing small jerks when probes get
momentarily stuck. Accurate sizing of a
pit depends on the volume of metal loss
at the pit.

The test speed with remote field testing
is lower than with conventional eddy
current testing. Conventional eddy
current can easily be performed at speeds
of 1.8 m·s–1 (6 ft·s–1) whereas remote field
testing takes place at about 0.25 m·s–1

(10 in.·s–1).
Discontinuity sizing with remote field

eddy current is done using the voltage
plane curves (Fig. 3). These curves
measure wall loss. The curves relate
discontinuity depth, discontinuity length
and discontinuity circumference to the
phase of the remote field signal.
Inaccuracies result because encountered
discontinuities differ in geometry from
calibration discontinuities. Internal rotary
ultrasonic testing can be used to verify the
remote field eddy current measurements.
408 Electromagnetic Testing

FIGURE 3. Voltage plane curves for remote field sizing of wall
loss in carbon steel tubes. Curved lines show circumferential
extent of discontinuity; straight lines show discontinuity
depth.
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Magnetic Flux Leakage Testing
Magnetic flux leakage testing is based on
the influence of discontinuities on a
magnetic field. The technique is limited
to ferromagnetic materials. The magnetic
flux leakage probe consists of a magnet
with two types of magnetic pickups: coil
and hall element. The coil picks up the
flux rate of change whereas the hall effect
detector picks up absolute flux. The coil
detects small discontinuities that cause
perturbations in the flux. Following
Faraday’s law, the flux rate of change
induces an output voltage read by the
magnetic flux leakage instrument. Because
the output voltage is directly proportional
to the flux rate of change, a constant pull
speed is required. Sudden changes in
speed induce electromagnetic voltage that
can be misinterpreted as discontinuities.
Magnetic flux leakage coils are more
sensitive to sharp discontinuities than to
gradual wall loss. In fact, the coils can
totally miss long areas of wall loss if the
changes in wall thickness are gradual. A
hall effect detector is therefore used to
detect gradual wall loss.

The output of the magnetic flux
leakage coils is related to the change of
flux caused by the discontinuity but not
to the discontinuity size. The technique
therefore cannot size discontinuities. A
small diameter, 25 percent pit will
produce a larger signal output than a large
diameter 75 percent deep discontinuity
with a gradual change in depth. In
addition, rust at the inside surface will
also produce signal noise that can
overshadow discontinuity signals.

Hall effect detectors measure the
absolute flux and can be used for sizing
wall loss, not pits. But the output of the
hall effect detector depends on the
orientation of the sensor in the probe
relative to the discontinuity and whether
the location of the discontinuity is on the
inside or outside surface. Inside surface
discontinuities will produce larger signals
than outside surface discontinuities
because the field strength on the inside
surface is higher than on the outside
surface.

Nonelectromagnetic Techniques
Laser Profilometry. Laser profilometry uses
a rotating laser beam that scans the inside
surface as the probe is pulled out of the
tube. The reflected beam is picked up by a
lateral detector that measures changes in
proximity caused by variations on the
inside diameter. The information received
by the detector is processed to create an
image of the inside surface. Limited to
inside surface testing with a speed of up
to 75 mm·s–1 (15 ft·min–1), the technique
also requires the tube to be cleaned to
minimize optical scattering. Because of



the slow speed and cleaning requirements,
the technique is used not alone but to
complement other techniques such as
eddy current testing.

Internal Rotary Ultrasonic Testing. The
internal rotary technique of ultrasonic
testing measures thickness with
ultrasound. The probe is pulled through
the tube and ultrasonic data are evaluated
in a C-scan display of the tube’s cross
section. The rotary ultrasonic test
technique is used mostly for carbon steel
tubes and is used sometimes for
nonferromagnetic tubes to validate or
quantify results of other techniques. The
technique is accurate for thickness
measurement as well as detecting inside
and outside surface pits. Rotary ultrasonic
testing will, however, miss pinholes and
cracks. The technique is slow, with test
speeds limited to about 75 mm·s–1

(15 ft·min–1). Because of the inability of
maintaining water coupling in the entire
tube length, the technique does not result
in 100 percent coverage.

Technique Selection
Which technique is best depends on the
tube material

Nonferromagnetic Tubes
Conventional eddy current is the most
suitable technique for the testing of
nonferromagnetic tubes. These include
stainless steel, admiralty brass, copper
nickel alloys and titanium. The testing
can be done with regular bobbin probes
for the tube length and under the
supports. Special probes are required for
detection of circumferential cracks in
finned tubes and cracks next to the tube
sheet.

Partially Ferromagnetic and Thin
Ferromagnetic Tubes
Thin and partially ferromagnetic materials
include nickel copper alloy, duplex
stainless steel (Unified Numbering System
S31803) and thin ferritic stainless steel
(Unified Numbering System S44627 and
S447366). Full saturation eddy current can
TABLE 3. Discontinuity detection performance

Carbon Stainless
Technique Steel Steela

Eddy current testing —— 91 percen
Remote field testing 77 percent ——
Ultrasonic testing 83 percent 28 percen

a. Unified Numbering System 30400 austenitic chrome nic
b. 90 percent copper, 10 percent nickel alloy.
be applied if full saturation can be
demonstrated in the calibration tube.
There is, however, a maximum thickness
limit for application of this technique.
The thickness limit depends on the tube
diameter. In general, for 19 mm (0.75 in.)
diameter and 25 mm (1 in.) diameter
tubes, the thickness limit is about 1.7 mm
(0.07 in.) for partial ferromagnetic
materials and 0.8 mm (0.03 in.) for ferritic
stainless steel.

Ferromagnetic Tubes
Carbon steel tubes, with and without
aluminum fins, are classified as
ferromagnetic. Three electromagnetic
techniques that can be applied for these
tubes are remote field, partial saturation
eddy current and magnetic flux leakage
testing. The first two techniques are
limited to detecting wall loss and will
miss small pits. Magnetic flux leakage
testing is sensitive to both pitting and
wall loss but cannot measure
discontinuity depth. The sensitivity of the
flux leakage technique is impaired by
noise signals produced from oxides (rust)
in the tube’s inside surface. Internal rotary
ultrasonic testing is the most reliable
technique for the testing of ferromagnetic
tubes.

Reliability of Techniques
A study was conducted to assess the
reliability of nondestructive test
techniques for heat exchanger tubes.8 The
study was done on samples with both
service induced and artificial
discontinuities. Discontinuities were
representative of corrosion and
mechanical wear initiating on the inside
and outside surfaces of tubes.

Tube Material
Table 3 shows the detection performance
for three techniques. The table shows the
high reliability of eddy current on
nonferromagnetic tubes and the high
reliability of rotary ultrasonic testing on
carbon steel tubes. However, ultrasonic
method reliability drops to 28 percent on

MOVIE.
Magnetic flux
leakage test of
ferromagnetic
tube.
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 by tube material and test technique.

 Copper Admiralty
Titanium Nickelb Brass

t 98 percent 91 percent 92 percent
—— —— ——

t 68 percent —— ——

kel stainless steel. 



TABLE 4. Discontinuity detection performance by two
inspectors using eddy current testing.

Stainless Copper Admiralty
Test Steela Titanium Nickelb Brass

Inspector 1 91 percent 98 percent 91 percent 92 percent
Inspector 2 58 percent 52 percent 83 percent 89 percent

a. Unified Numbering System 30400 austenitic chrome nickel stainless steel. 
b. 90 percent copper, 10 percent nickel alloy.
stainless steel because ultrasonic scanning
is insensitive to small pits and cracks.

Inspector Training
Variation in reliability is caused by
differences among test inspectors. Table 4
shows results of conventional eddy
current tests performed by two different
inspectors. In the case of stainless steel,
discontinuity detection dropped from
91 percent for one inspector to 58 percent
for the other. These results show the
importance of training for eddy current
inspectors. The training should be done
on samples with service induced
discontinuities and each inspector’s
performance with samples should be
evaluated.

Conclusions
No single nondestructive test technique
can be applied for testing all heat
exchanger tubing materials: several
techniques are needed. Inspectors should
be aware of the limitations of each
technique. Selection of the proper
technique makes reliable tests and
accurate sizing possible.

In addition, technicians performing the
test should be properly trained on
representative samples. The training
should also include education on
distinguishing false calls from
discontinuities and knowledge of factors
that can affect discontinuity sizing.
410 Electromagnetic Testing



PART 3. Eddy Current Detection of Forging Laps
in Pressurized Water Reactor Tubing
Testing before Outages
During every refueling outage, utilities are
required to test a sampling of the high
temperature, nickel chromium alloy
tubing in their steam generators. The
tubing is susceptible to eight damage
mechanisms: intergranular corrosion,
stress corrosion cracking, thinning,
pitting, denting, mechanical wear,
impingement and fatigue.

Before their installation into the steam
generator, tubes are given a baseline test.
After installation, they are tested again
during preservice tests before initial
operation of the system to ensure that the
tubing is free of discontinuities.
Innocuous manufacturing discontinuities
are accurately located and characterized
before the steam generator begins service.
This information is necessary for inservice
tests to ensure that eddy current
indications are properly evaluated.

Many significant improvements have
been made in the testing of steam
generator tubes. As a result,
manufacturing discontinuities that in the
twentieth century would not have been
reported before plant operation are
detected and reported during preservice
tests. A study conducted to evaluate the
detectability of these discontinuities and
FIGURE 4. Photomicrograph of typical lap in high temperature
nickel chromium alloy tubing.

200 µm (0.008 in.)
their impact on structural integrity is
described below.9

Forging Laps
One type of manufacturing discontinuity
that has been detected in steam generator
tubing is called a lap or forging lap (Fig. 4).
A lap is produced when an imperfection
on the tube surface is folded during the
forming process. It is generally oriented
parallel to the surface and not
perpendicular to the primary stresses.

In the study, the detection of laps
during manufacturing was compared with
their detection during service. Tests at the
tube mill are generally performed using
ultrasonic equipment and electromagnetic
encircling coils. A review of the
manufacturer’s test reports showed that
the laps were detected but were below the
reporting level. Multifrequency bobbin
coil techniques using the latest digital
equipment detected the laps during
preservice or inservice tests.

Signal Interpretation
A study was conducted including
nondestructive testing and metallurgical
analysis of the indications. Two tubes
with laps were pressurized until they
leaked. The burst pressure was typical for
new tubing, indicating that laps do not
affect the structural integrity of the
tubing.

A lap signal was detected with a bobbin
coil using multifrequency techniques. The
signal in Fig. 5 is the response from a lap
at 300 kHz, about half the prime
frequency of 630 kHz. The indication was
confirmed with a rotating coil probe also
operating at 300 kHz as shown in Fig. 6.

Figure 5 is a typical screen presentation
for multifrequency bobbin coil analysis
and is divided into three major areas. The
left side shows strip chart data from the
entire length of the tube. The chart signal
on the left is the high frequency
(630 kHz) differential vertical signal that
includes data from the full length of the
U bend tube. The probe entry and exit
from the tube are visible at the bottom
and top of the signal, respectively.

The chart signal second from the left is
the low frequency (150 kHz) absolute
411Electric Power Applications of Electromagnetic Testing



FIGURE 6. Lap indication with rotating coil at 300 kHz.

Trace from one
helical rotation

Lap indication
vertical signal. The horizontal excursions
locate the nine support plates that the
probe detects as it is pulled from the hot
leg tube end, through the hot leg tube
sheet, past the flow baffle hot leg, past the
first support plates (01H to 09H), over the
U bend region where the antivibration
bars (AV1 to AV8) are located, past the
cold leg side of the support plates (09C to
01C) and out the cold leg tube end.
During calibration, the 150 kHz absolute
phase angle has been adjusted so that
metal losses make excursions to the right
and metal gains to the left. The offset in
the data in the U bend region is typically
a result of the thermal stress relief the
U bends receive or may be caused by
liftoff and the probes’ not being centered.

In the upper right part of Fig. 5, the
lissajous signal is 631.2 mm (24.85 in.)
above the seventh support plate (07H).
This signal is selected for display by
scrolling the chart’s horizontal line
through the tube data; the line is between
07H and 08H in the strip chart on the left
part of Fig. 5. The signal is from the
300 kHz differential output. It is noted on
the screen that the signal is interpreted as
a nonquantifiable indication (NQI)
detected with the half frequency of
300 kHz.

The lower right part of Fig. 5 is an
expanded version of the data selected for
display with the horizontal scroll line. It
shows strip chart data — the vertical
output on the left and the horizontal on
the right. Combining the horizontal and
vertical signals results in the lissajous
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FIGURE 5. Lap indication with bobbin coil at 300 kHz.

Support
plate

numbers

Strip chart data
from entire

length of tube
Low frequency

absolute vertical
signal (mixed)

Antivibration
bars

Probe entry
signal

Lissajous signal 
631.2 mm (24.85 in.)
above support plate 07H

Probe
exit
signal

Vertical
data
output

Horizontal
data
output

Line
corresponding

to lissajous
signal
figure, which also provides phase angle
information.

Bobbin coil techniques perform well to
detect various manufacturing
imperfections. Careful analysis of the data
is necessary to avoid making false positive
calls, that is, to avoid rejecting good
material. Experience has shown that,
particularly for volumetric discontinuities,
depth sizing by using the amplitude
information tends to be more accurate
than phase information alone. The laps
were evaluated to be insignificant in
terms of operational and structural
concerns. The lap signals should be
tracked in future outages and monitored
for changes. This practice is normal for
benign indications detected during
baseline tests. Such signals should be
included in a site specific eddy current
training session by the data analysts
immediately before each outage.
Axial distance, 
–17 mm (–0.67 in.)

Circumferential
distance (degree)



PART 4. Dezincification in Inhibited Admiralty
Brass Tubing
Tubing Corrosion
Tubing corrosion is a subject of concern
for fossil plants.10-15 Condensers are a
source of silica contamination in the
boiler and on turbine blades, resulting in
loss of efficiency and a need to flush the
steam drum. Condenser tube leak
incidents increased in the 1990s, resulting
in lost megawatt hours because of silica
load limits and downtime for leak
checking.

Dezincification
A major reason for condenser tubing
failure is dezincification, a chemical
process in which zinc is dealloyed from
the copper alloy.

Many condensers in fossil power plants
have tubing made of admiralty brass
(71 percent copper, 28 percent zinc and
1 percent tin). For resistance to
dezincification, tube material is generally
inhibited, that is, formulated to be
resistant to dezincification by the addition
of 0.02 to 0.10 percent arsenic, antimony
or phosphorus (producing brass
FIGURE 7. Split section of corroded tube, showing tube
roughness on inside surface.

25 mm (1 in.)
corresponding to Unified Numbering
System C44300, C44400 or C44500,
respectively).

However, dezincification occurs even in
inhibited brass. Figure 7 shows tubes
corroded through dezincification. The
cross section in Fig. 8 shows consequent
loss of material on the inside surface of a
tube. In many instances, the cause of
failure is unknown and may be a
combination of failure mechanisms.

Eddy Current Testing
Eddy current testing is regularly
performed on heat exchangers in fossil
plants. Remote field testing has been used
for carbon steel in low pressure heaters on
supercritical units and conventional eddy
current testing has been useful in
assessing the overall condition of the tube
bundles. Eddy current testing provides
indications of cracking, wear, erosion,
denting, small inside surface pitting and
large, volumetric inside surface pitting.

Eddy current testing has been used to
help minimize condenser tube leaks and
to help determine failure mechanisms.
Although the testing provides an overall
assessment of the condenser tubes, it has
not completely eliminated condenser tube
leaks. Many tubes leak because debris gets
lodged in them and from other causes.
413Electric Power Applications of Electromagnetic Testing

FIGURE 8. Color energy dispersive display
map showing lack of zinc (light area) in pit.
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50 µm
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Case Histories
Case histories of four plants are described
here.

1. Plant 1 had the first condenser
identified with dezincification. The
damage was isolated to only one of
the four passes. This pass was a first
pass bundle in the low pressure shell
where the high energy piping, drains
and dumps are connected through the
side wall.

2. All of the six condensers in plant 2
had some form of dezincification
combined with stress corrosion
cracking. The cracking led to massive
tube failures and eventual tubing
replacement.

3. In plant 3, the damage occurred in
one of the upper passes but had not
been a problem until, during summer
operation, the plant was unable to
maintain a tight condenser for
extended periods of time because of
multiple tube leaks.

4. In plant 4, the dezincification resulted
in large inside surface pits in the top
half of the tube.

These case histories are discussed in detail
below.

In each plant, all of the dezincification
damage occurred in original tubing, made
of admiralty brass in accordance with
ASTM B 111.16 Material analysis
confirmed that the material for the
condensers was inhibited but damage
caused by dezincification was identified in
all four.

As part of the normal maintenance
outage work, eddy current testing was
performed on tubes in the main
condensers. Where suspect indications
were detected, tube samples were removed
to determine the cause of the indications
and to verify eddy current results. Failure
analysis and material evaluation were
performed on the tubes and the results
were used to help design new eddy
current calibration reference standards
made from tubing removed from service.

Plant 1
Plant 1 was a 600 MW, horizontal,
dual-pressure unit with twin shells. The
first pass was on the low pressure side and
the second pass was on the high pressure
side. This condenser had a condensing
surface of 11 729 m2 (126 250 ft2)
per shell. The original tubing was
inhibited admiralty brass measuring
25 mm (1 in.) in outside diameter,
1.2 mm (0.049 in.) in thickness and 11 m
(36 ft) in length.

The damage was identified in the north
outside pass along the north wall near the
high energy drains. Eddy current testing
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showed severe pitting and wall loss
consistently between the fifth and sixth
tube supports from the test end. The main
steam drains between these two tube
supports were suspected of causing the
damage.

A review of the operational history
showed problems caused 20 years earlier
by high temperature, main steam drains
impinging on the tubes in the north
outside pass. Analysis at that time by an
outside contractor had determined the
tubes had been overheating and causing
dezincification. Although these drains
were later routed inside the condenser to
spray over the top of the tube bundle, the
tubes continued to deteriorate.

Twenty years later, several tubes had
small pinholes between the fifth and sixth
tube supports. The inside surface was
rough. Wall thickness measurements
indicated the average tube wall was
0.75 mm (0.030 in.) with a reduced wall
of 0.50 mm (0.020 in.) between the fifth
and sixth tube supports. Several pits were
examined with microscopes; intergranular
corrosion and dezincification were found.

The dezincification had occurred in
tubing known to have direct
impingement by main steam drains.
Although the drains had been rerouted,
the corrosion and erosion of the tube wall
continued for nine years until the tubes
were replaced. The microstructure of the
tubing in the corroded area had a larger
grain size than tubing away from the
damage area, indicating a change in
material properties. Grain growth could
have decreased the corrosion resistance,
thereby letting the erosion and corrosion
continue.

Plant 2
The condenser tested in plant 2 was one
of six in a shared, common header system
serving eight boilers. The turbine sizes
ranged from 40 to 60 MW. The condenser
was a horizontal, twin shell with two
passes of tubes, in an upper bank and a
lower one. The condenser had a
condensing surface of 7178 m2

(77 250 ft2) and used river water for
cooling. The original tubing was inhibited
admiralty brass and measured 25 mm
(1 in.) in outside diameter, 1.24 mm
(0.049 in.) in thickness and 8.0 m
(26.25 ft) in length.

This condenser had never been eddy
current tested. Testing was initiated to
assess the current condition of the tube
bundle. An example test is shown in
Fig. 9. Although testing was difficult
because many of the tubes were plugged
with silt and sand, initial indications
identified possible through-wall cracks.
Because of the severe debris in the tubes, a
cleaning contractor was hired to clean the



FIGURE 10. Cracking on inside surface of
condenser tube.
tubes. A flood check was then performed
on the condenser and nearly 2100 tubes
were found leaking. Tubes were pulled to
determine the cause of failure but only
parts of the tubes could be extracted
because of their deterioration. Analysis of
the tubes revealed a silt deposit on both
the outside and inside surfaces. The
condenser had not been operated or
maintained much in the previous
15 years. A contributing factor was the
inability to isolate the condenser because
of leaking gate valves.

All of the tube sections pulled from
this condenser had both longitudinal and
circumferential cracks 360 degrees around
the tubes but the cracking did appear to
be worse on the top half of the tube.
Testing showed that the cracking
originated at the tube outside surface and
propagated to the inside surface (Fig. 10).
Energy dispersive spectroscopy revealed
layers of dezincification (Fig. 11) on the
tube’s outside and inside surfaces. In
addition, dezincification with pitting was
occurring on the tube’s outside surface,
where cracks originated. The tubes
ultimately failed because of stress
corrosion cracking. The root cause of
failure was corrosion under deposits after
years of lack of maintenance. The outside
surface of the tubes had been allowed to
sit with a silt deposit in a moist
atmosphere for years, thereby creating the
environment needed for dezincification
and stress corrosion cracking.

MOVIE.
Heat exchanger
tube
indications.

MOVIE.
Strip chart
indications.
FIGURE 9. Eddy current display from test of condenser tube.
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Plant 3
Plant 3 was rated at 275 MW and had a
horizontal condenser with two shells and
two passes of tubes, upper and lower. The
condenser had a total condensing surface
of 12 077 m2 (130 000 ft2). The original
tubing measured 25 mm (1 in.) in outside
diameter, 1.2 mm (0.049 in.) in thickness
and 9.1 m (29.75 ft) in length.

Eddy current testing of this condenser
was conducted after data showed that
several tubes had inside surface pitting.
Dezincification was occurring beneath the
dark deposit but was inactive as long as
the deposit remained intact. The wall
under the deposit was 1.14 mm
(0.045 in.) thick and the eroded and
corroded tube wall was 0.66 mm
(0.026 in.) thick.

The eddy current results showed that
all of the 116 tubes tested had inside wall
loss indications and that more than half
of the tubes tested had wall loss greater
than 75 percent in places. Most of the
tested tubes had indications covering half
415Electric Power Applications of Electromagnetic Testing
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FIGURE 11. Color energy dispersive display
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zinc in crack (light area).
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of the tube length in the outlet half of the
tube. An analysis of pulled tubes showed
pin holes where the tube wall had been
thinned on its inside surface; the pits were
approximately aligned.

A dark inside surface deposit had
covered most of the inside wall and the
thinning was occurring where this dark
deposit had been removed. A comparison
of the inside surface condition to tubes
removed 12 years earlier showed an
increase in the removal of this inside
surface deposit. Energy dispersive
spectroscopic analysis with the scanning
electron microscope showed the inside
surface deposit to be mostly silicon and
iron.

The corrosion and erosion occurred in
tubing near the top of the condenser. The
cause for the removal of the dark inside
surface deposit was unknown but the
upper bank of tubes would have been
subjected to high temperatures because of
steam exhaust from the turbine.
Dezincification was occurring under the
deposit but, as long as the deposit
remained intact, the tube wall was
protected and not thinned by pitting. It
was only when the deposit was removed
that the tube wall would corrode and
erode, leading to small holes.

The dezincification appeared to be
caused by corrosion under deposits. The
lack of oxygen under this deposit
appeared to create an anodic site at which
zinc was dissolved from brass. The
thinning of the tube wall was continuing
because of the weakening of the base
metal through dezincification and metal’s
erosion by circulating water. This process
continued until small holes formed tube
leaks.

Plant 4
This plant was a 600 MW fossil plant
whose horizontal, twin shell condenser
had an upper bank of tubes and a lower
bank. This condenser had a total
condensing surface of 24 944 m2

(268 500 ft2) per shell. The tubing was
inhibited admiralty brass and measured
38 mm (1.25 in.) in outside diameter,
1.2 mm (0.049 in.) in thickness and
10.4 m (34 ft) in length.

Eddy current testing did not identify
any real concerns with the tubing. After
several small areas showed an increase in
the number of tube leaks, testing was
limited to three areas. The eddy current
test results showed one area had large wall
loss indications at two tube supports
similar to condensate grooving, that
another had damage associated with the
high energy drain connections and that a
third had large inside surface indications
throughout the tube length. This last area
was in the second pass bundle along a
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side wall of the condenser. Tubes were
pulled to evaluate the eddy current signals
and determine the cause of wall loss.

The first tube showed condensate
grooving adjacent to the tube supports
and a visual test of the inside surface of
the second tube showed large inside
surface pits in the top half of the tube.
There was also a well defined split
between the top and bottom half of the
tube that showed a dramatic difference in
wall thickness. Along with this wall
thickness difference was a dark inside
surface deposit covering the thicker, top
half of the tube. Measurements showed
the remaining wall thickness was
about 1.1 mm (0.042 in.) in the top half
and about 0.7 mm (0.028 in.) in the
bottom half. Sections were cut so that pits
up to 38 mm (1.5 in.) long could be
measured. The diameter of the pits varied
from 3 mm (0.125 in.) to 13 mm (0.5 in.).
Measurements also showed the wall
thickness had been reduced to as low as
0.3 mm (0.012 in.) in some pits.

Energy dispersive spectroscopy with
the scanning electron microscope showed
the dark inside surface deposit to be very
similar to the deposit in plant 3, mostly
silicon and iron plus minor elements.
Further analysis showed that the pitting
was occurring because of dezincification.
As with the tubing in plant 3,
dezincification was occurring under the
inside surface deposit but the wall
remained intact where the deposit
adhered tightly.

Evaluation of Results
The tubes failed because of cracking and
inside surface pitting. One plant’s
condensers had longitudinal and
circumferential cracks that required
immediate retubing. Cracking occurred at
only one plant whereas the pitting
occurred at all the plants. The pitting was
in the form of isolated pits and aligned
pitting. Many tubes had inside surface pit
indications at different locations down
the tube length; some, the entire length.
One tube had inside surface pitting that
looked more like aligned cavities along
half of the tube. These cavities were
present where a dark inside surface
deposit had been removed from the tube
wall. Another condenser had inside
surface cavities up to 38 mm (1.5 in.) long
and 19 mm (0.75 in.) in diameter that
were once again in the half of the tube
with the dark inside surface deposit.

The stress corrosion cracking initiated
at outside surface pits were under a silt
deposit. The admiralty brass had both
layer and plug types of dezincification
and cracks had formed in both the axial
and circumferential directions. Lack of



maintenance by the plant led to eventual
failure and replacement of the tubing.

Pitting appeared to grow by the
combination of erosion and corrosion.
The constant water flow did not allow the
brass tubing to sufficiently form the
protective oxide layer. The circulating
water velocities were unknown but may
have exceeded the recommended rate of
2.1 to 2.4 m·s–1 (7 to 8 ft·s–1). Corrosion
occurred through dezincification, which
resulted in a porous metal surface that
was very weak. The site at which the
pitting developed was typically on the top
half of the tube. All of the tubes with
dezincification pits developed them on
the inside surface, where a dark deposit or
scale was once on the surface. The deposit
seemed to flake off in hot areas near the
condensers. One location was where the
high energy drains and dumps were
connected. The other two areas were in
the upper passes of the condenser that sits
under the turbine. The last area was near
a side wall that may also have had less
water flow.

Dezincification could have occurred if
the water velocity was too great, if
temperatures were higher than expected
or if water velocities were too slow, which
will let deposits form. The formation of
deposits created, under the deposit, an
anodic site that was oxygen deprived. This
site would then corrode, producing pits.

Conclusions
Eddy current testing has succeeded in
detecting long term damage caused by
dezincification in brass tubing. The final
failure modes documented in these case
histories was stress corrosion cracking in
one condenser and pitting in the other
condensers.

The mechanisms causing
dezincification in fossil plant condensers
may never be known completely. The
material meets the required specifications
but operating conditions may have altered
the corrosion protection of the admiralty
brass. The condition of the tubing needs
to be monitored. In the twenty-first
century, all admiralty brass tubing has
been replaced with stainless steel in the
installations described above.
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PART 5. Eddy Current Testing of Ferritic Welds in
Nuclear Transfer Casks
Background
Manual eddy current testing is used as a
nondestructive test technique to
supplement the load testing and visual
testing of welds in nuclear fuel transfer
casks in accordance with ANSI N14.6.17

In the 1980s, eddy current testing was
introduced as a supplement to magnetic
particle testing for welds in North Sea oil
and gas fields.18 Efforts were also made in
the United States to perform magnetic
particle testing through coatings.19-21 The
expense of removing marine growth or
paint to perform underwater magnetic
particle testing and topside tests requiring
paint removal resulted in developmental
projects for applications in both magnetic
particle and eddy current testing.

Magnetic particle testing has been
performed under water and through a
thin film of black oxide 0.10 to 0.15 mm
(0.004 to 0.006 in.) thick. Magnetic
particle testing through black oxide is
highly reliable and can detect indications
as short as 1.5 mm (0.06 in.). In 1987, the
code was changed for magnetic particle
testing to allow performance
demonstration for validating testing
through coatings.22 However, for many
applications, magnetic particle testing
through coatings for fabrication, repair
and inservice tests is not feasible because
of detection requirements. Additionally,
most painted welds typically have greater
than 0.15 mm (0.006 in.) of coating, the
maximum paint thickness for magnetic
particle testing typically cited in reports
and standards.

In the early 1990s, a series of research
projects and round robins were performed
to evaluate eddy current testing through
coatings where magnetic particle testing
could not be used, primarily topside
applications.23 The round robin included
computer aided electromagnetic testing
(alternating current field measurement)
for three-dimensional mapping of
corrosion and discontinuities. Experienced
operators using a commercial eddy
current instrument and a weld probe
detected discontinuities of about 0.4 mm
(0.015 in.) through paint, similar to
results from magnetic particle testing on
bare metal. The eddy current instrument
was small and lightweight, so it was used
with industrial rope access instead of
scaffolding.
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Description of Method
In eddy current testing, a small probe
containing cross wound coils is passed
over the weld test object. A current is
passed in the coil, which induces a
magnetic field in the test object. The
magnet field induces eddy currents within
the test object. Surface discontinuities are
indicated by perturbations on a display
screen. Electric discharge machined
notches can be used to calibrate as well as
to reveal the system’s performance
sensitivity. The display signal produced on
the eddy current instrument is set to a
certain screen height (as with ultrasonic
testing). To account for paint, previously
measured using an eddy current absolute
probe, plastic shims of the same thickness
as the area under test are placed over the
electric discharge machined notch and
gain is adjusted accordingly. The eddy
current instrument is set up so that the
eddy current signal produced from the
electric discharge machined notch
produces a vertical trace that can be
distinguished from normal background
noise, liftoff and signals produced from
the toe of the weld and various weld
geometries.

In eddy current testing, only the area
under the weld probe is interrogated;
several scans must be used to cover the
full weld, making it inherently slower
than magnetic particle testing unless
paint must be removed and reapplied.
Separate scans that test the base metal,
the weld toe and the weld face are
performed. The eddy current inspector
moves the probe over the test surface,
looking for signals produced by weld
geometries and for crack signals.

A major advantage of eddy current
testing is that it can be used on a wet
surface and on rainy days. The equipment
is lightweight and battery operated,
making it ideal for applications requiring
rope access.

Technique Development
A project was conducted in the petroleum
industry to establish a confidence level for
eddy current testing of ferritic welds.23

The project used test objects with
discontinuities of the shape and size



required. A discontinuity size of 6 mm
(0.24 in.) was chosen for the minimum
size for detectability; other test objects
had indications as small as 1.5 mm
(0.06 in.). Samples (Fig. 12) with service
induced cracks and others with artificial
cracks were selected on the basis of
discontinuity orientations (longitudinal
and transverse), joint shapes (butt, fillet
and cruciform joints) and discontinuity
locations (on weld face, weld toe and base
metal and near access ports).

In the study, manual eddy current test
results showed an 87 percent agreement
with magnetic particle test results.
Subsequent eddy current test results with
the test bed showed a 100 percent
agreement with magnetic particle testing.
Causes of improved reliability included
fine tuning the initial recommended
practice and using highly qualified eddy
current inspectors.

Computer assisted results showed
62 percent agreement with the magnetic
particle test results and significant false
alarms. One factor impairing the results
was that the eddy current probes were
difficult to apply at weld toes and small
access ports.

Eddy Current Testing of
Transfer Casks

Background
Transfer cask shells (Fig. 13) fabricated
from a specified alloy steel24 are used for
transferring transportable storage canisters
containing spent nuclear fuel bundles.
Transfer casks are required to be tested on
a scheduled basis in accordance with
ANSI N14.6.17

Annual testing of special lifting devices
such as a transfer cask can be a significant
disruption to an operation that runs all
FIGURE 12. Transfer cask samples for training an
day, every day. This disruption becomes
even more severe if the components need
to have paint stripped and reapplied for
the purposes of inspecting the load
bearing welds. Paint stripping is further
exacerbated by the fact that a transfer
cask is considered to be contaminated
unless a significant effort is expended to
prove otherwise. Previous annual testing
resulted in out-of-service time for these
components of about one month.

Magnetic particle testing has been
done on transfer cask load bearing welds,
requiring removal of all paint in those
areas. Although magnetic particle testing
is ideal for detection of surface cracks on
ferritic material, magnetic particle testing
loses its sensitivity when applied through
coatings thicker than 200 to 300 µm
(0.008 to 0.012 in.). Eddy current testing
obviates removal and reapplication of
coatings.

Ferritic Weld Trials
A nuclear engineering firm was asked by a
nuclear operator to explore eddy current
testing to replace magnetic particle
testing. The application was unique in
that a procedure was specified to detect a
1.6 mm (0.063 in.) discontinuity. Previous
written practices for inservice testing
specified a minimum detectability of
6 mm (0.25 in.) long and 0.8 mm
(0.03 in.) deep by nonvisual testing.

Field and manufactured samples were
used to qualify the technique but there
was no reference standard for calibration
or for validation of discontinuity size. A
calibration block with an electric
discharge machined notch measuring
1.6 mm (0.063 in.) in length, 0.51 mm
(0.020 in.) in depth and 0.015 mm
(0.006 in.) in width was used because it
was already referenced in an applicable
standard.25 The written procedure was
revised to reflect this sensitivity.
419Electric Power Applications of Electromagnetic Testing
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FIGURE 13. Transfer cask: (a) photograph;
(b) eddy current test of access port weld;
(c) eddy current test of trunnion weld.

(a)

(b)

(c)
Additionally, a calibration block having
electric discharge machined notches with
depths of 0.20 mm (0.008 in.), 0.51 mm
(0.020 in.) and 1.02 mm (0.040 in.) was
used to validate other test parameters
such as permeability. The written
procedure was then validated in a set of
blind trials witnessed by the nuclear
power company’s quality assurance,
inspection and engineering personnel.

In addition to qualifying the
procedure, eddy current personnel were
then qualified according to the written
procedure by having to achieve, in blind
trials, a minimum 90 percent detection on
test objects with 25 or more indications of
varying sizes and types in various
geometries. The equipment consisted of a
commercially available eddy current
instrument, an eddy current weld probe,
an absolute probe, electric discharge
machined calibration blocks and plastic
shims. All materials and test equipment
were calibrated to reference standards
traceable to the National Institute of
Standards and Technology.

The eddy current procedure consisted
of a series of calibration checks including
(1) setting discontinuity sensitivity,
(2) checking the symmetry of the cross
wound weld probe, (3) checking that the
permeability of the steel under test
matched that of the calibration block and
(4) measuring the steel through a coating
to compensate for gain adjustments on
the discontinuity calibration block.

In the field tests, it remained to
confirm whether the permeability of the
calibration block agreed with that of the
transfer cask. The calibration blocks were
made of low alloy steel and carbon steel
(Unified Numbering System G43400 and
G10180, respectively). No problems were
encountered and permeability checks
were within acceptable tolerances.

If an eddy current test indication was
detected, it was proof tested by magnetic
particle testing. Magnetic particle testing
showed a visual display of the indication
and provided additional confidence in the
eddy current test result.
Conclusion
Eddy current is a proven and accepted
technique for detecting short length
indications through paint on ferritic
welds, such as those in nuclear transfer
casks.
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PART 1. Eddy Current Detection of Cracks in Steel
Bridges

FIGURE 1. Bidirectional probe arrangement:
(a) oblique view; (b) side view.

(a) (b)
Background
There are almost 590 000 bridges, tunnels
and culverts in the United States. Steel
superstructures are in more than 185 000
bridges, more than any other
superstructure material. Fatigue cracking
in steel bridges can result from cyclical
loading caused by traffic.

Many fatigue cracks under field
conditions develop at welds, which
commonly have both complex geometry
and complex metallurgy. Fabrication
discontinuities in welds, such as
inclusions or lack of fusion, can provide
stress risers that act as initiation sites for
fatigue crack growth. The geometry of a
particular weld, intersecting welds and
high residual stress levels can also provide
initiation sites. Hydrogen embrittlement
and hydrogen assisted cracking can result
in cracks in welds that may initially be
small but can propagate under the cyclical
loading conditions of a bridge.

The propagation of fatigue cracks in
bridges can lead to structural collapse if
the cracks are not detected. Because many
cracks begin in welds, crack detection
near them must be effective so that cracks
can be detected before they grow
significantly. This requirement has been
an impediment to the application of eddy
current testing on highway bridges: the
welding geometry and varying magnetic
properties caused by the complex
metallurgy result in a low signal-to-noise
ratio for some traditional eddy current
technologies.

Historically, the eddy current
technique has been used to test
nonferrous structural items in the
aerospace, chemical and processing
industries.1 Since about 1990, the
technology has been extended to include
ferromagnetic materials and even
ferromagnetic welds. Sensor designs
address the variations in magnetic
properties that have led to difficulties in
the past. The discussion below reports on
the effectiveness of eddy current testing
for detecting cracks in weldments typical
of highway bridge construction.
424 Electromagnetic Testing
Test Equipment

Probe
The probe used in this application was a
differential probe with bidirectional
sensitivity. This probe can detect surface
breaking cracks in both base and weld
metal of steel bridge members. The probe
consists of two circular coils with axes
parallel to the surface and perpendicular
to one another. A sketch of the probe
configuration is shown in Fig. 1. Probes of
similar design are available from several
manufacturers.

The probe operates in a differential
configuration in which the impedance of
one coil is compared with the impedance
of the other, a common technique in
eddy current testing. For this probe, each
coil is very near the specimen surface, so
both coils are simultaneously affected by
the test specimen. The eddy currents
generated in the surface of the specimen
are an image of the coils in the probe, so
each coil generates current with a
significant current density aligned with its
winding. Under this geometry, orthogonal
currents in the surface of the specimen are
generated.

In the differential mode, assuming
negligible magnetic anisotropy of the
material, each coil can have impedance
consistent with that of the other as the
probe is scanned along the specimen. The
presence of a crack aligned with one coil
and orthogonal with the other results in a



change in relative impedance of the coils
and consequently creates a detectable
signal. In fact, any electromagnetic
condition not common to each coil will
be detected. Because the coils are located
very near each other, gradual changes
caused by conductivity or permeability
variation are limited. Liftoff effects are
also minimized but not suppressed, as
both coils are simultaneously affected
when distance from the test surface to the
probe changes.

The maximum probe response is
observed when the crack is perpendicular
to the direction of either coil winding.
Under this scenario, the crack interrupts
the currents generated by the coil
oriented orthogonal to the crack and has
minimum influence on currents oriented
parallel to the crack. Minimal responses
occur when the crack is at 45 degrees
from the direction of the coil winding
because each coil experiences similar
impedance changes and hence no relative
change.

Instrument
The research was performed using a
commercially available instrument that
displays and stores eddy current test data
collected by a probe. The manner in
which the test signal is processed and
displayed depends on the instrument
settings. The values of drive levels (voltage
peak) as well as frequencies can be
selected independently. The instrument
voltage ranges from 0 to 9 V peak and the
frequency ranges from 5 Hz to 10 MHz.
Instruments with similar characteristics
are available from several manufacturers.

Impedance plane mode and voltage
plane mode were used during the testing.
In both modes, the drive signal is applied
across an alternating current bridge. One
arm of the bridge consists of a resistor
connected in series with one of the two
coils of the probe. The second arm
consists of a second resistor connected in
series with the second coil in the probe.
The voltage difference across the center of
the bridge between the two coils is
amplified and passed through a
demodulator, which detects the in-phase
and out-of-phase signal. The signal is then
digitized to 16 bits and made available to
the computer bus.

In the impedance plane mode, the
eddy current signal is displayed as a
calibrated percent of change in
impedance. In the voltage plane mode,
the signal is also generated from an
impedance bridge but the data are
displayed as detected in-phase and
out-of-phase voltages.
Reference Standard Calibration
Blocks and Crack Specimens
Reference standard calibration blocks were
produced from ASTM A 588 and
ASTM A 36 structural steels, materials
commonly used in bridge construction.3,4

Each block had three electric discharge
machined (EDM) notches with depths of
0.2, 0.5 and 1.0 mm (0.008, 0.02 and
0.04 in.). The specimens were measured
with no attempt to anneal or demagnetize
them and the surface of the material was
in its as rolled condition with mill scale
removed. To study the effects of typical
bridge coatings, both an inorganic zinc
based coating and a lead based coating
were applied to the surface of an
ASTM A 588 calibration block.

Three ASTM A 588 steel specimens
with surface breaking cracks were tested.
These specimens had weld details typical
of steel bridge construction with
implanted cracks. Two specimens had T
joints that represent web-to-stiffener or
web-to-flange connections. One specimen
contained a butt joint, typically used for
flange or web splices. The butt joint
specimen and one of the T specimens had
complete penetration groove welds. The
other T joint was connected with a fillet
weld. These specimens were subjected to
corrosive environmental conditions such
that the surface was pitted and covered
with iron oxide. Testing was conducted
without changing the surface conditions
of the specimens. 

A single specimen of ASTM A 36 steel
with a groove weld containing a
transverse crack was tested. The implanted
crack had a depth of 0.90 mm (0.035 in.).

Experimental Testing,
Results and Discussion

Frequency Response
Tests were conducted to determine the
frequency response of the eddy current
probe and supporting instrumentation.
Calibration blocks of ASTM A 588 and
ASTM A 36 steel were used for the
measurements. No significant differences
in the results were found between the two
materials, which are similar in chemistry
and manufacturing process. The data
points in Figs. 2 and 3 represent the
maximum signal magnitude generated by
scanning the probe along a path
perpendicular to the long axis of an
electric discharge machined notch or
crack. A separate scan was required for
each frequency datum shown in the
figures.

The voltage plane mode scan of the
reference standard ASTM A 588 steel
425Infrastructure Applications of Electromagnetic Testing



specimen is shown in Fig. 2a. This figure
indicates the variation in probe coil
voltage versus frequency for 0.2, 0.5 and
1.0 mm (0.008, 0.02 and 0.04 in.) deep
electric discharge machined notches.
Maximum signal magnitudes for a given
discontinuity depth are observed for
frequencies ranging from 200 to 250 kHz.
The general shape of these curves is a
characteristic of the bridge output
sensitivity. The voltage amplitude varied
as a function of electric discharge
machined notch depth as shown in
Fig. 2a.

The impedance plane mode probe
response of two electric discharge
machined notches, 0.5 and 1.0 mm
(0.02 and 0.04 in.) deep, and a 0.9 mm
(0.035 in.) deep implanted crack specimen
are shown in Fig. 2b. The figure indicates
426 Electromagnetic Testing

FIGURE 2. Fatigue crack signal frequency
responses from electric discharge machined
notches: (a) with change in probe coil
voltage for ASTM A 588 structural steel;
(b) with change in probe coil inductive
reactance for ASTM A 36 structural steel.
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= 0.20 mm (0.008 in.) deep electric discharge

machined notch
= 0.50 mm (0.02 in.) deep electric discharge

machined notch
= 0.90 mm (0.035 in.) deep fatigue crack
= 1.00 mm (0.04 in.) deep electric discharge

machined notch
that the probe response from a 0.5 mm
(0.02 in.) deep electric discharge
machined notch is higher than the
response from the 0.9 mm (0.035 in.)
deep implanted fatigue crack, regardless of
the test frequency. This verifies that the
crack indication signal depends not only
on discontinuity depth but also on
discontinuity length and crack tightness.
Electrical contact between crack faces
because of crack geometry or oxides can
cause a short circuit of the flow of the
eddy currents around the crack opening
and can change the response drastically.1
Additionally, some flow of current can
circumvent the crack because of the
semielliptical geometry of the crack.
Consequently, smaller signals are expected
from cracks than from open electric
discharge machined notches.

The effect of typical coatings are
illustrated in Fig. 3. The figures show the
variation in the inductive reactance
component versus frequency for a 1.0 mm
(0.04 in.) electric discharge machined
notch covered by either zinc (Fig. 3a) or
red lead based coating (Fig. 3b). In these
figures, the inductive reactance amplitude
is observed to attenuate progressively
because of the liftoff effect and
FIGURE 3. Effects of paint on eddy current
signal on electric discharge machined block
of ASTM A 588 structural steel: (a) zinc
based paint; (b) lead based paint.
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distribution of the eddy currents in the
coating layer. This attenuation is
proportional to the coating thickness. The
low electrical conductivity of the coating
layer ensures the penetration of the eddy
currents into the base metal. In fact, no
significant variations are observed
between signals affected by 0.4 mm
(0.016 in.) red lead base coating and
0.4 mm (0.016 in.) liftoff (Fig. 3b). Similar
results were found on the zinc based
system as shown in Fig. 3a. These data
indicate that these coating systems can be
penetrated by the magnetic field of the
coils and that the effect of the coatings
can be represented effectively by probe
liftoff.

Eddy Current Response to Cracks
and Machined Notches
This section illustrates the response of the
eddy current probe to electric discharge
machined notches and implanted cracks.
The frequency and drive level used during
scanning was 240 kHz and 3 V,
respectively. The probe response is
illustrated primarily as a reactance
component, with only small changes in
the resistive component of the
impedance. The abscissa of these figures
plots successive data points, that is, as
dimensionless time. This abscissa can be
interpreted as distance, given a constant
scanning velocity. Data were collected by
manually scanning the probe along a
FIGURE 4. Reactive and resistive component
of signal response for electric discharge
machined notches in ASTM A 588 structural
steel: (a) cross section; (b) data.
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linear path that traversed the feature of
interest, either a crack or a notch.
Scanning was conducted at constant rate
of about 25 mm·s–1 (5 ft·min–1).

Figure 4 illustrates the eddy current
response to scanning over electric
discharge machined notches in the
ASTM A 588 steel specimen. Scanning was
performed from left to right along the
surface of the specimen shown
schematically in Fig. 4a. As expected, the
magnitude of response increases with
increasing notch depth. However, the
ability of the eddy current techniques to
accurately define the actual depth of a
discontinuity is limited, as discussed in
the next section.

Figures 5 to 7 illustrate the eddy
current response to cracks in different
geometric conditions. In each case,
scanning direction was coincident with
the weld axis. Therefore, a transverse
crack in a weld, as shown in Fig. 5, is
oriented orthogonal to the scanning
direction. Figure 5b shows the response of
the eddy current probe to a transverse
crack. Of note in this figure is the low
noise in areas adjacent to the
discontinuity and the increasing
magnitude of response as the probe
approaches the crack and decreasing
magnitude as the probe is scanned away
from the crack. The maximum response
corresponds to the probe positioned
directly over the discontinuity.
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FIGURE 5. Reactive and resistive component
of signal response for transverse crack:
(a) cross section of butt or groove weld;
(b) data.
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FIGURE 7. Impedance components of signal
response for longitudinal crack: (a) cross
section of T or groove weld; (b) data for
crack in toe; (c) data for crack in root.

(a)

Root crack
34 mm (1.34 in.) length

Toe crack
73 mm (2.87 in.) length
Figure 6 indicates the eddy current
response to a longitudinal crack in the
weld crown. Figure 7 indicates the
responses to a toe crack (Fig. 7b) and root
crack (Fig. 7c). Of note in these figures is
the characteristic eddy current response of
a longitudinal crack, increasing in
magnitude as the probe approaches the
crack, maintaining a magnitude
displacement as the probe is scanned
directly over the crack and diminishing in
magnitude as the probe is scanned
beyond the crack. Compared qualitatively
to the response to a transverse crack, eddy
current response shows crack orientation
and can be easily interpreted.
Additionally, the bidirectional sensitivity
of the probe enables it to detect both
longitudinal and transverse cracking as it
is scanned along a weld. As mentioned
previously, the probe is least sensitive to a
discontinuity oriented at 45 deg to the
probe coil axes.

Case Study: Steel Box Girder
The eddy current technique previously
described was field tested on a welded
steel box girder. The fracture critical
member supported the south span of a
double-swing bridge. The pivot girder
supporting the north span of the bridge
had time delayed cracking following
production and shipping to the bridge
site. Magnetic particle testing had
428 Electromagnetic Testing

FIGURE 6. Impedance components of signal
response for longitudinal crack: (a) T or fillet
weld; (b) data from probe as probe is
passed along length of crack.
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Center line crack
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revealed more than 150 cracks in this
member during tests at the fabrication
plant, following shipment to the bridge
site and following placement. The
magnetic particle testing procedure
required the removal of a zinc based
coating to facilitate contact between the
prods and the member — a procedure
undesirable to the bridge owner. The eddy
current technique was used to eliminate
the need for paint removal during testing
of the south girder. At the time of the test,
both pivot girders were in place on the
structure.

The member tested was constructed of
ASTM A 709 grade 70W steel,5 with
multipass fillet welds at the intersection of
each corner of the box and along the
stiffeners. Plate thickness ranged from 32
(b)
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to 76 mm (1.25 to 3.0 in.). The zinc based
coating on the structure had a thickness
of about 0.2 mm (0.01 in.), based on
measurements taken on the north girder.
The coating system included both an
intermediate and finish layer, for a total
coating thickness of about 0.4 to 0.5 mm
(about 0.02 in.). Surface scanning of about
250 m (820 ft) of fillet weld included all
flange-to-web and web-to-stiffener welds.
The testing of the weld bead required
between three and five passes of the probe
for complete coverage of the weld surface
and the heat affected zone.

Known fatigue cracks located on the
north girder by magnetic particle testing
were used as test specimens to determine
frequency and drive levels for the probe.
A calibration specimen was made from a
piece of ASTM A 709 steel containing
electric discharge machined notches with
depths of 0.5, 1.0 and 2.0 mm (0.02, 0.04
and 0.08 in.). Liftoff due to coating was
assumed to reduce signal amplitudes
about 40 percent, which compensated for
variations in the calibration procedure.
Indications were determined by a simple,
reactance threshold equivalent to about
20 percent full screen height. All signals
exceeding this threshold were marked as
indications.

Tests of the south girder revealed the
following: three cracks, seven slag
inclusions, seven undercuts and one
rollover. Indications were excavated with
a mechanical grinder to confirm the
source of the indication. Of the 18
indications noted during the test, three
correlated with cracks. It was found that
the balance of the indications could be
differentiated from cracks by visual testing
in the case of geometric indications and
by signal response in the case of slag
inclusions.

Because of the time dependent nature
of the cracking in the north girder,
periodic tests of the girder at three-month
intervals were scheduled. Based on the
speed and simplicity of eddy current
testing and the success on the south
girder in detecting cracks without removal
of coating, the eddy current technique
was included in these tests. The
instrument was a hand held battery
operated eddy current instrument with a
4 MHz absolute probe having a probe
footprint much smaller than the
bidirectional probe of Fig. 1. This small
footprint had the advantage of reducing
the sensitivity to geometric indications.
The hand held battery operated
instrument displayed indications as
normalized impedance and was
self-balancing.
Conclusion
The discussion above reports on the
effectiveness of eddy current testing for
detecting cracks in weldments typical of
highway bridge construction. The
laboratory tests showed that the
bidirectional probe configuration can be
used to detect cracks in weld metal. The
probe coil design suppresses the effects of
spatially varying magnetic properties
typically associated with the weld area in
ferromagnetic steel. When the weld bead
is scanned, irregular surface geometry is
the main cause of noise.

The technique is effective for detecting
cracks under paint. The laboratory tests
showed that the eddy currents could
penetrate both conductive and
nonconductive coatings typically used on
bridges. The effects of these coatings were
proportional to the coating thickness and
similar to liftoff effects. The attenuation
caused by these effects can result in
increased sensitivity to geometric
indications that may mask smaller
discontinuities; however, the cracks could
generally be distinguished from welding
discontinuities such as rollover or
undercut.

The bidirectional probe responded
well to field variables such as conductive
coating thickness, irregular weld surfaces
and weld joint geometry. The eddy
current technique used has several
advantages over magnetic particle testing.
First, removal of coating to ensure good
electrical contact is not required. Second,
the bidirectional probe is sensitive to both
longitudinal and transverse cracks
simultaneously in weld metal.

Probes of this type are available from
several manufacturers. It is recommended
that the probe be calibrated for optimal
frequency before performing any test.
Interpretation of the eddy current signals
can be accomplished with a moderate
amount of training and experience and
inspectors should have the appropriate
qualifications.
429Infrastructure Applications of Electromagnetic Testing



PART 2. Applications of Ground Penetrating
Radar to Bridge Decks

FIGURE 8. Hand held ground penetrating
radar instrument in use on bridge deck.
Background
Radar (radio detection and ranging) is a
technique that has been applied
traditionally to problems related to object
detection in air.6 Since the 1960s, the
technology has developed to detect and
locate objects below the surface of the
ground as well.7 Ground penetrating radar
systems typically transmit microwave
pulses into the ground and measure
reflected energy through a receiving
antenna. Boundaries between materials
with different dielectric properties (such
as concrete and air) produce reflections
when a radar pulse encounters them.7 In
the 1970s, the resolution of ground
penetrating radar systems was suitable
only for geophysical applications. Since
then, ground penetrating radar systems
with significantly higher resolution have
been developed that can detect features of
interest in civil infrastructure materials
and components.

Civil infrastructure applications to
roads,8 bridges, dams and a variety of
other infrastructure facilities have
produced useful ground penetrating radar
results. Ground penetrating radar
applications to bridges are challenging
and interesting because they typically
require systems with high resolution to
detect features of interest. Among bridge
applications, testing of bridge decks has
potential because of the large, accessible
surface area and a high level of
maintenance interest focused on them.
Bridge decks deteriorate significantly
faster than most other bridge
components9 and the dominant
deterioration mechanism, corrosion
induced delamination, is well understood.
Ground penetrating radar is currently a
useful tool for investigating many bridge
deck conditions that include concrete
cover depth, poorly consolidated
concrete, voids and several other features
of interest.10 As technology advances, test
results indicate that ground penetrating
radar may also allow delamination to be
directly addressed, as well.

Equipment
Ground penetrating radar systems
typically include a radar pulse generator,
430 Electromagnetic Testing
transmitter, receiver, antenna and
equipment for data acquisition and
storage. Depending on the application,
systems described as either ground
coupled or air coupled may be used. Air
coupled systems use antennas positioned
at or above a height related to the center
frequency the antenna transmits, a height
clearance above the ground equivalent to
a minimum of the wavelength at the
radar center frequency. Most ground
coupled antennas are positioned such that
the antenna housing is directly in contact
with the ground.

Typically, air coupled antennas are
mounted in a vehicle to collect data from
a moving platform in traffic. Conversely,
ground coupled antennas are typically
hand held (Fig. 8) where the antenna is
manually positioned during data
collection. For bridge deck applications,
both of these ground penetrating radar
systems may be used, depending on the
survey needs.

The ground penetrating radar system
functions by transmitting a radar pulse
from the transmitting antenna into the
ground and uses the receiving antenna to
collect the reflected radar response from
the ground. This process occurs very
quickly, allowing the radar pulse to be
transmitted and the waveform to be
acquired with negligible distortion from
movement, even at traffic speeds.

Data collection is usually triggered by a
mechanism connected to a survey wheel.
As the survey wheel turns, it initiates data



acquisition at consistent intervals. The
series of individual waveforms collected
along the path of the radar antenna can
be viewed collectively as a synthetic
aperture. Raw data collected using a
ground coupled ground penetrating radar
are presented over a two-dimensional
synthetic aperture (Fig. 9).

In this format, the radar response is
presented in color maps that indicate
high positive amplitude responses as light
gray to white and low negative amplitude
responses as dark gray to black. Basic
features observed in these data include an
example of a parabolic shaped response to
reinforcing steel (identified with a circle)
and a local area where reflection
amplitudes are low, encircled by a
horizontally oriented oval. Details of
Fig. 9 are interpreted below.

The center frequency of a system is
another important consideration when
ground penetrating radar equipment is
selected for a given application. A ground
penetrating radar that operates at high
FIGURE 9. Bridge deck: (a) data locations indicat
locations with color or grayscale coded bar ind
line [solid = delaminated, white = without delam
bridge deck using commercial ground coupled
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frequencies can resolve smaller features
than ground penetrating radar operating
at lower frequencies. This resolution issue
must be carefully considered when
ground penetrating radar equipment is
selected for an application like bridge
deck evaluation.

Detection and
Measurement of Deck
Conditions
Several parameters that bridge engineers
use can be measured with ground
penetrating radar. In addition, there are
distress modes that can be detected using
this technology. The available
measurements include concrete cover
depth, bridge deck thickness and
reinforcing steel location. Frequently
detected discontinuity or distress modes
include voids, poorly consolidated
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concrete and material property
differences.

Measured parameters, such as concrete
cover depth, must be determined using a
calibration core or equivalent calibration
data. The core or calibration data allow
the propagation velocity and some
dielectric properties of bridge deck
materials to be determined for
electromagnetic waves. After reference
values have been determined at known
locations, material properties of
homogeneous areas around them can be
inferred. Once these material property
reference values are known, cover depth
and bridge deck thickness can be
calculated directly. In addition, migration
algorithms and other data reconstruction
techniques can be applied to raw data to
produce radar images, given that dielectric
material properties can be inferred from
core data or equivalent test information.
These radar images are often useful for
locating of reinforcing steel.

Discontinuity or distress modes such as
voids, poorly consolidated concrete and
material property differences are all
features that ground penetrating radar is
generally useful in detecting. Air voids
that can result from inadequacies in
physical mixing are detected using ground
penetrating radar because of the dielectric
property contrast between concrete and
the air in the void. In a similar way,
poorly consolidated concrete produces a
response where a portion of the concrete
volume within the bridge deck scatters
radar energy more than adjacent, properly
placed concrete. Finally, material property
differences in the concrete, caused by the
presence of chlorides, water, deteriorated
concrete or contaminants can affect both
velocity and dispersion properties of
concrete.

Two areas of ground penetrating radar
research for bridge deck applications are
imaging delaminations and penetrating
asphalt overlays, although many systems
already produce useful results through
asphalt overlays. Delamination imaging is
an important goal for bridge engineers
but the resolution of commercial ground
penetrating radar systems has made direct
imaging of these discontinuities difficult.9
Research indicates that high frequency
ground penetrating radar systems can
image a significant proportion of
delamination in laboratory and field
bridge decks.10 As this technology
develops, the capability of many ground
penetrating radar systems to penetrate
asphalt overlays may also improve,
making it more useful for locating bridge
deck problems without removing the
asphalt layer. The additional thickness of
the asphalt layer has contributed to
dispersion and attenuation of the ground
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penetrating radar response — something
that has needed to be compensated for.11

Ground Truth Data
The term ground truth testing generally
refers to examination of features on the
ground to confirm satellite telemetry. In
the present discussion, ground truth testing
refers to coring and acoustic tests for
comparison with ground penetrating
radar results. Ground truth data from
several different techniques can be used to
enhance the reliability of ground
penetrating radar data. Implementation of
these techniques through comprehensive
testing of a bridge deck or local testing in
areas of interest on a bridge deck can
provide useful confirmation for ground
penetrating radar data interpretation.12

Among ground truth techniques,
ASTM D 4580 describes chain dragging, a
qualitative acoustic method commonly
applied to bare concrete bridge decks.13

The technician drags a chain across the
surface of the bridge deck and listens for
hollow sounds. Other techniques that can
be used for confirmation include hammer
sounding, infrared imaging and coring.

The wide range of conditions in field
bridge decks in terms of materials,
property variations and design
configurations has a role in determining
the amount and type of additional testing
that should accompany ground
penetrating radar testing. Bridge decks
with wide reinforcing steel spacing that
exhibit material property homogeneity
and generous clearances at boundaries,
among other design features, are most
conducive to ground penetrating radar
testing and require minimal verification
testing through ground truth techniques.
However, bridge decks with material
property or designs that impede ground
penetrating radar testing require
additional verification testing.

Example Applications
Two applications of bridge deck ground
penetrating radar are presented to
illustrate routine measurements and
results obtained from emerging ground
penetrating radar technology. The first
example presents data collected from the
Van Buren Road Bridge deck, Dumfries,
Virginia. The second example presents
data collected from a bridge over Lake
Anna, near Fredericksburg, Virginia. Tests
on the Van Buren Road Bridge provide a
broad range of corroborating test data
that accompany the ground penetrating
radar data. The Lake Anna tests provide
data for a more basic comparison between



ground penetrating radar technology and
typical acoustic13 and coring tests.

Van Buren Road Bridge Deck
Figure 9 presents results obtained from a
ground penetrating radar scan along the
18 m (59 ft) center span of the Van Buren
Road Bridge deck. The path of the scan is
indicated by a sequence of numbers on a
plan view drawing of this deck (Fig. 9).
Subsurface delamination cracking was
identified in the bare concrete deck by
using an acoustic chain drag method13

before ground penetrating radar testing
and is indicated by rectilinear outlines in
the plan view diagram (Fig. 9a). In
addition, a corresponding color coded bar
identifies acoustically detected
delamination locations along the path of
the collected data (Fig. 9).

The ground penetrating radar scan
along the designated path in Fig. 9 was
conducted using a multichannel data
acquisition system in a hand held
configuration (Fig. 8). The results of the
Fig. 9 scan illustrate one of the many
ground penetrating radar responses to
reinforcing steel at an individual circled
location. The circled response is a
characteristic parabolic shaped feature,
typical of a point reflector in
two-dimensional ground penetrating
radar data. In this case, the reinforcing
steel appears to be a point reflector
because the steel orientation is orthogonal
to the path of the ground penetrating
radar. As the radar approaches this steel
feature along a linear path, the travel time
for the radar response to the steel changes
from a relatively long duration down to a
minimum travel time, when the antenna
is directly above the steel.

As the antenna continues along its
linear path beyond the steel feature, the
travel time of the radar pulse begins to
increase again. If the concrete’s radar
velocity and loss properties (numerically
defined by dielectric properties) are
known, then calculations can be
performed to focus these parabola shaped
features to point images. These images
therefore represent the originally detected
feature. There are several approaches to
accomplishing this imaging task,14,15

depending on assumptions about the
problem at hand. One of these
approaches, known as wave field
backpropagation, has been implemented in
Fig. 10 and is discussed below.

In addition to the commonly observed
response to reinforcing steel, the ground
penetrating radar scan presented in Fig. 9
illustrates an anomaly that has two
possible interpretations. The anomaly is
encircled by a horizontally oriented oval,
which identifies several low amplitude
reinforcing steel responses. This collection
of responses identifies an area where the
steel is either physically deeper below the
deck surface than adjacent steel or the
dielectric properties of the concrete are
exhibiting variations. This type of
anomaly may indicate deteriorating
concrete.

In this particular bridge deck, the
ground penetrating radar results and the
acoustic sounding results presented in the
plan view drawing (Fig. 9a) identify
different problem areas. Comparing the
locations of delaminations identified by
acoustic testing of the entire bridge deck
with anomalies in the ground penetrating
radar data shows that the two test
methods identify different phenomena. In
this particular test, thin concrete
delamination cracks were the feature of
interest for an engineering research
project. An analysis of the data that
included concrete coring indicates that
the acoustic testing was more effective
than ground penetrating radar for
identifying delamination in this bridge
deck.

Figure 10 illustrates a range of different
bridge deck tests conducted on the same
span of the Van Buren Road Bridge deck
presented in Fig. 9. Figures 10a to 10c
each present results from the same span,
overlaid on a separate diagram for clarity.
This testing is described in detail
elsewhere.12

In brief, these additional test data
indicate many of the advantages and
limitations of the ground penetrating
radar test. Figure 10a shows the test
results obtained by 21 different inspection
teams using the acoustic chain drag test.
In this figure, light gray areas indicate
delamination locations identified by fewer
inspection teams while dark areas indicate
locations where more inspection teams
identified delaminations. A reference
chain drag survey result, obtained using
unusual attention to detail, is indicated in
Fig. 10a to Fig. 10c by line enclosed areas.
Significant differences between inspection
team results are observed. In Fig. 10b,
results from the acoustic impact echo test
are presented. Here, delaminated areas are
indicated with closed circles while solid
concrete is indicated with open circles.
Agreement between the reference chain
drag survey and the impact echo testing is
evident.

Figure 10c presents test results from
two ground penetrating radar systems. A
Federal Highway Administration ground
penetrating radar system was used to
collect data in the plan view presentation.
Here, images from the reinforcing steel
level of the bridge deck indicate features
such as the reinforcing steel itself and
local variations in the response
magnitude. The ground penetrating radar
images were derived from raw data
433Infrastructure Applications of Electromagnetic Testing
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FIGURE 10. Data collected using ground penetrating radar: (a) plan view; (b) data location grid; (c) plan view showing scan
paths 1 and 2; (d) scan path images.
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FIGURE 11. Ground penetrating radar results from Lake Anna
Bridge deck: (a) plan view of part of bridge deck;
(b) backpropagation image from surface of bridge deck;
(c) backpropagation image from top steel layer;
(d) backpropagation image from bottom steel layer.

(a)

(b)

(c)

(d)
processed with wave field
backpropagation14 and were collected by
traversing the bridge deck twice with an
array of radar antennas at 8 km·h–1

(5 mi·h–1). This imaging indicates few
areas of agreement between acoustic chain
drag test results and ground penetrating
radar system test results for delamination
detection. Raw radar data from a ground
penetrating radar antenna along scan
path 1 in Fig. 10c are shown with raw
data collected along scan path 2. These
raw data illustrate typical radar responses
from both systems; corresponding color
bars indicate delamination detection
results for both tests. Figure 10c radar
results are consistent with the Fig. 9
results.

Lake Anna Bridge Deck
Figure 11 presents results from a Federal
Highway Administration ground
penetrating radar system.10 These results
were obtained from the Lake Anna Bridge
deck. A diagram in Fig. 11a illustrates a
portion of the bridge deck in plan view
on a 0.6 × 0.6 m (24 × 24 in.) grid. An
area is highlighted to indicate the
delaminated areas detected using an
acoustic chain drag technique and cored
locations are indicated with black circular
symbols. Figures 11b to 11d illustrate
images derived from system data by using
wave field backpropagation. These results
are all presented to scale in a plan view
(Fig. 11a). Figure 11b illustrates data from
the deck surface, Fig. 11b shows data from
the top reinforcing steel layer and Fig. 11c
shows data from the bottom reinforcing
steel layer. These images indicate strong
radar reflections in light colors up to
white and lower magnitude responses in
dark colors down to black.

An area of interest in Fig. 11b is the
bright response, to the right and below
the middle of the image. This location
corresponds to surface patch material that
was used to repair the bridge deck.
Figure 11c illustrates a response to a
delaminated area indicated by an
undulating boundary traversing the width
of the image. On one side of the
boundary, reinforcing steel is imaged
clearly and sound concrete areas produce
low magnitude radar reflections. On the
other side of the boundary, reinforcing
steel imaging is degraded and delaminated
areas produce a significant radar reflection
between reinforcing steel locations. The
boundary between these areas has a
geometry similar to that of the boundary
identified in the chain drag testing but is
shifted. Core testing indicates that shift
can be accounted for by inaccuracies in
data registration along the curved bridge
section from which the data were
acquired. Figure 11d illustrates the
response at the bottom mat of the
reinforcing steel, where the reflection
from the delamination in the top mat of
reinforcing steel has occluded features
that would have otherwise been imaged
in the bottom reinforcing steel mat.

Based on the ground penetrating radar
data presented in Figs. 9 to 11, additional
information can be derived, such as
concrete cover depth and bridge deck
thickness. These engineering
measurements are subject to measurement
errors caused by heterogeneities in
concrete properties but their information
is still useful, particularly when the
measurements are made over an entire
bridge deck. Delaminations, voids and
other discontinuities and distress in
bridge decks can be detected by ground
penetrating radar when the resolution
limits of a system are high enough. The
results indicate that test methods that
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complement ground penetrating radar can
be used to confirm the types of features a
specific ground penetrating radar system
can detect in a particular bridge deck.

Recommended Practices
Ground penetrating radar references that
provide useful guidance to bridge
engineers and ground penetrating radar
practitioners include the following:
AASHTO TP36, Standard Test Method for
Evaluating Asphalt Covered Concrete Bridge
Decks Using Pulsed Radar;16 NCHRP
Synthesis 255, Ground Penetrating Radar for
Evaluating Subsurface Conditions for
Transportation Facilities;17 ASTM
D 4748-87, Test Method for Determining the
Thickness of Bound Pavement Layers Using
Short-Pulse Radar;18 and ASTM D 6432-99,
Standard Guide for Using the Surface Ground
Penetrating Radar Method for Subsurface
Investigation.19

Conclusions
Modern ground penetrating radar
technology provides a tool to evaluate
distress and to measure subsurface
engineering parameters of bridge decks.
Example results have been presented for
ground penetrating radar applications to
specific bridge decks. These test results
illustrate an approach to extracting
engineering information from ground
penetrating radar data. Bridge engineers
and managers can subsequently use these
data to make informed decisions.
Although this technology has matured
significantly, engineering judgment is
required to select appropriate equipment,
calibration techniques and corroborating
test methods. Bridge decks are a
demanding application of ground
penetrating radar. The rigor of the
application requires refined ground
penetrating radar technology.
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PART 3. Magnetic Flux Leakage Testing of Wire
Rope

FIGURE 12. Electromagnetic testing of
mooring rope.
Background
Because the reliability of wire ropes is
crucial for the safety of many mining, oil
industry, crane and ski lift operations,
concern with their integrity is a constant
preoccupation of users and safety
authorities. In spite of these concerns, a
frequent reluctance to apply appropriate
wire rope test techniques and retirement
criteria compromise safety in many cases
although dependable test techniques and
instrumentation are available. Effective
procedures, combined with a good
understanding of degradation
mechanisms and discard criteria, can
notably increase wire rope safety.

For example, advanced electromagnetic
wire rope test equipment of the magnetic
flux leakage type has been developed
since the 1960s. These instruments
provide an important and in many cases
indispensable element of wire rope
testing.

Standard for Electromagnetic
Tests of Wire Rope
ASTM E 1571, Standard Practice for
Electromagnetic Examination of
Ferromagnetic Steel Wire Rope,20 describes
several electromagnetic techniques to
detect discontinuities and changes in
metallic cross sectional area in
ferromagnetic wire rope products.
ASTM E 1571 is for rope diameters up to
64 mm (2.5 in.); larger diameters may be
included, subject to agreement by the
users of this practice. The standard
practice also covers reference standards for
wire rope testing.

Of the techniques described in
ASTM E 1571, one type of magnetic flux
leakage testing has been applied widely
for wire rope testing and is the subject of
the present discussion.

Approaches
Two different and distinct magnetic
techniques have evolved for the detection
and measurement of rope discontinuities.
1. Testing for loss of metallic cross
sectional area quantitatively measures
external or internal loss of metal
because of corrosion (due to
environmental conditions or poor
lubrication) and wear (caused by
rubbing along floors, by nicking, by
high pressures and by poor
lubrication).

2. Localized discontinuity testing
qualitatively detects a wide variety of
external and internal discontinuities
such as broken wires and corrosion
pitting. Broken wires are usually
caused by fatigue, interstrand nicking
and martensitic embrittlement.

Modern dual-function electromagnetic
rope testers (Fig. 12) allow simultaneous
tests for loss of metallic cross sectional
area and localized discontinuities.

Underlying Principles
For dual-function instruments, strong
permanent magnets induce a magnetic
flux at the saturation level in the rope in
the axial (longitudinal) direction. Various
types of sensors close to the rope — such
as coils, hall sensors or flux gate sensors
— sense and measure the magnetic flux.

Any discontinuity — such as a broken
wire or corrosion pitting — distorts the
magnetic flux in the rope and causes it to
leak from the rope. For localized
discontinuity tests, the radial component
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FIGURE 13. Cross sectional area measurement techniques:
(a) main flux technique; (b) modified main flux technique;
(c) return flux technique with hall sensors; (d) return flux
technique with flux gate sensors.
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of the leakage flux is measured by sensors
called radial sensors. Note that these
sensors are also called differential sensors
because they sense only changes of the
magnetic flux in the rope and not the flux
itself. Therefore, discontinuity detection
depends on a rapid change of the
magnetic flux, typically caused by broken
wires and corrosion pitting. Differential
sensors cannot detect more gradual
changes of the rope flux, changes
typically caused by wear and corrosion.

The axial component of the leakage
flux can be measured by axial sensors.
This axial leakage flux signal is frequently
offered as a substitute for the loss of
metallic cross sectional area signal.
However, while the axial signal can be
useful for qualitative discontinuity
characterization, it is very complex and
cannot be used directly to determine the
loss of metallic cross sectional area of a
rope. Therefore, instruments that use this
approach are not of the dual-function
type as defined above. Techniques for the
quantitative measurement of the loss of
metallic cross sectional area of a rope are
discussed below.

When a rope is magnetically saturated,
the axial magnetic flux in the rope is
proportional to its cross sectional area.
Therefore, any loss of metallic cross
sectional area can be determined by
measuring this magnetic flux. Two types
of sensors can be used to measure
magnetic flux: hall sensors (or flux gate
sensors) and coils in combination with
electronic integrator circuits.

To measure flux density, hall sensors
(and flux gate sensors) must be physically
inserted directly into the magnetic flux
path. Thus, the flux to be measured must
intersect the sensors. This is not possible
when measuring the magnetic flux inside
the rope. Therefore, instruments that use
hall sensors or flux gate sensors must
always resort to an indirect technique for
determining the axial rope flux. They
measure some flux density outside the
rope and determine or estimate the
longitudinal rope flux from the external
flux measurement.

Alternatively coils with integrators can
be used. Because coils must encircle the
magnetic flux to be measured, they can
directly measure the magnetic flux inside
the rope.

In general, two techniques are used for
the determination of loss of metallic cross
sectional area: the main flux technique
and the return flux technique (Fig. 13).

Main Flux Technique
The main flux technique uses an annular
coil together with an electronic integrator
circuit to determine the local magnetic
flux inside the rope (Fig. 13a). Note that
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the coil must encircle the rope. Originally
patented in the United Kingdom in the
1960s, this approach has been discussed
in the literature.21-23 Because it measures
the magnetic flux inside the rope locally,
the annular coil approach offers
uncommon resolving power, signal
fidelity and therefore test accuracy. The
performance of this arrangement is
unsurpassed and sets a standard by which
all other techniques are measured.

Unfortunately, it is topologically
impossible to implement a hinged
annular coil with a large number of turns
that can be opened and conveniently
attached to the rope. Consequently, the
practical implementation of this
technique for inservice wire rope tests is
seriously hampered by an inherent and
insurmountable problem: an annular coil
encircling the rope must be wound onto
the rope in the field for each test. This
cumbersome procedure allows only very
few turns (say, 100) and hence only very
small induced coil voltages. The coil
voltages are of the same order of
magnitude as the always present inherent
offset voltages at the input of operational
amplifiers used for the design of
electronic integrator circuits. These
inherent offset voltages make the long
term, low drift integration of the coil
voltages impossible. Hence, the annular
coil approach is not feasible for inservice
tests where loss of metallic cross sectional
area measurements over longer time
periods — say, over more than a few
minutes — are required.
FIGURE 14. Test results from main flux technique
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To illustrate the annular coil approach,
Fig. 14 shows the loss of metallic cross
sectional area and localized discontinuity
traces of a laboratory test rope. The loss of
metallic cross sectional area and localized
discontinuity signals were acquired with
an annular coil. Short pieces of wire,
attached to the rope, simulate anomalies.
The attached wires have different lengths
as indicated. They typically represent a
one percent increase of metallic cross
sectional area. (The loss of metallic cross
sectional area caused by the internal wire
is unknown.) The two ends of the rope
are welded together to form an infinite
loop. The weld is also indicated in the
chart.

Figure 14 shows the excellent results
that could be obtained with annular coils.
The increases of metallic cross sectional
area caused by the attached wires are
clearly indicated with their full magnitude
for wires longer than about 50 mm (2 in.).
The cross section changes caused by
shorter wires are also indicated, albeit not
to their full extent.

Modified Main Flux Technique
The modified main flux technique
(Fig. 13b) tries to retain the superior
performance of the main flux technique
while allowing the use of hinged sensor
heads shaped like a clamshell.22,23 This
design makes it easy to attach the sensor
head to the rope, even under adverse field
conditions.

The test signals of this modified main
flux technique are a combination of two
439Infrastructure Applications of Electromagnetic Testing
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FIGURE 15. Functional block diagram of signal generation
process.
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signal components: the main flux signal
(Fig. 14) and a signal component caused
by the outside stray flux, that part of the
magnetic flux that flows along some
external stray flux path outside the sensor
head (Fig. 13).

Unfortunately, this outside signal
component is significant. It compromises
the quality of the test results and must be
considered parasitic. Although this
parasitic effect can be minimized, a true
signal of the main flux type cannot be
restored. Nevertheless, the modified main
flux technique retains many features of
the annular coil approach.

Return Flux Technique
The return flux technique uses hall
sensors24 (or more complex, flux gate
sensors25) to measure the magnetic flux in
the magnetic return path of the
instrument.26 Illustrated by Figs. 13c and
13d, the return flux is equal to the
average value of the axial rope flux inside
the sensor head plus the outside stray
flux. Therefore, the return flux provides
an estimate of the average cross sectional
area of that section of the rope inside the
sensor head. Flux sensors can either be
inserted into the air gap between the
permanent magnet poles and the rope or
into the yoke of the magnetizer assembly.
In contrast to the main flux approach, the
return flux technique allows the sensor
heads to be hinged like a clamshell. This
shape makes it easy to attach the sensor
head to the rope even in adverse field
conditions.

Signal Generation and
Evaluation27

For the interpretation of test results and
for a correlation of test data with the
actual rope condition, the rope inspector
must understand the capabilities and
limitations of the electromagnetic rope
testing equipment. A proper appreciation
of the signal generation process, together
with an understanding of rope
degradation mechanisms and discard
criteria, is essential for making rational
rope retirement decisions. 

The functional block diagram of Fig. 15
illustrates the signal generation process.
This figure shows the rope’s cross
sectional area — including variations
caused by broken wires, corrosion,
abrasion and other effects — as the input
to an electromagnetic wire rope test
system. From this input, the sensor head
produces one or several electrical signals.
These signals are electronically processed
to produce the localized discontinuity and
cross sectional signals, which are then
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recorded by a chart recorder or stored by a
data acquisition system.

For the following discussion, step
changes of metallic cross sectional area —
caused by missing or added wires, for
example — have particular significance.
Because of its simple geometry, a step
change can be called a fundamental
discontinuity. Accordingly, the
corresponding loss of metallic cross
sectional area and localized discontinuity
signals, caused by a fundamental
discontinuity, can be called a fundamental
loss of metallic cross sectional area or
localized discontinuity signals, respectively.
The fundamental signals can also be
called an instrument’s step response.

Any discontinuity can be represented
as the sum of appropriately scaled and
spaced fundamental discontinuities.
Moreover, the process of signal generation
is linear or almost linear. Hence linear
superposition applies: if a discontinuity
can be represented as the sum of several
fundamental discontinuities, then the
corresponding discontinuity signals are
the sum of the corresponding
fundamental loss of metallic cross
sectional area and localized discontinuity
signals. The concepts of fundamental
discontinuities and signals, step response
and linear superposition are discussed in
the literature.28 Determining and
evaluating its step response is an excellent
technique for characterizing the
performance of an electromagnetic wire
rope tester.

Filtering
The concept of filtering can be
understood very loosely. For example, the
sensor head of an electromagnetic rope
tester, together with the signal electronics,
may be viewed as a linear or nonlinear
data filter. Figure 16 depicts the rope cross
section as the input signal and the
idealized corresponding loss of metallic
cross sectional area and localized
discontinuity output signals. Note that,
for many rope testers, the localized
discontinuity signal approximates the first



derivative of the rope cross section signal.
For other instruments, the localized
discontinuity signal is the second
derivative of the rope cross section,
shown as the alternative localized
discontinuity signal in Fig. 16. Note that
the signals generated with the main flux
technique in Fig. 14 closely resemble the
idealized results of Fig. 16.

Recognizing differentiation as the
quintessential high pass filter operation,
the localized discontinuity signal can be
considered as the rope cross section input
signal that has been high pass filtered.
High pass filtering accentuates fast
changes of signals and typically broken
wires and corrosion pitting cause rapid
variations of the rope cross section.
Therefore, the high pass filtering feature
makes the localized discontinuity signal
useful for the detection of broken wires
and corrosion pitting.

Any test equipment should present
data in a form that facilitates
interpretation by the human operator.
Figure 16 shows that a perfect loss of cross
sectional area signal could serve as an
accurate and conceptually simple map of
a rope’s loss of metallic cross section — a
map easy to interpret by the inspector.

Unfortunately, actual loss of metallic
cross sectional area signals are far from
this ideal. Although most rope testers can
produce localized discontinuity signals
with wave shapes very similar to those of
Fig. 16, producing a loss of metallic cross
sectional area signal that comes close to
the idealized signal in Fig. 16 poses
considerable problems.

To illustrate, some electromagnetic
rope testers produce cross sectional step
responses with considerable overshoot in
both directions. The overshoot makes loss
of metallic cross sectional area
measurements complex, ambiguous and
operator dependent. Chart interpretation
for these instruments becomes especially
FIGURE 16. Input and output signals of idealized rope test
instrument.
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problematic under actual field conditions.
Because this type of performance is not
amenable to analysis, it will not be
discussed further.

Resolution and Averaging Length
Resolution refers to the fineness of detail
that can be distinguished in an image. For
electromagnetic wire rope tests, resolution
is always the foremost performance
measure. In nondestructive testing, the
terms resolution and test accuracy are often
used synonymously.

In the discipline of electromagnetic
wire rope testing, quantitative resolution22

or averaging length (sometimes also called
scanning length) is defined as the
minimum length of a uniform anomaly
for which the sensor provides an accurate
measurement of a rope’s loss of metallic
cross sectional area.

To visualize the concept of averaging
length, assume that, instead of measuring
metallic cross sectional area directly, the
rope tester continuously measures the
metallic volume of consecutive rope
sections with lengths that are equal to its
averaging length. Figure 17 illustrates this
concept.

Figure 17a shows a hypothetical rope
with a uniform 10 percent loss of metallic
cross sectional area extending over a
length of 300 mm (12 in.). An instrument
with a 50 mm (2 in.) averaging length will
correctly measure this loss of metallic
cross sectional area. As illustrated by
Fig. 17b, a rope tester with an averaging
length of 300 mm (12 in.) will also give a
true indication of this anomaly.

Now consider a hypothetical rope with
a 10 percent uniform loss of metallic cross
sectional area extending over a length of
50 mm (2 in.). Figure 17c shows that an
instrument with an averaging length of
50 mm (2 in.) can measure the loss of
metallic cross sectional area caused by this
anomaly. However, as can be seen from
Fig. 17d, an instrument with an averaging
length of 300 mm (12 in.) would indicate
the same anomaly as a 1.7 percent loss of
metallic cross sectional area extending
over a length of 300 mm (12 in.) — a very
inaccurate indication of the true rope
condition. These examples show the
importance of a short averaging length.

Note that signal averaging is a
quintessential type of low pass filtering
and that signals lose a significant amount
of information (details) by low pass
filtering. Figure 18 illustrates this
situation. It shows how the quality of loss
of metallic cross sectional area signals
deteriorates as the loss of metallic cross
sectional area averaging length increases.

An analogy can illustrate the problems
associated with long loss of metallic cross
sectional area averaging lengths: a chain is
441Infrastructure Applications of Electromagnetic Testing



only as strong as its weakest link.
Obviously, the strength of a chain is not
determined by the average strength of
some of its links. Similarly, the strength of

FIGURE 17. Length of 10 percent loss of
442 Electromagnetic Testing

 
 

metallic cross sectional area versus averaging
length of test system: (a) long loss, short
averaging; (b) long loss, long averaging;
(c) short loss, short averaging; (d) short loss,
long averaging.

(a)

L = 300 mm (12 in.)

A = 50 mm (2 in.)

(b)

 
 

 

L = 300 mm (12 in.)

A = 300 mm (12 in.)

(c)

Legend
A = averaging length
L = length of loss of metallic cross sectional area

 

L = 50 mm (2 in.)

A = 50 mm (2 in.)

(d)

L = 50 mm (2 in.)

A = 300 mm (12 in.)
a rope, which has lost metallic cross
section by corrosion or wear, is
determined by the minimum local
metallic cross sectional area along the
rope’s length and not by some average
value of the rope’s cross sectional area.

Experience has shown that serious rope
deterioration can occur over very short
distances along the length of a rope.
Hence, to determine and evaluate a rope’s
actual metal loss with acceptable accuracy,
a short averaging length — of no more
than a few centimeters (an inch or two) —
is important.

Because all wire rope testers have a
quantitative resolution or averaging
length that is greater than zero, an
accurate measurement of loss of metallic
cross sectional area always requires
minimum lengths of anomalies. As the
above discussion shows and as illustrated
by Fig. 18, the concept of quantitative
resolution or averaging length is
important for specifying and comparing
the performance of rope testers.

Wire Rope Testing and
Retirement
Two different philosophies have been
used to retire wire rope.

1. A statutory life policy mandates rope
retirement at certain prescribed
intervals. (The statutory life policy
specifies a maximum time a rope can
be in service).

2. Retirement for cause is based on
retirement conditions evaluated
periodically by nondestructive testing.
(The approach requires that the rope
must be retired when the deterioration
exceeds a certain limit.)

Because a statutory life policy is
inherently wasteful, regulators have
FIGURE 18. Loss of metallic cross sectional area signals as
function of averaging length.
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tended to adopt the retirement for cause
approach wherever appropriate.

Wire rope deteriorates gradually
throughout its service life. To keep abreast
of deterioration, wire rope must be
periodically tested. Because moderate
deterioration is normally present, the
mere detection of rope deterioration does
not usually justify rope retirement.

There are two major nondestructive
test methods for evaluation of rope
degradation: visual testing and
electromagnetic testing.

Visual Testing
The rag-and-visual technique is a simple
yet useful way to detect a wide variety of
external rope deteriorations. Using this
approach, the inspector lightly grasps the
rope — which moves at test speed — with
a rag or cotton waste. External broken
wires often become frayed and, as the
rope moves, the broken wires snag the rag
or cotton waste. The rope is then stopped
at that point and the inspector assesses
the rope condition by a visual test.

If broken wires do not fray, then a
different test procedure must be used. The
rope is moved 0.5 to 1 m (2 or 3 ft) at a
time and visually tested at each stop. This
procedure is tedious and, because the rope
is often covered with grease, many
external and internal discontinuities elude
detection.

Another visual testing tool is
measurement of the rope diameter. Rope
diameter measurements compare the
original diameter — when new and
subjected to a known load — with the
current reading under like circumstances.
A change in rope diameter indicates
external and internal rope damage.
Inevitably, many sorts of damage do not
cause a change of rope diameter.

Several visible signs can indicate
distributed and cross sectional area losses
due to corrosion, abrasion and wear. For
example, corrosion products, flattening of
outer wires and loss or, sometimes,
increase of rope diameter frequently
reveal external and internal corrosion.
However, the extent of corrosion is often
difficult to gage and its significance is
even more difficult to assess.

Visual testing is inherently not well
suited for the detection of internal rope
deterioration. Therefore, it has limited
value as a sole means of wire rope testing.
However, visual testing is simple and does
not require special instrumentation.
When combined with the knowledge of
an experienced rope examiner, visual
testing can provide a valuable tool for
evaluating many forms of rope
degradation.
Electromagnetic Tests
Electromagnetic wire rope testing gives
detailed insight into the condition of a
rope. Its reliability has made
electromagnetic techniques widely
accepted for the testing of wire ropes in
mining, for ski lifts and many other
applications.

As discussed, two distinct
electromagnetic test techniques have
evolved to detect and classify
discontinuities as either loss of metallic
cross sectional area or localized
discontinuity.

1. The localized discontinuity test, like
the rag-and-visual method, is suited
only for the detection of localized
discontinuities, especially broken
wires. Therefore, small hand held
localized discontinuity instruments
have been called electronic rags.

2. The loss of metallic cross sectional
area test detects and measures changes
of metallic cross section caused by
wear and corrosion. More reliable than
visual diameter checks, loss of metallic
cross sectional area testing can replace
diameter measurements made with a
caliper. Therefore, loss of metallic cross
sectional area instruments could be
called electronic calipers.

Electromagnetic and visual wire rope
tests complement each other. Both are
essential for safe rope operation and both
methods should therefore be used for
maximum safety. The thrust of evolving
regulations is clearly toward combined
periodic electromagnetic and visual
testing.

A thorough test must consider all
aspects of a rope’s condition, including
(1) the findings of a visual test, (2) the
results of an electromagnetic rope test,
(3) the rope’s operating conditions and
related damage mechanisms and (4) the
history of the rope under test and that of
its predecessors.

Dependable test procedures, using
combined visual and electromagnetic
testing, can detect rope deterioration at its
earliest stages. Wire rope users can use
these techniques as an effective tool for
preventive maintenance. There are several
ways that these nondestructive tests can
be used to prevent deterioration of wire
ropes.

1. The early detection of corrosion allows
immediate corrective action through
improved lubrication.

2. Accelerating wear and interstrand
nicking can indicate a need to reline
sheaves to stop further degradation.
443Infrastructure Applications of Electromagnetic Testing



FIGURE 19. Sections of hoist ropes susceptible
to broken wires (A and B) and corrosion
(C, D and E).
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3. Careful testing can monitor the
development of local damage at the
crossover points of the rope on a
winch drum. This way, the operator
can determine the optimum time for
repositioning the rope on the drum.

A program of periodic testing is
especially effective. To establish baseline
data for subsequent testing, such a
program should commence with an initial
test of the installed rope after a break-in
period. Subsequent testing should then be
performed at scheduled intervals. In
particular, periodic electromagnetic
testing allows the documentation of a
rope’s deterioration over its entire service
life.

Figure 19 shows the schematic of a
mine hoist including sections of mine
hoist and balance ropes that are
particularly susceptible to rope
deterioration.29,30

Types of Rope Damage

Broken Wires
In running ropes, broken wires develop
primarily in sections that move over
sheaves, pulleys and winch drums.
Typically, they are caused by bending over
— sheave fatigue cycling. (See rope
sections A, B and C in Fig. 19.)

Usually, breaks develop in segments of
the rope surface that come into direct
contact with the sheave. Here, various
contact phenomena compound the
fluctuating bending stresses. Breaks in
these areas are external and usually
visible. However, internal breaks can also
develop, depending on the loading and
especially on the rope construction. Once
broken wires appear, a good many more
are likely to develop soon.

Corrosion (Rust)
Corrosion is a serious hazard to a wire
rope. Corrosion pitting causes stress
concentrations. Furthermore, corrosion
pitting inhibits the free movement of
wires and strands, producing additional
stresses in wires. The increased wire
stresses combined with the above
mentioned stress concentrations can
drastically accelerate the development of
fatigue breaks. Wires can also corrode
uniformly over their entire surface, which
may reduce their cross sectional area and
cause loose wires.

Rust can cause shallow pitting on the
working surfaces of a rope where the
steady rubbing action of the sheave
prevents deep cavities. This mechanism
accelerates wear. Furthermore, deep
corrosion pitting on the surfaces of
444 Electromagnetic Testing
internal wires can severely shorten service
life.

The severity of corrosion often varies
along the length of a rope. Frequently,
corrosion is localized yet dangerous.

A corrosive environment often exists in
certain zones along the length of a mine
shaft. Corrosion often occurs in rope
sections that stay in these corrosive zones
over extended periods.

Corrosive areas are usually located
where large and abrupt changes of
temperature or humidity occur. Examples
are below points where water or moist air
can enter the shaft, humid shaft pits, fog
areas in ventilation shafts and locations
with increased air velocities (Fig. 19).

The extent of corrosion is often
difficult to gage and — as shown by



experience — usually underestimated.
Rust and dirt frequently clog up the rope
surface and hide loose wires.

Wear
Wear results in loss of cross sectional area
of the wires. The problems related to
external and internal wear require special
attention. External wear usually occurs on
the working surface of a rope. Severe
external wear can indicate that internal
wires are similarly worn. Sometimes,
severe wear can cause outer wires, or
clusters of outside wires, to break
abruptly. Rubbing between wires of a
strand can cause internal wear.

Deformation and Mechanical
Damage
Corkscrew type deformations can be
caused by sheave grooves that are too
tight, through manufacturing errors or as
a result of severe wear. Corkscrew
deformations can cause rope damage by
increased exposure to wear. Furthermore,
they increase the pressure between
adjacent strands, which will eventually
cause broken wires.

Kinks are permanent distortions caused
by loops drawn too tightly. Loops, often
precursors of kinks, are formed when a
section of a rope under high torsion is
allowed to become slack. Usually, ropes
with kinks must be removed from service.

A common deterioration mode is
peening, also called plastic wear, produced
by localized impact or very high bearing
pressure. Peening can occur by the slap of
the rope at crossover points as the rope
slips from layer to layer while winding on
multilayer drums at high speeds. Peening
sometimes gives the appearance of heavy
wear although there is little loss of cross
section. Peening can cause a fin on the
edge of a worn wire that provides a ready
site for the initiation of fatigue cracks.

Mechanical damage can have many
causes such as a solid object hitting the
rope, improper handling during rope
installation, overloading or shock loading.
Usually, mechanical damage is clearly
visible and easy to detect. However, some
mechanisms of mechanical damage, such
as wire plucking, can be more difficult to
locate. Mechanically equivalent to guitar
string plucking, wire plucking is caused by
lateral scraping of the rope at crossing
points on a winch drum. It can lead to
localized damage in the form of one or
several broken wires at set intervals along
the rope.

Martensitic Embrittlement
Martensite is a brittle phase of steel
formed when the steel is heated above a
critical temperature and then rapidly
quenched. It occurs in wire rope as a
result of frictional surface heating and the
mass cooling effect of the cold metal
beneath. Martensitic embrittlement can
develop at rope crossover points while
winding on multilayer drums. Here the
rope can be heated by contact with the
adjacent turn and then rapidly quenched
by the surrounding metal. Martensite
cracks easily and such cracks can
propagate from the surface through the
entire wire.

Combined Deterioration Modes
In practice, combined deterioration modes
predominate. These include corrosion
fatigue and corrosion assisted wear.
Typically, one type of rope degradation
can initiate and contribute to interactive
deterioration mechanisms.

Corrosion assisted wear is probably the
most common deterioration mode in
stranded mine hoist ropes. Although
broken wires do occur, most mine hoist
ropes are retired because of unacceptable
loss of metallic cross sectional area rather
than broken wires.

Often, metal loss is caused by internal
corrosion and abrasion that are invisible
from the surface. As the various
deterioration mechanisms progress, they
will eventually cause broken wires or
clusters of broken wires.

Electromagnetic tests of mine hoist
rope show typical wear and fatigue chart
patterns caused by bending over a sheave
combined with acceleration and
deceleration of the conveyance (Fig. 19).
Typically, rope sections directly above the
conveyance or counterweight show no
deterioration because they never move
over sheaves. In contrast, broken wires
usually develop in rope sections that
move over sheaves during acceleration or
deceleration of the conveyance.

This typical pattern of rope damage
can be explained as follows. When the
conveyance starts at the bottom of the
shaft, the rope conveyance arrangement
develops rather slow longitudinal, lateral
and torsional oscillations. When the
conveyance reaches the top of the shaft,
the initially low frequency oscillations
become high frequency vibrations. The
stopping and acceleration action of the
conveyance at the shaft collar causes
additional vibrations.

The tangent point of the rope and the
sheave constitutes a node for all rope
oscillations. These oscillations induce
considerable tension, bending and
torsional stresses at the tangent point. The
oscillatory energy in the rope is dissipated
and absorbed at this node. This action
induces fatigue and abrasion at the
tangent point.
445Infrastructure Applications of Electromagnetic Testing



Furthermore, as shown in Fig. 19,
condensation water can form at the shaft
collar. This, together with the fatigue
damage, can cause fatigue corrosion and
corrosion pitting in this section of the
rope.

The localized discontinuity trace
confirms the indications of the loss of
metallic cross sectional area trace. In
particular, the localized discontinuity
trace indicates considerable corrosion
pitting.

A common retirement criterion is that
a rope must be retired when its loss of
metallic cross sectional area exceeds
10 percent. For this reason, the condition
of many mine hoist ropes is still
considered acceptable although their
charts indicate considerable degradation.

The above discussion shows that the
best and worst sections of a rope are
usually next to each other (Fig. 19). This
proximity allows an easy comparison of
the most degraded rope section with the
rope essentially in its new condition.
Fortunately, this proximity occurs in
many cases and greatly facilitates rope
evaluation.

Case Histories

Winch Ropes31

A locked coil rope was mounted on a
mobile winch for about ten years after
three months of earlier use on a friction
winder installation (Fig. 20). The rope
446 Electromagnetic Testing

FIGURE 20. Chart of locked coil rope.
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showed clear evidence of external
corrosion, variable along the test length.
Using retirement criteria appropriate for
visual testing, this rope would have been
rejected for further use. Because of its
service history, the rope was not believed
to contain any internal local
discontinuities.

After dismantling, the rope showed
severe corrosion on the outer layer and
also significant corrosion on the second
layer. The rope showed less corrosion in
the third layer and appeared undamaged
from the fourth layer inward because
lubricants were still present. No local
discontinuities were found.

Figure 20 shows an electromagnetic
chart of this rope. The maximum
measured loss of metallic cross sectional
area is 5.1 percent compared to the best
section on the rope covered by the chart.
Note that the most convenient calibration
technique for electromagnetic testing is to
attach a calibration wire with known cross
sectional area to the rope. In Fig. 20, a
wire bundle that represents about a one
percent increase in rope cross section is
fastened to the rope and used for
calibration.

Figure 20 shows variable corrosion,
corrosion pitting and possibly broken
wires. As discussed previously, the slap of
the rope at the crossover points can cause
peening, martensitic embrittlement and
wire plucking with the associated rope
damage as the rope crosses over from
layer to layer on a drum. The
deterioration pattern indicated to the left
of the chart is typical for ropes that wind
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on a drum with the worst deterioration
occurring at the crossover points as the
rope slips from layer to layer while
winding on a multilayer drum.

Multistrand Ropes32,33

Many ropes are of the torque balanced
multistrand type comprising two or more
layers of strands. Figure 21a shows a
cutaway section of such a rope. Torque
balance is achieved in multistrand ropes
by laying outer and inner strands in
opposite directions.

This type of rope construction limits
axial rotation of the freely suspended rope
under load. However, although
multistrand ropes offer flexibility and a
wear resistant surface profile, they have a
tendency to deteriorate internally.

When multistrand ropes bend over
sheaves or on a drum, they are subject to
the combined effect of radial loading,
relative motion between wires and
bending stresses. This causes fretting wear
or fatigue and interwire nicking across the
interface between layers.
FIGURE 21. Multistrand rope:
(a) construction; (b) cross section.

(a)

(b)
Typical positions
of broken wires
Therefore, multistrand ropes tend to
develop internal broken wires. This
breakup occurs primarily on the interface
between the outer and second layer of
strands, usually with no externally visible
signs (see Fig. 21b). The wires in the
second layer of strands typically show
interstrand nicking and breaks caused by
a combination of fluctuating axial wire
stresses, motions between wires and
fluctuating radial loads. The broken wires
usually show squared off and Z shaped
ends typical for fatigue breaks.

Many multistrand ropes are subject to
corrosive environmental conditions. For
example, offshore ropes are either
immersed in the sea or continually wetted
by salt water spray. In addition, heavy use
in a marine environment can displace and
degrade the rope lubricant. The combined
effects of fatigue, corrosion and lubricant
degradation can cause rapid internal
deterioration where there is no effective
form of protection.

Balance Ropes34

Figure 22 shows an electromagnetic test
chart recording of a mine balance rope
(see Fig. 19). Note that frequently torque
balanced ropes of the multistrand type are
used as balance ropes because regular
stranded ropes develop internal torques
during operation. Because balance ropes
are under very little tension, these torques
can cause loops, which are often
precursors of kinks. Ropes with kinks
must be removed from service. The use of
multistrand ropes avoids this problem.

Figure 22b shows the typical corrosion
chart pattern caused by the accumulation
of water and debris inside the loop (see
Fig. 19) of a multistrand balance rope.
Water and debris tend to accumulate
especially inside this loop while the
conveyance is parked at the shaft collar
for long periods. A cross sectional diagram
of this rope is shown in Fig. 22b. Note
that, as discussed above, the chart shows
the best rope section — essentially with
no rope deterioration — right next to the
worst section. This feature greatly
facilitates rope evaluation.

The chart shows a loss of metallic cross
sectional area of 19 percent, which clearly
calls for rope retirement. A subsequent
destructive break test showed a loss of
breaking strength of 48.3 percent for the
worst rope section. On the other hand,
the cross sectional area of the second layer
of strands is about 47 percent of the total
rope cross section. This suggests that the
second layer of strands has completely
lost all load bearing capability.
447Infrastructure Applications of Electromagnetic Testing



Experimental Multistrand Ropes34

This case study illustrates electromagnetic
wire rope testing for the detection and
quantitative characterization of internal
broken wires and clusters of broken wires.
The present experiment deals with the
testing of a torque balanced multistrand
rope with no corrosion and many broken
wires. This rope had been used as a mine
hoist rope on a trial basis and was known
to contain numerous internal broken
wires along its entire length.

The task at hand was to determine the
number of broken wires in 100 mm (4 in.)
segments along the length the rope. The
difficulty of this quantitative
discontinuity characterization problem
was compounded by the fact that an
undamaged rope section — usually the
segment directly above the conveyance —
was not available for comparison.
Furthermore, at the time, the correlation
of the typical deterioration modes of this
and similar ropes with their
electromagnetic test results was generally
not well understood.
448 Electromagnetic Testing
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FIGURE 22. Electromagnetic test of mine hoist b
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A cross sectional diagram of this
multistrand rope is shown in Fig. 21b. As
indicated in the figure, it is known that
broken wires in multistrand ropes usually
develop at the interface between the first
layer and the second layer of strands. In
addition, from this and similar ropes’
service histories, it can be assumed that
the rope under test has developed
significant interstrand nicking together
with numerous fatigue breaks of wires in
the second layer of strands.

The detailed detection and quantitative
characterization of internal broken wires
in ropes with many breaks and clusters of
breaks pose problems, as in this case.
Difficulties are caused by the fact that, for
electromagnetic wire rope testing, the
indication of a broken wire is influenced
by a number of parameters like broken
wire cross sectional area and broken wire
gap width. Difficulties are caused by the
position of the broken wire within the
cross section of the rope. For clusters of
broken wires, an additional problem is
caused by the fact that the relative
position of broken wires with respect to
alance rope: (a) cross section; (b) chart.
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each other along the length of the rope is
not known. For example, the gaps of
broken wires could be aligned or
staggered. Broken wires with zero or tight
gap widths do not produce detectable
magnetic leakage flux. For these reasons,
only an estimate of the number of broken
wires is possible.

Conventionally, the localized
discontinuity trace is used for the
detection of broken wires. However, the
localized discontinuity signal is not
quantitative and cannot be used for
estimating the number of broken wires.
On the other hand, the loss of metallic
cross sectional area trace of the test chart
in Fig. 23 shows rapid, relatively small
variations of cross section. These
variations are significant and can be used
to estimate the number of broken wires
per unit of rope length. Note, however,
FIGURE 23. Test traces and relative number of br
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that the averaging length or quantitative
resolution of the instrumentation must be
sufficient to allow this quantitative
discontinuity characterization.

The estimated number of broken wires
per 100 mm (4 in.) of rope length N
derived from the loss of metallic cross
sectional area trace, is shown at the top of
Fig. 23. Here, Nmax denotes the maximum
number of broken wires per 100 mm
(4 in.) of rope length. Based on the
operating history of this and similar
ropes, a value of Nmax = 20 can be
estimated.

The rope was subsequently
disassembled to determine the actual
number of broken wires per unit of rope
length. Broken wire estimates together
with the actual number of broken wires
along the length of the rope are shown in
Fig. 24. Considering the fact that the loss
449Infrastructure Applications of Electromagnetic Testing
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of metallic cross sectional area trace not
only indicates broken wires but also
interstrand nicking, internal wear and
other disturbances of the rope structure,
there is a good correlation between the
actual and estimated number of internal
broken wires up to a rope distance of
about 4.5 m (15 ft). Beyond this distance,
there is an offset, which may be due to a
distance measurement error during
disassembly of the rope.

A subsequent destructive break test of
the rope showed a 30.2 percent loss of
breaking strength. Significantly, the
second layer of strands of the rope (see
Fig. 21) represents about 30 percent of the
total rope cross sectional area. As with the
balance rope test, this leads to the
hypothesis that, for this rope, the second
layer of strands has lost all load bearing
capability.

The lack of sufficient information on
the rope’s operating history — and that of
its predecessors — made this rope
evaluation particularly difficult. Under
normal circumstances, these details are
known and must be considered when
assessing the rope condition. Altogether,
this evaluation shows that a quantitative
discontinuity characterization for ropes
with internal broken wires and clusters of
broken wires is possible. The example
illustrates the capabilities and limitations
of electromagnetic wire rope test
techniques for this particular
discontinuity characterization problem.

Mooring Rope Test
This example deals with the testing of a
mooring rope (Fig.12) having an
independent wire rope core and having a
diameter of 89 mm (3.5 in.).

Figure 25 shows a cross sectional
diagram of such a rope. For independent
wire rope core ropes, the outer wires of
the outer strands have a larger diameter
than the outer core strand wires. To
minimize interstrand nicking between the
outer strands and the independent wire
rope core, these ropes are designed such
450 Electromagnetic Testing

FIGURE 25. Typical six-strand rope with
independent wire rope core.

Core
that the wires of the outer strands and the
independent wire rope core are almost
parallel. (This construction is usually
achieved by choosing a lang lay for the
independent wire rope core and an
ordinary lay for the outer strands.29 In a
lang lay, the strands of a rope are wound
in the same direction as their constituent
wires; in an ordinary lay, the strands are
wound in the opposite direction from
their constituent wires.) Typically, the
wires of the outer strands are well
supported by their neighbors whereas the
outer wires of the independent wire rope
core are relatively unsupported.

The result of these geometrical features
is that, in response to tensile loads, the
outer strands bear against the core and, in
the localized contact areas, force the outer
independent wire rope core wires into the
valleys between the outer strand wires.
Then, under continuing fluctuating
tensile loads, this mechanism results in
secondary bending stresses in the core
wires, leading to large numbers of fatigue
breaks. These breaks can be very close
together and can form groups of breaks.

Test results (not shown) for this
mooring rope have indicated a severe
breakup of the independent wire rope
core; the breakup is strong evidence of
heavy fluctuating tensile fatigue loading.
The loss of metallic cross sectional area
and localized discontinuity traces show
the typical patterns of broken and missing
wires (compare Fig. 16). The missing wire
patterns even indicate that short pieces of
broken independent wire rope core wires
might have fallen out of the rope. In
addition, together with the findings of a
visual test, electromagnetic testing
indicates severe corrosion, including
corrosion pitting. Corrosion products are
clearly visible in Fig. 12.



PART 4. Near Field Microwave Testing of Cement
Based Materials and Structures
Introduction
Near field microwave testing has shown
great potential for evaluating electrically
nonconducting (that is, insulating,
dielectric) materials.35 These techniques
have been used to detect and evaluate the
presence of voids and porosity, both local
and distributed, in dielectric media and
mixtures. They have also been used to
measure accurately the thickness of
various dielectric composites and ceramics
and to evaluate disbonds and
delaminations in thick sandwich
composite structures.36-39 Microwave
techniques can also evaluate properties of
materials composed of a mixture of
several constituents involving both
physical mixing (where there is no
chemical interaction between
constituents) and chemical reactions such
as curing.40-41

Researchers have evaluated the
potential of near field microwave test
techniques, using open ended rectangular
waveguide and monopole probes, for the
purpose of testing and determining
various properties of cement based
materials and structures. Originally, a
simple microwave nondestructive testing
technique was used to detect the location
of a reinforcing steel bar in a concrete
slab.42 In this preliminary investigation,
the presence of a separation in the steel
bar was also detected, in addition to
demonstrating the sensitivity of
microwave signals to aggregate size
distribution.42,43 Further investigations
showed a strong correlation between the
magnitude of reflection coefficient and
the hardened paste’s water-to-cement
ratio, on one hand, to that paste’s
compressive strength on the other hand.44

The potential of using monopole
antennas for the same purpose has also
been demonstrated.45

The objectives of several investigations
were to measure, evaluate, analyze and
correlate the near field microwave
reflection properties of cement based
materials to their sand-to-cement ratio,
their coarse aggregate–to-cement ratio,
their coarse aggregate size distribution
and their compressive strength. Another
objective was to detect and evaluate
chloride ingress in these materials before
and after mixing. The following is the
summary of the findings.
Constituents of Cement
Cement paste — composed of cement
powder, water and air — is the primary
(matrix) phase of cement based materials
such as concrete. The study of the
interaction of microwave signals with
cement paste is essential in understanding
such aggregates. To this end, extensive
study of the characteristics of the
reflection coefficient of microwave signals
from hardened cement paste blocks, when
using an open ended rectangular
waveguide probe, showed that the
magnitude of reflection coefficient is
directly related to the evaporation of free
water from cement paste samples during
the early days and to the curing process
(that is, the water-to-cement ratio) in later
days.44,46 The latter correlation was also
established with the compressive strength
of these samples. A similar investigation
was conducted using monopole antenna
probes.45 Similar results were obtained
showing strong correlation between the
magnitude of reflection coefficient,
measured with this probe, and the
water-to-cement ratio of hardened cement
paste samples.

Mortar — composed of cement powder,
water, fine aggregate (sand) and porosity
(air) — was subsequently investigated,
using open ended rectangular waveguides.
Mortar is less homogenous than cement
paste and its degree of homogeneity is a
function of its compressive strength and
the operating microwave frequency (that
is, more homogenous at lower frequencies
and less homogenous at higher
frequencies). Subsequently, a simple
relationship was established between the
standard deviation of the magnitude of
reflection coefficient at 10 GHz and the
compressive strength of hardened mortar
block samples. It was also shown that the
average value of this parameter, when
measured at lower microwave frequencies
such as 3 GHz, is proportional to the
water-to-cement ratio of mortar.47 Finally,
it was shown that simple dielectric mixing
models can be used to estimate porosity
of these mortar block samples.48

Concrete is the most widely used of
cement based materials and is composed
of cement powder, water, sand (fine
aggregate), coarse aggregate (that is, rocks)
and air. Therefore, concrete may be
considered an heterogenous material at
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microwave frequencies. Consequently,
when studying the reflection properties of
concrete, it is necessary to consider the
results from a statistical point of view.
There are several important parameters of
interest when using concrete: cure state
(water-to-cement ratio), the directly
related parameter of compressive strength,
coarse aggregate size distribution and
others. Extensive measurements using
open ended rectangular waveguide probes
and the magnitude of reflection
coefficient show the potential for cure
state monitoring of concrete with
different constituent makeups.

It has also been shown that the
water-to-cement ratio of hardened
concrete can be determined for varying
compressive strength and coarse aggregate
size distributions.49,50 The statistical
properties (average and standard
deviation) of the measured magnitude of
reflection coefficient at relatively high
frequencies (for example, 10 GHz) is
shown to provide information about
water-to-cement ratio and coarse
aggregate size distribution. In addition,
these statistics are correlated to the
compressive strength of concrete through
a maximum likelihood algorithm.50,51 The
extent of aggregate segregation in
concrete placement is also evaluated using
the statistics of the measured magnitude
of reflection coefficient at relatively high
microwave frequencies — for example,
10 GHz.52

Applications
Intrusion of chloride ions in concrete is
responsible for corrosion of reinforcing
steel bars. The presence of chloride ions
and oxygen can initiate the process of
corrosion. Subsequently, corrosion
byproducts occupy a greater volume than
concrete and result in the deterioration of
the reinforced concrete structure. To this
end, a preliminary study was conducted
in which salt (that is, sodium chloride)
was added to the mixing water of several
mortar blocks. The reflection properties of
these hardened mortar blocks were
shown to be substantially different than
those without sodium chloride added to
their mixing water. Moreover, the results
indicated a faster setting time for these
samples compared to those without
sodium chloride. Finally, a correlation
between the magnitude of reflection
coefficient and the compressive strength
of these samples was obtained as a
function of sodium chloride content and
water-to-cement ratio.53

In another comprehensive study, many
mortar samples were cyclically soaked in
water and salt water (with varying
salinity), while some of these samples
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were also loaded to promote
microcracking and hence increased
moisture permeation during the soaking
cycles. The results showed that the
properties of the reflection coefficient
(magnitude and phase) at different
frequencies can be used to distinguish
between water soaked and salt water
soaked samples. Additionally, a
semiempirical electromagnetic model has
been developed to simulate the reflection
coefficient results and hence render the
water content distribution in these
samples as a function of days in a drying
cycle and for several soaking cycles.54-58

Evaluation of water-to-cement ratio of
early age cement based materials is an
important practical issue. Monopole
antenna probes are well suited for
evaluating this parameter. Such a probe
has been designed and optimized to give
direct information about the early age
water-to-cement ratio of many cement
paste and concrete samples. Subsequently,
a microwave measurement system
(laboratory designed and assembled)
incorporating this probe was used and
successfully tested for this purpose.59

Detection of grout in masonry bricks
and blocks is also an important quality
control issue in the construction industry.
Using a simple reflectometer and an open
ended rectangular waveguide probe at
3 GHz, empty cavities can be
distinguished from grout filled cavities in
masonry blocks.60

Fiber reinforced polymer composite
laminates are used for strengthening
concrete structural members. These
laminates are epoxy adhered to a
structure. When the laminate becomes
disbonded from the structure, no effective
strengthening is provided. Thus, it is
important to develop a nondestructive,
quick, robust and portable technique to
detect such disbonds and evaluate their
spatial extent and their degree of severity.
Using open ended rectangular waveguide
probes, it has been demonstrated that
near field microwave testing can provide
the desired results.61
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Aerospace Applications of
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PART 1. Introduction to Eddy Current Testing of
Aircraft1
Typical Applications
Applications of eddy current tests in the
aerospace industry include the following:
(1) measurement of metal and coating
thickness; (2) measurement of effects that
alloying elements, heat treatment, test
object dimensions, cladding, liftoff and
temperature have on eddy current
conductivity values; (3) sorting of mixed
aluminum alloys; (4) evaluation of
overaging or heat damage to aluminum;
(5) detection of alpha case hardening on
titanium alloys and detection of titanium
aluminide in aluminum brazed titanium
honeycomb; (6) eddy current testing of
bolt holes in aircraft structures;
(7) analysis and applications using
impedance plane techniques to measure
metal thinning and metal spacing and to
detect exfoliation corrosion and surface
cracks in aluminum aircraft structures;
and (8) low frequency testing of aircraft
structures for the detection of subsurface
cracks.

Testing of Aluminum
Alloys
The widespread use of aluminum alloys in
critical aerospace structures requires
careful control during manufacture, to
ensure (1) that each test object is made
from the specified aluminum alloy and
(2) that the properties resulting from the
composition and heat treatment of these
alloys are those required for the specific
application. The electrical conductivity of
aluminum alloys depends on their alloy
content and the effects of prior
processing. Thus, eddy current
conductivity tests provide unique
versatility in their capabilities for
detecting mixed alloys or alloys having
properties changed by thermal processing.

Eddy current tests can supplement or
in some cases replace liquid penetrant
tests for detection of surface connected
discontinuities and can also be used to
measure the presence of coating or
cladding on substrates. In addition, eddy
current tests are often used to test
aerospace structures during maintenance
overhauls and to detect damage incurred
in service. Such tests can be used to detect
fatigue cracks (including those near
458 Electromagnetic Testing
fasteners) resulting from cyclic loading
during flight, takeoff or landing. They can
also be used to indicate the extent of
corrosion damage or to identify portions
of aircraft structures damaged by fire. In
this way, it is possible to identify damaged
components that need to be removed and
replaced to restore the craft to
airworthiness.



PART 2. Eddy Current Tests of Metal and Coating
Thickness1

FIGURE 1. Impedance plane thickness plot for Unified
Numbering System A97075 wrought aluminum alloy,
temper 6, at 10 kHz.
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Coating Thickness on
Metals
In the aerospace industry, numerous
metal parts are coated or plated to obtain
special surface properties such as
corrosion resistance, wear resistance or
improved appearance. These coatings are
prepared by various means, including
electrodeposition, hot dipping, cladding
and spraying. For controlling the
thickness of the deposit and also for
testing purposes, reliable and rapid
measurements of coatings are necessary.
There are many methods available,
including magnetic, mechanical, optical,
radiographic, ultrasonic and
electromagnetic testing. Each of these
methods has applications and more than
one method may be used for the same
application.

Classification of Coatings and
Base Materials
Four general types of coatings and base
materials lend themselves to eddy current
testing. The operating procedure used
with the test instrument is determined by
the specific combination of materials.
These material combinations are classified
as follows: (1) metal foil and sheet or
metal coating on a nonconductive base
material, such as metallic film on glass,
ceramics or plastics; (2) metal cladding
with a higher conductivity than the base
metal, such as copper, zinc or cadmium
on steel or pure aluminum on aluminum
alloy; (3) metal cladding with a lower
conductivity than the base metal, such as
nickel on aluminum; and
(4) nonconductive coatings on a metallic
base material, such as anodic film or paint
on aluminum or such as other organic
coatings on metals.

Reference Standards for Thickness
For eddy current thickness tests, at least
three specimens with known metal
thicknesses are needed as reference
standards to calibrate the equipment. One
reference standard represents the
minimum acceptable thickness, the
second represents the maximum
acceptable thickness and the third is from
the middle of the range. In some cases, a
bare metal specimen is necessary. All
reference standards must have the same
conductivity, permeability, substrate
thickness and geometry as the test
objects.

Metal Thickness
Tests for measuring metal thickness are
generally used on chemically milled sheet
stock, thin walled tubing, metal foil
bonded to nonmetallic materials and any
parts that may experience thinning from
corrosion.

Null Balancing
Phase sensitive equipment permits
plotting metal thickness profiles on the
impedance plane. In Fig. 1, the operating
point has a value of inductive reactance
X = 800 and resistance R = 900. This point
was purposely chosen so that the voltage
vectors are about 45 degrees from the
locus for change in thickness and
90 degrees, or normal, to the liftoff curve.
When this is done, thickness changes also
result in maximum instrument response.
This happens because the vector to the
thin metal is shorter than the vector to
the thick metal, producing a large change
between the two. However, the vectors to
459Aerospace Applications of Eddy Current Testing



FIGURE 3. Impedance graphs showing
coating thickness effects: (a) low
conductivity on high conductivity material;
(b) high conductivity coating on low
conductivity material; (c) aluminum coating
on steel at 25 kHz, in units of 25 µm
(0.001 in.).2
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the liftoff curve are equal, resulting in no
change in instrument amplitude response.

A technique called null balancing can
be used with any phase sensitive metered
instrument. The operating point should
be chosen so that the signal to be
suppressed is normal to a line connecting
it with the operating point; the variable to
be measured is parallel or at least less than
45 degrees to the point. Note that in
Fig. 1 the short vector registers as low
values on the meter and the long vector
registers as large values.

Null balancing is very useful for
eliminating or reducing unwanted effects.
Increasing or decreasing the signal gain
control, to bring the meter reading back
on scale with the signal level control,
permits larger or smaller spreads of
thickness to be displayed on the panel
meter. Null balancing is discussed below,
in the section on impedance plane
analysis.

Conductive Coating
Thickness
Cladding thickness measurement is used
in two types of situations where the
conductivities of two metal layers are very
different. The first situation, in which the
cladding is a better conductor than the
base material, pertains to copper, zinc or
cadmium coatings on steel base materials.
The second situation, in which the
cladding is the poorer conductor of the
two metals, pertains to lead coatings on
copper or to nickel coatings on
aluminum. The conducting coating
thickness may be experimentally
determined for a particular combination
of coating metal, eddy current probe and
test frequency by increasing the cladding
thickness in steps until a given increase in
thickness does not change the indicated
meter reading (Fig. 2).
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FIGURE 2. Relative instrument readings for various thicknesses
of copper plate on brass base.
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FIGURE 4. Impedance graph showing liftoff
effect at 100 kHz. Liftoff is spacing of probe
to part in units of 25 µm (0.001 in.).
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plane.2 The principles illustrated have
practical applications.

The impedance point of the thick
copper base material would be a point on
the conductivity locus as shown in
Fig. 3a. If the copper base material is
plated with aluminum, the probe coil
impedance moves upward and to the left
(clockwise) on the conductivity locus. The
impedance on the conductivity locus
approaches 3δ, corresponding to thick
aluminum.

If copper of various thicknesses is
added on top of the aluminum, the probe
coil impedance follows a locus downward
and to the right of the conductivity locus.
The movement of the impedance point
(with increasing thickness) is not
proportional to the thickness; the
deflections for equal thickness changes
become less as the thickness increases.
The impedance point corresponding to a
thickness about equal to one standard
depth of penetration δ is shown in
Fig. 3b. The impedance point finally
converges rapidly on the copper
conductivity locus at 3δ.

The important fact illustrated in
Figs. 3a and 3b is that the curves spiral
with increasing curvature in a clockwise
direction. The start of the spiral in each
case approximates a straight line but as
the thickness increases the spiral becomes
more accentuated. The degree of spiraling
and the shape of the curve will vary as the
operating frequency is changed.

A further example is the case of
nonmagnetic but conductive coating on a
magnetic substrate or base material, as
illustrated in Fig. 3c for aluminum on
steel. In this example, the inductive
reactance decreases in a nonlinear
fashion. The locus of points is to the right
of the liftoff locus line. The locus crosses
from the magnetic domain to the
nonmagnetic domain on the impedance
plane at rather thin values of aluminum.
For plating on steel alloys, similar results
would be obtained for cadmium at
14.5 MS·m–1 (25 percent of the
International Annealed Copper Standard)
and for chromium at 4.6 MS·m–1

(8 percent of the International Annealed
Copper Standard).

Nonconductive Coating
Thickness
The measurement of nonconductive
coating thicknesses on metallic base
materials is basically a liftoff
measurement. The measurement is
applicable to nonconductive coatings
such as anodic coatings, paint or plastic
on a conductive base. Normally, magnetic
attraction gages are used to measure
nonmagnetic coatings (conductive or
nonconductive) on steel and an eddy
current test is used to measure
nonconductive coatings on nonmagnetic
base materials.

The spacing from probe to test object is
referred to as liftoff. Figure 4 shows the
impedance plane response that occurs
when liftoff is increased at 100 kHz. The
upper portion of the impedance plane is
the magnetic domain where responses
occur from ferromagnetic materials. The
lower portion is the domain where
responses are obtained from an aluminum
alloy tested. Note the nonlinear changes
along the liftoff locus for equal
increments of spacing.

Feasibility Criterion for
Coating Thickness Tests
For the coating material and the base
material, the product of conductivity and
permeability (σ1µ1) for one of the
materials should be at least 1.5 times the
product of conductivity and permeability
(σ2µ2) for the other material.
Nonconductors such as air, organics and
paint have a conductivity value of zero.
Nonferromagnetic materials have a
relative magnetic permeability equal to
1.0. When measuring coatings on a
metallic base, the total thickness of the
base material plus the coating (if
conductive) should be at least three
standard depths of eddy current
penetration, that is, should be ≥3δ. For
eddy current tests of materials with
various permeability and conductivity
product values, standard depths of
461Aerospace Applications of Eddy Current Testing



FIGURE 6. Probe coil impedance curve showing effect of
metal spacing between two flat, parallel, metallic conducting
sheets.
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penetration as a function of frequency
can be predicted by using Fig. 5.

Metal Spacing2

There are times when a gap separates two
metal sheets. The gap may be filled with a
nonconductive adhesive layer or a
nonmetallic shim or may be purposely
produced as a fixed dimension. If it is
desired to measure the gap or spacing, an
operating frequency must be chosen so
that eddy currents will be generated in
the second (subsurface) layer. The
frequency chosen should produce eddy
currents that penetrate both metals to a
depth of 3δ.

When the gap is zero (both metals
touching), the combination appears
infinitely thick and produces a vector
point on the conductivity locus. As the
gap increases, the inductive reactance
increases and the phasors produce a locus
of points (in the vertical direction) that
cross the conductivity locus at some
point. As the gap increases, the locus of
points will also intersect the thinning
locus at a point that represents the
thickness of the upper metal specimen
(Fig. 6). At this point, the gap has reached
a value where eddy currents are being
generated only in the upper layer. Hence,
any further increase in the gap between
the two metal specimens will not cause
any further change in impedance. If a
larger gap needs to be measured, the
operating frequency must be reduced.
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FIGURE 5. Chart for determining standard depth of
penetration from relative magnetic permeability µr (henry
per meter) and conductivity σ (siemens per meter) as
percentage of International Annealed Copper Standard
(%IACS).

St
an

da
rd

 d
ep

th
 o

f 
p

en
et

ra
tio

n,
 m

m
 (

in
.)

Frequency (kHz)

10 100 1000 10 000

µ
r × σ = 0.29 MS·m –1

(0.5 %IACS)

0.58 (1.00)2.32 (4.00)
23.2 (40.0)

174 (300)
1740 (3000)

25 (1.0)

10 (0.4)

2.5 (0.1)

1.0 (0.04)

0.25 (0.01)

0.10 (0.004)

0.025 (0.001)
Gap or spacing measurements are best
made with the probe located over the thin
member; this reduces the problem with
depth of penetration. If both members are
equally thick but one has a lower
conductivity, the probe should be placed
on the low conductivity specimen.
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PART 3. Eddy Current Tests of Metal
Conductivity1

FIGURE 7. Relative conductivity of metals and alloys shown by
eddy current meter readings. Unified Numbering System
(UNS) is used here for wrought aluminum alloys.
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For extending the use of eddy current
testing in the control of metal alloys and
their heat treatment, the most important
prerequisite is the establishment of
suitable documentation, test procedures
and limits.

Control of Tests
Important considerations in eddy current
conductivity testing are (1) selection of
suitable and reliable instruments,
(2) careful laboratory evaluation for
defining test requirements and
(3) selection of suitable reference
standards. There must be no doubt about
the accuracy and reproducibility of
instrument performance from one test to
the next or between two or more
instruments of the same type and from
the same manufacturer.

Conductivity Instruments
Eddy current conductivity meters usually
differ with respect to operating frequency,
liftoff compensation, temperature
compensation, sensitivity, probe size or
means of presenting test results. Most
conductivity meters can provide results as
percentages of the International Annealed
Copper Standard. Other instruments can
provide conductivity measurements in
siemens per meter or as customized
displays of signal amplitude or phase
angle. Whatever type of instrument is
used, reference standards must be used to
calibrate the instrument, permitting
qualitative judgments on all future test
results.

Laboratory Evaluations
Laboratory evaluations are an important
step in establishing eddy current test
procedures. A suitable laboratory
evaluation typically involves analysis of
test object composition, heat treating
times and temperatures and mechanical
processing. The laboratory evaluations
serve to establish a conductivity value for
an alloy, as illustrated in Fig. 7.

Conductivity Reference Standards
Nondestructive test calibration reference
standards should be based on some
measurable physical characteristic related
to the critical properties being measured.
This characteristic must be not only
measurable but also reproducible. For
conductivity testing, reference standards
are usually made from a sample of metal
with resistivity that is known and
thickness that can be considered infinite
for purposes of the test.

Physical reference standards for
conductivity may be obtained from the
National Institute of Standards and
Technology or may be fabricated. 

The reference standards are identified
by the material’s conductivity, a reciprocal
of its resistivity. When testing aluminum
alloys, it is necessary to maintain two or
more aluminum alloy reference standards.
Typically, one of these reference standards
has conductivity in the range of 14.5 to
18.6 MS·m–1 (25 to 32 percent of the
International Annealed Copper Standard)
and the other standard is in the range of
22.0 to 29.0 MS·m–1 (38 to 50 percent of
the International Annealed Copper
Standard). Such reference standards are
certified and their accuracy is
documented.3 Nonferrous conductivity



reference standards can be fabricated for
instrument calibration.4 Conductivity
standards in the United States are usually
referenced to the National Institute of
Standards and Technology.

Factors Affecting
Conductivity

Alloying Elements
If a pure metal were tested in the
annealed or unstrained condition, a single
conductivity value would be obtained,
such as the 100 percent value arbitrarily
assigned to pure annealed copper.
However, most structural metals are alloys
consisting of a base metal with several
alloying elements added to obtain specific
properties. The addition of alloying
elements to a pure metal alters its
conductivity. Usually, the alloying
element provides centers of interference
to electron flow. This reduces the alloyed
metal’s conductivity below that of the
pure metal. Although the conductivity of
copper is usually given as 58.0 MS·m–1

(100 percent of the International
Annealed Copper Standard), care must be
exercised when testing copper, because
the conductivity is influenced by small
additions of impurities or alloying
elements. Conductivity is also affected by
the metal’s temperature at the time and
place of eddy current testing. Touching
the reference standard with fingers can
change its temperature and apparent
conductivity. The specific resistivity of
standard annealed copper changes by
0.4 percent for each kelvin or degree
celsius of temperature change in tests near
room temperature, 20 °C (68 °F).

Heat Treatment and Mechanical
Stresses
The conductivity of a particular alloy is
further influenced by heat treatment and
by stresses introduced in the metal during
fabrication. Heat treatment alters crystal
or grain structure and the distribution of
the alloying elements, both of which
affect electron flow. Stress introduced
during fabrication provides centers of
interference to electron flow. The
combined effects of alloying elements
(with their permissible tolerances), of heat
treatment (with its permissible time and
temperature ranges) and of fabrication
stress establish a conductivity range
instead of a specific conductivity value for
any metal alloy and heat treatment
condition. It is the function of laboratory
evaluations to define these conductivity
ranges and their variations under various
test conditions.
464 Electromagnetic Testing
Laboratory Evaluation of
Aluminum Alloys
The following are practical considerations
for selecting instruments, reference
standards and test samples for a
laboratory evaluation to establish the
conductivity ranges of an aluminum alloy.

First, eddy current instruments, probes
and reference standards will be required.
Instrument performance should be
checked for such effects as drift, including
that caused by power supply fluctuations
and temperature, and for reproducibility
of calibration and instrument readings.
Calibration standards of known
conductivity should be obtained for the
approximate conductivity range expected.

Test samples should be flat, unclad and
uncoated material of sufficient size to
eliminate edge effects and of sufficient
thickness to eliminate thickness effects.
Surface finish roughness up to 6.3 µm
(2.5 × 10–4 in.) or oxide coating
thicknesses normally encountered on
aluminum sheet, plate or bar will not
significantly interfere with the eddy
current readings, provided the instrument
has liftoff compensation up to 0.08 mm
(0.003 in.). Some knowledge of variables
that influence eddy current measurements
helps ensure proper selection of test
samples for establishing conductivity
values.

Factors Affecting
Conductivity Tests
Any variation from the condition for
which eddy current conductivity meters
are calibrated may have a significant
effect on the accuracy of their
measurements. The basic test condition
variables have been studied to determine
their effects on measurements of true base
material conductivities. Six basic test
condition variables are (1) curved surfaces,
(2) edge effect, (3) material thickness,
(4) aluminum cladding thickness,
(5) liftoff or nonconductive coating
thickness and (6) temperature.

Curved Surfaces
Eddy current tests on surfaces having
small radii of curvature are to be avoided.
A curved surface changes the effective
probe coil liftoff and the true material
mass subjected to eddy current influence.
Figure 8 indicates the effect of curved
surfaces on typical eddy current
measurements.5 Eddy current laboratory
evaluations for establishing conductivities
should be made on test objects with flat
surfaces. For convex surfaces, a V block is
used to maintain parallelism between the
probe face and the curved surface. Curved



surface standards are made by machining
a thick, flat specimen to various radii of
curvature.

Edges
Edge effects can be demonstrated by
moving the eddy current probe toward
the edge of a test sample and observing
the change in instrument reading that
results. Figure 9 is an example of
instrument change resulting from edge
effect.5 Test samples must be large enough
to prevent this edge interference or probes
must be shielded to collimate the field. In
this particular case, an edge distance of
5 mm (0.2 in.) or more must be
maintained to avoid errors. If parts having
a narrow width must be tested, a
centering jig or holder should be used to
maintain the probe on center. Edge
distance curves are used to apply
correction factors to conductivity readings
on production parts.

MOVIE.
Edge effect.
FIGURE 8. Influence of cylindrical curved surfaces on
conductivity measurements: (a) probe on convex curvature;
(b) probe on concave curvature; (c) signals.5
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Material Thickness
Material thickness will affect test results
when the depth of eddy current
penetration is greater than the material
thickness. The eddy currents will
penetrate the test object to an effective
depth of penetration 3δ. Various
mathematical equations are documented
for determining the standard depth of
penetration δ, as described elsewhere in
this volume and other publications.1,6

The skin effect (described elsewhere in
this volume) causes the currents to be
concentrated near the surface next to the
excitation coil. The effect increases, that
is, the depth decreases, with increasing
test operating frequency, test object
electrical conductivity and test object
magnetic permeability. The currents
decrease exponentially or almost
exponentially with depth, depending on
test object shape and thickness.

In addition, the phase angle of the
current becomes increasingly lagging as
the depth increases. The phase angle lag θ
(radian) uses the phase angle of the
465Aerospace Applications of Eddy Current Testing

FIGURE 9. Influence of edge effect on conductivity measured
by eddy current probe: (a) probe at edge; (b) signal.
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FIGURE 10. Conductivity variations with changes of material
thickness for 18.6 MS·m–1 (32 percent of International
Annealed Copper Standard) aluminum tested at 60 kHz:
(a) impedance diagram; (b) conductivity versus thickness.
Included angles β and θ correspond to phase angles in
instrument display.
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current density at the surface as a
reference angle:6

(1)

where x is distance (meter) below the
surface, δ is the standard depth of
penetration (meter), µ is magnetic
permeability (henry per meter) and σ is
electric conductivity (in Eq. 1, as a
percentage of the International Annealed
Copper Standard). The calculated values at
18.6 MS·m–1 (32 percent of the
International Annealed Copper Standard,
corresponding to a resistivity of 54 nΩ·m)
and 60 kHz yield a value of δ = 0.48 mm
(0.019 in.). These values agree with those
obtained using a commercial eddy current
slide rule.7

Figure 10 shows the general effect on
the coil impedance from changes in
conductivity, thickness and liftoff. The
included angle is defined as the angle, on
the impedance plane, between the locus
of liftoff changes and the locus of metal
thickness changes. This angle increases
with plate thickness and becomes
important when impedance analysis is
used to minimize the effects of liftoff.

To avoid thickness effects, the effective
depth of penetration 3δ may be used:6

(2)

where f is frequency (hertz) and, for
nonmagnetic materials, µ = 4π ×
10–7 H·m–1 = 1.26 µH·m–1.

Whatever the test material is, it must
be remembered that the standard depth of
eddy current penetration δ is a function of
material conductivity, operating frequency
and magnetic permeability. Because all
these values are in the denominator of the
depth of penetration equations, an
increase in any of these values will result
in a shallower depth of penetration. With
fixed frequency instruments, not much
can be done, except for stacking, to
eliminate the influence of thickness
variations on the test results. However, if
variable frequency instruments are
available, then the operating frequency
can be altered to match the effective
depth of penetration 3δ value and
eliminate errors caused by thickness
variations.

Cladding Thickness on Aluminum
Alloy Sheet
Cladding with commercially pure, high
conductivity aluminum on aluminum
alloy base materials (which have lower
electrical conductivities) causes a greater
positive deviation in apparent

3
3δ

σ
=

π µf

θ π σ
δ

= µ =x
x
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conductivity as the cladding thickness is
increased. Figure 11 shows typical
readings of the thickness of commercially
pure aluminum cladding on base sheets of
Unified Numbering System A97075 and
A92024 wrought aluminum alloys. The
ordinate (vertical) scale of Fig. 11 shows
the change in apparent conductivity of
the base metal, resulting from the higher
conductivity of the aluminum cladding
layer.8 In typical cases, the cladding adds
only about 5 percent to the total sheet
thickness but results in an apparent
conductivity change of 2.3 to 4.1 MS·m–1

(4 to 7 percent of the International
Annealed Copper Standard).



Eddy current conductivity testing (at
60 kHz) for acceptance of aluminum clad
material is usually restricted to material
less than 2.3 mm (0.09 in.) in total
thickness. Testing of thicker materials
requires removal of most of the aluminum
cladding layer by spot facing a small area
and taking a reading there. This reading is
taken on a small percentage of parts in
the lot. A correction factor is determined
between the spot faced areas and those
where the cladding has not been
removed. The remaining parts are checked
FIGURE 11. Conductivity change as function of aluminum
alloy cladding thickness at 60 kHz: (a) Unified Numbering
System A97075 wrought aluminum alloy base material;
(b) Unified Numbering System A92024 wrought aluminum
alloy base material.8
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without spot facing and the correction
factor is applied to the readings.

Compensation for Probe Coil
Liftoff on Coated Metals
The liftoff is the distance that the
conductivity meter probe coil is held
away from the metal surface by a
nonconductive film. The liftoff setting of
the test instrument is made by the liftoff
control available on some eddy current
instruments. This adjustment is made so
that true conductivity readings for the
base metal are the same as the readings
made on a base metal covered by a thin,
nonconductive film. Thus, when the
liftoff control is set for a specific film
thickness on metal with a conductivity of
17.7 MS·m–1 (30.5 percent of the
International Annealed Copper Standard),
the conductivity of a metal covered with a
paint layer of that thickness will be read
as 17.7 MS·m–1 (30.5 percent of the
International Annealed Copper Standard).
During tests of alloys with different
conductivities and with varying
thicknesses of nonconductive coatings, it
would be necessary to correct the
apparent conductivity readings for the
deviations caused by liftoff effects to
obtain true readings for the base metal
conductivities.

Test Material Temperatures
Temperature is an important test variable,
particularly when eddy currents are used
to establish a basic conductivity range for
an alloy. Consideration must be given to
(1) the temperature of the test material,
(2) the difference in temperature between
the test sample and reference standards
used for calibration and (3) the type of
eddy current instrument being used. The
influence of temperature on the resistivity
of a metal can be determined from Eq. 3:

(3)

where Rt is resistivity (ohm meter) of the
metal at the test temperature, R0 is
resistivity (ohm meter) of the metal at
standard temperature, ∆T is the difference
between the standard and test
temperatures (kelvin) and α is the
resistivity temperature coefficient (rarely
negative).

From Eq. 3 it can be seen that if the
temperature is increased, resistivity
increases and conductivity decreases from
their ambient temperature levels.
Conversely, if temperature is decreased,
the resistivity decreases and conductivity
increases.

R R Tt = +( )0 1 α∆
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PART 4. Eddy Current Testing of Bolt Holes1

FIGURE 13. Normalized impedance graph showing crack
responses for absolute and differential bolt hole probes:
(a) absolute probe crack response at 100 kHz; (b) differential
probe crack response at 500 kHz.
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Crack
Small cracks in material next to fastener
holes may go undetected until the cracks
grow to a size that allows detection at a
surface not covered by the head of the
fastener or nut. Unfortunately, in many
highly stressed areas, a crack of this
magnitude may continue to grow to
failure at a rapid rate. Eddy current testing
is a reliable way to detect cracks in
material adjacent to fastener holes. Eddy
current tests are well known for detecting
small fatigue cracks, particularly in
aluminum fastener holes.9,10 Automated
bolt hole scanners provide reliable and
repeatable test results.

Finding small cracks at fastener holes
sometimes requires removing the fastener
and performing an eddy current check.
Automatic scanning11 may be used to
detect cracks as small as 0.13 mm
(0.005 in.). Figure 12 illustrates an eddy
current bolt hole probe. The probe coil
axis is perpendicular to the material
adjacent to the hole. An adjustable collar
is used to position and locate the coil a
desired distance inside the hole. Usually,
testing is started with the coil just below
the test material surface and the probe is
manually rotated 360 degrees. After each
rotation, the probe is advanced in
increments to ensure adequate overlap
and coverage. The spherical end of the
probe is often split in the middle so that a
small rubber or plastic V wedge may be
inserted to make the probe snug in
oversized holes. These wedges are not
generally used for probes less than
6.3 mm (0.25 in.) in diameter.
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FIGURE 12. Eddy current hole probe.
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During bolt hole testing, the absolute
technique is generally used. The absolute
technique uses one coil on a ferrite core;
measurements are made while the
material is in direct contact with the
probe coil. The differential technique uses
two coils and compares measurements
obtained from the (uncracked) material
under one coil with the (cracked) material
under the other coil. A bridge circuit is
unbalanced if one coil is over sound
material and the second coil is over a
discontinuity. Figure 13 shows crack
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responses typical of bolt hole probes
inserted in an aluminum sample: a
single-loop response from an absolute bolt
hole probe (Fig. 13a) and a double-loop
response from a differential probe
(Fig. 13b).

Reference Standards for
Bolt Hole Testing
Reference standards aid in calibrating or
adjusting instrument controls and are
used to ensure that cracks will be detected
with a predetermined sensitivity, based on
depth, length and location (see Fig. 14).
Reference standards have been fabricated
by simulating cracks with electric
discharge machined radial slots of various
depths and lengths (Fig. 15). This type of
reference standard works well if the
notches are less than 0.13 mm (0.005 in.)
wide. However, simulated discontinuities
do not respond exactly the same as real
fatigue cracks.10 Some investigators have
produced cracks by introducing an electric
discharge machined slot in the hole and
then subjecting the specimen to fatigue
loading. A crack initiates and grows
outward from the machined slot. The
depth and length of the crack are
qualitatively controlled by the stress and
the number of cycles. After the crack has
grown to the approximate size, the
electric discharge machined slot is
removed by drilling the hole to a
sufficient, predetermined oversize. The
depth of the resulting crack is estimated;
the true depth can be determined only by
fracturing the reference standard.

Procedure for Bolt Hole
Testing
A typical procedure for performing eddy
current bolt hole tests is listed below.
FIGURE 14. Typical location of cracks adjacent t
(d) on beveled surface.

(a) (b)
Top view

Sectioned
side view Crack
1. Determine the diameter and depth of
holes to be tested from engineering
drawings or other applicable
documents.

2. Select sizes of probes and of reference
standards.

3. Calibrate the instrument response to
the reference standards.

4. Visually check holes for excess
corrosion or galling. Remove material
from a hole by manually passing a
reamer through the hole or drilling
out to next oversize diameter.

5. Scan for discontinuities by rotating
the probe at constant depths, at
intervals not exceeding 1.5 mm
(0.06 in.) deep. Conduct scanning in
intervals of about one revolution each.
If suspect areas are noted near the
ends of scans, retest these areas so that
the suspect areas are in the middle of
the second scans.

Fatigue crack depths may be estimated
from the amplitudes of eddy current
readings. When observing meter
deflections, make sure the deflection is
not caused by scratches, surface
irregularities, out-of-roundness of the hole
or tilting of the probe.

Bolt Hole Probes
Bolt hole probes are generally available
from eddy current equipment
manufacturers. It must be remembered
that different types of probes are used for
testing straight or tapered holes and that
different collars are used for flat,
countersunk or curved outer surfaces.

Strip Chart Recorders
Although many bolt hole tests are
performed manually (where the operator
directly observes the meter deflection or
screen presentation), strip charts or
computers may be used to process, record
or interpret the test results. Signals
469Aerospace Applications of Eddy Current Testing

o fastener holes: (a) at top; (b) at middle of hole; (c) at bottom;

(c) (d)



FIGURE 16. Strip chart indications obtained
from typical discontinuities during eddy
current bolt hole test: (a) scratch; (b) crack
or corrosion; (c) corrosion; (d) conductivity
variation; (e) nonperpendicular hole axis.
Deflections to left indicate downscale meter
deflections.

(a) (c)
produced by various discontinuities are
shown in Fig. 16. The trace has been
rotated to make the air-to-aluminum line
horizontal as in Fig. 13a. The vertical
output is then recorded by a slow running
strip chart recorder.

Automated Bolt Hole
Testing
When numerous bolt holes need to be
tested, it is often desirable to eliminate
manual scanning and use a device that
automatically rotates the probe in the
hole. Eddy current equipment
manufacturers have developed such
systems. A system has been designed for
the testing of shallow holes and tube
ends.12 The probe is attached to the end
of a short spindle and is rotated in a hand
held, rotating head.

The United States Air Force has also
developed bolt hole tests. An automatic
eddy current discontinuity detection
system detects and records discontinuities
on conductive metal surfaces and in
structural fastener holes, reducing the
errors of conventional hand scanning.11

The system can detect cracks as small as
0.25 mm (0.010 in.) long by 0.13 mm
(0.005 in.) deep in aluminum.11 Scan
depths are adjustable from 6.3 to 3.8 mm
(0.25 to 1.50 in.). The scanner’s speed can
be varied from 0 to 2.45 Hz (0 to
150 rotations per minute), providing
simultaneous linear and rotational (spiral)
motion. Either filtered or unfiltered
signals from the scanner can be displayed
on a chart recording or oscilloscope. The
analog recorder provides a detailed profile
of discontinuities for analysis. The system
is fully portable and all equipment is
contained in a protective case.

Other rotating eddy current test
systems are available for rapidly detecting
470 Electromagnetic Testing

FIGURE 15. Calibration block for bolt hole and surface probe
tests.11

Calibration slots
for hole probe

Calibration slots
for surface probe
small cracks in aircraft bolt holes. They
use small, light, hand held scanners and
various sizes of bolt hole probes. These
instruments are simplified, easy to use
and portable. They generally operate at
500 kHz and use differential probes
rotating at 50 cycles per second
(3000 rotations per minute).

The resolution of the differential
scanning coil system follows the physical
laws for general eddy current testing;
when the probe moves on an orthogonal
path over a crack, the crack depth is the
principal factor affecting the amplitude,
provided its length is equal to or greater
than the coil diameter.

The main application is the rapid
testing of fastener holes for cracks. The
high revolution speed of 50 cycles per
second (3000 rotations per minute) of the
rotating probe and the clear display on
the screen permit a high test sensitivity.
The saving of time compared to the hand
held technique is about 80 percent. In
principle, all metals can be tested,
including titanium, aluminum and steel.
The detection sensitivity depends on the
roughness of the surface and begins at
(b) (d)

(e)



about 0.20 mm (0.008 in.) depth. Two
different kinds of display may be used:
Y,t with one sweep per revolution
(Fig. 17a) and the X,Y vector for
differentiation of the signal in phase
and amplitude (Fig. 17b). The lightness
and small size of the detection probe
allows the instrument to be used in
confined areas.
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FIGURE 17. Cathode ray tube displays: (a) amplitude versus
time; (b) lissajous phase analysis presentation of X,Y
components on impedance plane.
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PART 5. Impedance Plane Analysis of Typical
Aerospace Material Tests1

FIGURE 18. Impedance changes in relation to one another for
surface probes of 6.3 mm (0.25 in.) diameter.2
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Impedance Plane2

Eddy current probes typically consist of
one or more wire wound coils that behave
electromagnetically as inductors. Thus,
the probe coils possess both an inductive
reactance and a resistance. These two
values combine to produce the overall
electrical impedance of the probe.
Instruments that measure impedance
provide more complete test data during
eddy current testing.

Because electrical impedance contains
two components, it can be represented as
a two-dimensional graph such as that
shown in Fig. 18. This graph is called the
impedance plane. The coil resistance R is
plotted horizontally and its inductive
reactance X is plotted vertically. During
eddy current testing, a relative impedance
point (material test point) is obtained by
placing the probe against the sample and
setting the bridge controls for X and R.
These X and R values (phasors) are then
traced on the instrument screen display.

Each eddy current measurement of a
test variable generally possesses a unique
location on the normalized impedance
graph. Different material conditions —
such as conductivity, permeability,
discontinuity, liftoff, spacing and
thinning — produce their own unique
impedance plane plots. The diversity of
plots allows rapid, significant impedance
plane analysis in a wide variety of
applications.

Continuously changing the magnitude
of a given variable traces out an
impedance curve (locus of points) that is a
characteristic signature for that variable.
The amount of movement and the
position of a test point along the curve is
related to the magnitude of the
impedance change. This analysis of
impedance components is the basis for
eddy current signal interpretation.

Eddy current phase analysis
instruments enable the operator to
produce impedance plane traces
automatically on the integral X,Y storage
oscilloscope. These instruments operate
from 60 Hz to 6 MHz, allowing the
operator to choose the best frequency for
a given material and test.

For the eddy current test response to
different conductivities of various
nonmagnetic alloys, the material points
trace out a characteristic comma shaped
472 Electromagnetic Testing
curve with conductivity increasing in a
clockwise direction. The figure also shows
probe liftoff impedance curves for two of
the alloys (liftoff is the spacing between
the probe and the bare metal surface).



The material test points move
clockwise around all impedance curves in
a nonlinear fashion as test material
conductivity and test frequency are
increased.

Figure 18 shows impedance plane
responses for several other types of
common variables. Examples of metal
thinning are shown in Figs. 1 and 10. An
impedance chart of cladding thickness is
shown in Fig. 3 and an impedance chart
of liftoff, for both magnetic and
nonmagnetic materials, is shown in Fig. 4.
The impedance plane response for
separation (spacing) between two
aluminum sheets is shown in Fig. 6. The
impedance response for surface cracks in
aluminum is shown in Fig. 13.

Test Frequency Selection
One of the most important considerations
in eddy current testing is the choice of
test frequency. The type of alloy involved
and the variables to be measured or
suppressed determine the best frequency.
The depth of eddy current penetration
within test materials is strongly affected
by test frequency. For a given alloy, higher
frequencies normally limit the eddy
current test to inspection of the excited
metal surface nearest the magnetizing coil
winding. Lower frequencies permit deeper
eddy current penetration. A given test
frequency will allow eddy currents to
penetrate deeper in lower conductivity
alloys than in higher conductivity alloys.

High test frequencies are normally used
for detecting small surface cracks or
surface contamination and for gaging thin
coatings. Medium frequencies are useful
for conductivity measurements such as
alloy sorting. Low test frequencies are
usually required for testing thicker
materials (for opposite side corrosion, for
example), for thickness gaging and for
penetrating into magnetic materials.

Penetration depth, however, is only
part of the process for selection of
optimum eddy current test frequencies.
The geometric relationship between the
impedance curves for the variable to be
measured and the variable to be
suppressed must also be considered.
Furthermore, the position of the variable
magnitudes (different conductivity points
or liftoff points) along their respective
impedance curves is important.

Test frequency affects the conductivity
and liftoff curves of nonmagnetic alloys.
Changes in frequency shift the points
along the curves in a nonlinear fashion.
This phenomenon, also true for other
impedance curves (including magnetic
materials), can be advantageously used
because it allows the material points to be
positioned for optimum response to
desired variables and for suppression of
undesired variables. Specifically, a
frequency should be chosen that causes
the impedance curve points (material
points) for the variable to be measured to
move in a substantially different direction
than those points for the variable to be
suppressed.

At low frequencies, the angle between
the liftoff curve and the region of the
conductivity curve for the titanium point
is quite small. Thus, it becomes more
difficult to obtain liftoff suppression
without a noticeable expense to the
response for conductivity variations or
surface cracks in titanium. By selecting a
higher frequency, the angle between
titanium test points and liftoff is quite
large, which allows liftoff suppression and
good sensitivity to conductivity variations
in the titanium.

Conductivity is measured to identify
alloys and heat treatment conditions. For
conductivity measurements and for
surface crack detection, a frequency in the
conductivity curve should be chosen that
places the material test point just below
the point of maximum coil resistance and
eddy current losses (the region of highest
sensitivity to changes in all test variables).
This location for the material test point
creates a desirably large angle between the
liftoff and conductivity responses, allows
good liftoff suppression and provides
good sensitivity to conductivity
variations.

The material points for all other
variables (metal thickness, plating
thickness and others) are also shifted
clockwise around their impedance curves
by frequency increases. Therefore, a
rationale similar to that discussed above
applies to all variables.

Applications of Impedance
Plane Analysis13

Examples of metal thinning caused by
corrosion include the following: (1) metal
spacing between an aluminum and
titanium skin in an engine nose cowl,
(2) localized metal thinning of a
chemically milled step and (3) surface
crack detection in aircraft structure.

Metal Thinning from Corrosion13

Moisture entrapment between an
aluminum fuselage belly skin and a
titanium doubler causes corrosion
thinning in the skin. To detect the
corrosion and determine metal thinning,
the inspector can be given a sketch
showing the location and outline of the
internal doubler. The skin material and
temper can be identified along with the
electrical conductivity values. An
473Aerospace Applications of Eddy Current Testing
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FIGURE 19. Screen display calibration at
20 kHz for 1.3 mm (0.05 in.) thick skins:
(a) aluminum taper gage; (b) taper gage
signal at 1.3 mm (0.05 in.) thickness;
(c) taper gage signal at 0.2 mm (0.01 in.)
thickness; (d) completed thickness
calibration using taper gage. Voltage
measurement increment is assigned during
calibration.
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aluminum thickness taper gage (Fig. 19a)
of alloy similar to the skin material is used
to calibrate the eddy current instrument
for metal thinning. The probe is placed
on the taper gage at the 1.3 mm (0.05 in.)
thickness and the response shown in
Fig. 19b is obtained. The probe is then
slowly scanned to the thin end of the
gage and is lifted off at 0.2 mm (0.01 in.)
thickness, yielding the response shown in
Fig. 19c. Thickness calibrations are
performed by rescanning the taper gage
and lifting off the probe at various
thickness increments as shown in
Fig. 19d. The instrument is now calibrated
for the test.

The operator looks for corrosion
thinning while the aluminum external
skin is scanned over the area of the
internal doubler. If there is no corrosion,
the response shown in Fig. 20b will be
obtained. Severe corrosion will yield a
response similar to that shown in Fig. 20c.
The depth of the corrosion is determined
by using the taper gage to measure the
depth from maximum amplitude response
as shown in Fig. 20d. In this case, the
FIGURE 20. Impedance plane screen display presentations for
exfoliation corrosion metal thinning: (a) diagram; (b) screen
display presentation for no corrosion; (c) screen display
presentation for severe corrosion; (d) method for
determining depth of corrosion; (e) surface crack response in
corroded area.
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corrosion thinning is 0.63 mm (0.025 in.),
which represents 50 percent of the skin
thickness. Cracks may be associated with
severe corrosion and, if they exist, the
response shown in Fig. 20e will be
obtained.

Metal Spacing13

During fabrication of engine nose cowl
inlet ducts, problems have been
encountered in maintaining a gap
between the outer aluminum skin and
inner titanium skin for the purpose of hot
air deicing. An eddy current technique
was developed and used to evaluate the
gap at various locations around the nose
cowl. Results indicated that a consistent
spacing was not being maintained and
that the gap spacing was below minimum
tolerance in some areas of the duct.
Because of this, aluminum button spacers
were installed between the aluminum and
titanium skins to make the gap consistent.

Before taking gap thickness
measurements, a reference standard was
fabricated from a plate of 1.5 mm
(0.06 in.) thick Unified Numbering
System A92219 wrought aluminum alloy
(Fig. 21) to represent the outer skin of the
FIGURE 21. Eddy current reference standard for spacing
measurement: (a) diagram of use; (b) top view; (c) side
view.15
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wrought aluminum alloy
cowl. The 0.5 mm (0.02 in.) thick
commercially pure titanium shims
represent the internal skin of the cowl.
The nonconductive acrylic step wedge
represents the air gap or space between
the inner and outer skins. The instrument
was calibrated by placing the probe on
the low conductivity (titanium) side of
the standard at the zero and 2.5 mm
(0.10 in.) gap positions. The frequency
and instrument settings varied until a
maximum spread was obtained on the
screen display.

Localized Metal Thinning13

In one case, a thinning of a chemically
milled step in a bonded honeycomb wing
tip was discovered. A test was needed to
both detect and measure the thickness at
the discrepant area of the Unified
Numbering System A97075, temper 6,
wrought aluminum alloy skin. The skin
thickness ranged from 0.45 to 0.70 mm
(0.018 to 0.028 in.) in the chemically
milled area. Reference standards 0.41, 0.46
and 0.51 mm (0.016, 0.018 and 0.020 in.)
thick were used to calibrate the
instrument at 20 kHz. The liftoff was
rotated on the screen display by a phase
adjustment so that it was displayed in the
horizontal direction. The wing tips were
measured by placing the probe at the
inboard or thin part of the bonded panel
and scanning outboard across the
chemically milled step (Fig. 22). When the
test object had a normal chemically
milled step, the screen display trace
shown in Fig. 23a was obtained. When
the part had local undercut in the
chemically milled step, then the trace
shown in Fig. 23b was obtained. By
marking the screen display with the
minimum 0.46 mm (0.018 in.) thickness
during calibration, the depth of the
undercut could be determined.
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FIGURE 22. Eddy current impedance plane testing of bonded
honeycomb panel in wing tip.
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Scan

1.6 mm
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Numerous test objects were evaluated
and test objects showing less than
minimum thickness were rejected and
sectioned and the eddy current results
were verified.

Exfoliation Corrosion around
Wing Skin Fastener Holes13

Although contact between galvanically
dissimilar metals, such as steel and
aluminum, is known to be a cause of
corrosion, the design of aircraft structures
and systems occasionally requires that
such metals be joined together. When
dissimilar metals must be joined, it is a
design requirement that the contacting
surfaces be electrically insulated with
organic paint or sealant or that one of the
surfaces be coated with a metallic coating
galvanically similar to the other surface.
For example, cadmium plated steel bolts
are used on many aircraft. The cadmium
plating protects the steel bolt from
corrosion, provides a surface galvanically
476 Electromagnetic Testing

FIGURE 23. Eddy current impedance plane
results from inspection of wing tip:
(a) results from normal chemically milled
step; (b) results from undercut chemically
milled step.
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similar to aluminum and reduces the
problem of accelerated corrosion. If the
cadmium is depleted or a crevice where
moisture can collect exists between the
fastener head and the aluminum skin,
pitting and intergranular corrosion may
occur.

Intergranular corrosion occurs along
aluminum grain boundaries, which in
sheet and plate are oriented parallel to the
surface of the material as a result of the
rolling process. Intergranular corrosion,
called exfoliation corrosion in its more
severe form, is characterized by
delamination of thin layers of aluminum
parallel to the sheet surface, with white
corrosion products between the layers.
Where fasteners are used, the corrosion
extends outward from the fastener hole,
either from the entire circumference of
the hole or in one direction from a
segment of the hole. In severe cases, the
surface bulges upward. In less severe cases,
there may be no telltale bulging:
corrosion may be detected only by
nondestructive testing.

Eddy current tests for exfoliation
corrosion are shown in Fig. 24. A phase
sensitive instrument providing an
impedance plane display was operated at
20 and 50 kHz. The depth of penetration
of the eddy currents is a function of
operating frequency and material
conductivity. The effective depth of
penetration in the skins, clad with Unified
Numbering System A97075 wrought
aluminum alloy, temper 6, was about
1.3 mm (0.05 in.) at 50 kHz and 2.3 mm
(0.09 in.) at 20 kHz. The conductivity of
the coated aluminum skins ranged from
26.1 to 29.0 MS·m–1 (45 to 50 percent of
the International Annealed Copper
Standard).

The phase sensitive eddy current
instrument was calibrated to yield a
maximum response difference between a
corroded and uncorroded area. Figure 24
shows the screen display response from an
uncorroded area (Fig. 24b), from a
corroded area with 20 kHz and a 13 mm
(0.5 in.) diameter probe (Fig. 24c) and
from a corroded area with a 50 kHz,
6.3 mm (0.25 in.) diameter probe
(Fig. 24d). Identical responses were
obtained with and without a steel fastener
in the hole.

The phase angle between the liftoff and
corrosion response was about 90 degrees
at 50 kHz and 45 degrees at 20 kHz
(Fig. 24). Because of the greater phase
angle response at 50 kHz, remaining tests
were conducted at this frequency. The test
was performed by scanning 360 degrees
around the periphery of each hole.
Corroded holes were marked and the
extent of the corrosion was outlined on
the skin surface with a marking pen.



If corroded samples are not available to
calibrate the instrument before testing, a
taper gage reference standard (Fig. 19a)

FIGURE 24. Eddy current cathode ray tube

responses for exfoliation corrosion around
fastener holes in wing skins: (a) diagram;
(b) eddy current response, no corrosion;
(c) eddy current response from corrosion
using 20 kHz and 13 mm (0.5 in.) diameter
probe; (d) eddy current response from
corrosion using 50 kHz and 6.3 mm
(0.25 in.) diameter probe.
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may be made from similar material. The
instrument is null balanced with the
probe on the thick portion of the
standard. After calibration, a corroded
area will yield a response similar to that
shown in Fig. 24d. A circle template is
generally used to guide the probe as it is
scanned 360 degrees around each fastener.

Surface Crack Detection2

Eddy current testing is used to find cracks
in aircraft structures during inservice
maintenance checks. Impedance plane
analysis provides a better understanding
of crack response loci with other variables
on the impedance plane. The value of this
approach is evident in Fig. 25a where the
crack response locus is 90 degrees out of
phase with the liftoff locus for Unified
Numbering System G43400 nickel chrome
molybdenum alloy steel. Because of the
wide separation angle between these two
loci, cracks in steel are fairly easy to
detect. The lower amplitudes and phase
angles for electric discharge machined
477Aerospace Applications of Eddy Current Testing

FIGURE 25. Notches and cracks at 200 kHz on impedance
plane screen display: (a) electric discharge machined
notches and crack in steel; (b) electric discharge machined
notches and crack in aluminum.
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FIGURE 27. Cracks in first layer initiating at
aluminum fastener holes: (a) looking
inboard, left side shown, right side opposite;
(b) scan over rivets with no crack in skin at
5 kHz using 9.6 mm (0.38 in.) diameter
probe; (c) scan over rivets with crack in skin.
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Crack
(typical)

Typical scan
direction for
all fasteners
notches in the steel sample are also
shown. Figure 25b shows that for
aluminum alloys, the electric discharge
machined notch and crack response lie
between the liftoff and conductivity loci.
The smaller notch response almost
parallels the liftoff response but the angle
of separation and amplitude increases as
the notch depth increases. A fairly good
response is obtained from a deep crack in
a similar aluminum specimen. It can be
seen in Fig. 25b that the crack response is
almost parallel to the conductivity locus.
This characteristic is true for all
nonmagnetic and magnetic materials, as
illustrated in Fig. 26.

Skin cracks, which initiated at fastener
holes in a fuselage splice, grew by fatigue
in a circumferential direction. Flush head
aluminum rivets joined the fuselage skin
to the frames and longerons. Detection of
the surface cracks was possible with
standard eddy current crack depth meters.
These instruments required scanning
between each row of fasteners, which was
somewhat time consuming. To speed up
the test, a procedure (operating at 5 kHz)
was developed for phase analysis screen
display instrumentation. Using this type
of equipment, the operator can scan in a
direct circumferential line over the
installed fasteners as shown in Fig. 27a.

In Fig. 26, crack responses are in the
same direction as the conductivity locus
and therefore should be in the same
direction as the change in conductivity
478 Electromagnetic Testing

FIGURE 26. Direction of surface cracks on
impedance plane cathode ray tube.2
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caused by the rivets. Figure 27b shows the
response obtained by scanning over the
rivets with no cracks in the skin. In
Fig. 27c, the crack response is in the same
direction but has a much greater
impedance, resulting in a clearly
discernible increased amplitude signal.

Gain Adjustment to
Enhance Indications2

With phase analysis instruments, the
technique called null balancing described
earlier makes the test results easier to
interpret.14 Null balancing entails rotating
the impedance place to help interpret
signals of interest. This technique is
sometimes difficult with screen display
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FIGURE 28. Improving test results at 50 kHz by changing
screen display vertical gain: (a) normal impedance plane
response from crack in aluminum; (b) crack responses at
various changes in vertical gain; (c) normal impedance plane
response from crack in steel; (d) crack responses at various
changes in vertical gain.2
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instruments because the flying dot
impedance point will in many cases be
offscreen.

The onscreen results of null balancing
can sometimes be improved by adjusting
the gain. As the optimum operating
frequency is selected by rotating the
signal traces on the impedance plane, the
vertical or horizontal gains on the screen
display can be increased or decreased. The
traces are rotated by turning the phase
control on the face of the instrument. At
5 V per division, the gain is low on the
screen display; at 0.2 V per division, the
gain is high on the screen display. Two
examples are shown in Fig. 28.

The first example shows the normal
impedance plane response for a crack in
an aluminum sample (Fig. 28a). The liftoff
locus is rotated about 45 degrees to a
horizontal position as shown in Fig. 28b.
Because the liftoff is an unwanted
response, the gain in the horizontal
direction is reduced by using a setting of
2 V per division on the screen display. To
amplify the crack response in the vertical
direction, the vertical gain is increased.
This change in gain amplifies both the
separation angle (between liftoff and crack
response) and the amplitude of the crack
response. Figure 28b shows the response
that can be expected with differential gain
settings superimposed for the same
frequency response.

The second example is for a crack in
steel as normally presented on the
impedance plane (Fig. 28c). Here again,
the liftoff response is rotated to a
horizontal direction with the crack
response in the vertical direction. The
horizontal gain is set at 2 V per division
and the vertical gain is increased to 0.2 V
per division (see Fig. 28d). In this case,
the phase angle does not change
appreciably but the signal amplitude is
increased considerably at the 0.2 V per
division.

These two examples are typical of
situations where null balancing reduces
the irrelevant signal amplitude while
increasing the signal amplitude of
interest.

Subsurface Crack
Detection2

Engineers for two aircraft manufacturers
investigated subsurface crack detection in
aircraft structures using low frequency
eddy current techniques. Figure 29 shows
how cracks through the thickness of
second and third layer aluminum
structures appear on the impedance plane
at 1 kHz. The surface crack response in
the first layer runs almost parallel to the
liftoff locus. The second layer crack runs
479Aerospace Applications of Eddy Current Testing



parallel to the conductivity locus and the
third layer crack response is to the right of
the conductivity locus. The phase lag
causes the phase shift of the crack signals
as the crack depth below the surface
increases.
480 Electromagnetic Testing

FIGURE 29. Direction of surface and subsurface crack
indications in aluminum on impedance plane: (a) test setup
at 1 kHz; (b) impedance plane with enlargement of circled
area.

(a)

(b)

Coil

1.0 mm (0.04 in.) surface
1.25 mm (0.05 in.) subsurface

3.2 mm (0.125 in.) subsurface

Air

Nonmagnetic

Conductivity σ
Liftoff Liftoff

Cracks

1

17.4 MS·m–1 (30 percent
International Annealed

Copper Standard)

2
3

1

2 3

Re
ac

ta
nc

e 
X

(r
el

at
iv

e 
sc

al
e)

Resistance R (relative scale)



PART 6. Low Frequency Eddy Current Testing of
Aircraft Structure1,15

FIGURE 30. Eddy current standard depth of penetration for
various conductivity materials at different frequencies.
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Airlines and airframe manufacturers have
been using eddy current crack detection
techniques since the early 1960s. Most of
the eddy current equipment and
procedures were designed to operate at
high frequencies (10 kHz to 1 MHz) to
detect very small surface cracks. Around
1973, it was determined by damage
tolerance studies that eddy current testing
was more sensitive than radiography for
detecting fatigue cracks.16,17 It then
became desirable to use eddy current
testing instead of radiography to detect
subsurface cracks. Unfortunately, at that
time, instruments operating at low
frequencies (100 Hz to 10 kHz) were
scarce and, because the probes were large
in diameter, they lacked the sensitivity to
detect small cracks.

Low frequency eddy current testing
became reliable with the introduction of
phase analysis instruments. In addition,
instrument manufacturers lowered the
operating frequency to 60 Hz and reduced
the size of the probes.

Depth of Penetration
The depth of penetration of eddy currents
below the test surface is influenced by
operating frequency, material conductivity
and magnetic permeability. These three
variables are used to define the standard
depth of penetration δ, the depth at
which the eddy current strength or
intensity is reduced to 37 percent of its
surface value.

The relative magnetic permeability is
1.0 for nonmagnetic materials and the
conductivity of a particular material is
generally known and constant. Hence, the
depth of penetration is controlled by the
operating frequency.

The δ value is used when the eddy
currents need to penetrate a faying surface
layer to detect anomalies in a second
layer. If the inspector does not want the
thickness variations of the test object to
influence the test, the effective depth of
penetration 3δ is used. The effective depth
of penetration is the point at which the
eddy current density is reduced to about
5 percent of its value at the surface (and
thickness effects are no longer noticed).
Figure 30 is a plot of standard depth of
penetration δ versus operating frequency
for (1) titanium, (2) Unified Numbering
System S30400 austenitic chromium
nickel stainless steel, (3) Unified
Numbering System A97075 wrought
aluminum alloy and (4) high alloy steel.
By using these data, δ values or operating
frequencies may be obtained for each
application. (A chart as in Fig. 5 may also
be used.)

Applications for Low
Frequency Testing15

Low frequency eddy current techniques
have been used successfully for detecting
hidden corrosion (see Fig. 31). The areas
that are most prone to corrosion are those
that collect moisture either by leakage or
by condensation. Once the corrosion
starts, it becomes intergranular and causes
continuous exfoliation until the corrosion
propagates all the way through the
member. If the corrosion products collect
between faying surfaces, a blister may
form and cause interface separation or
spacing. Thinning or spacing effects can
be detected and measured by low
frequency eddy current testing.

Low frequency eddy current techniques
have detected corrosion in jet aircraft.18

An operating frequency of 4.5 kHz was
used, producing a standard depth of
481Aerospace Applications of Eddy Current Testing



penetration of 1.8 mm (0.07 in.),
sufficient to guarantee penetration into
the second member. A shielded 9 mm
(0.35 in.) diameter probe was designed to
minimize edge effects. Reference
standards to simulate spacing or thinning
were produced by end milling flat bottom
holes in an aluminum skin. A spacing of
0.5 mm (0.02 in.) produced a full scale
vertical movement of the flying dot and
the 0.13 mm (0.005 in.) gap caused a
482 Electromagnetic Testing

FIGURE 31. Typical applications for low
frequency eddy current testing:
(a) interstitial corrosion; (b) thinning;
(c) second layer cracking; (d) cracking in
fastener hole.
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proportionally smaller movement. Gaps
greater than 0.5 mm (0.02 in.) were
considered serious corrosion and gaps
between 0.25 mm (0.010 in.) and
0.51 mm (0.020 in.) were considered
suspect. This example is similar to one
discussed above (Fig. 20).

Low frequency eddy current equipment
operating at 500 Hz has been used19 to
detect 1.0 mm (0.04 in.) subsurface cracks
in aluminum structure through aluminum
layers 5 mm (0.2 in.) thick. This test
technique has been effective for detecting
cracks in second layer structure and has
detected cracks missed by radiography.
Although the low frequency, 500 Hz eddy
current technique is effective, it has
several limitations.

1. It cannot be used to test through outer
layers thicker than 6.3 mm (0.25 in.).

2. It requires multiple positions around
the circumference of a hole for crack
detection.

3. Larger probes prohibit testing between
fasteners separated by a distance less
than the probe diameter.

For application on an aluminum
structure 15 mm (0.6 in.) thick containing
steel fasteners, a 100 Hz encircling probe
(Fig. 31d) has been developed.19 The
alternating current coils produce an
electromagnetic field that penetrates both
the aluminum and steel fastener. In
addition, the steel fastener acts as a core
and tends to concentrate the
electromagnetic field. Cracks 13 mm
(0.5 in.) long were detected through outer
layers of aluminum 8.9 mm (0.35 in.)
thick and longer cracks may be detected
through even thicker outer layers. The
encircling probe can be used where the
fastener head spacing is 6.3 mm (0.25 in.)
or greater. The major disadvantage of the
encircling probe is the absolute
measurement system. Changes in fastener
FIGURE 32. Instrument response at 500 Hz related to crack
length and upper layer thickness in typical aircraft
structure.20
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FIGURE 34. Detection of crack in second layer by scanning
between fasteners with 10 mm (0.4 in.) probe at 2 kHz:
(a) scanning procedure; (b) no crack response; (c) crack
length, fastener permeability, aluminum
thickness and conductivity may cause
signal variations that interfere with the
test.

Crack detection sensitivity for
laboratory conditions (Fig. 32) has been
reported.20 The actual crack detection
capability in the field is reduced by signal
noise from temperature variations, by
separations between the layers and by
variation in probe placement. Field
experience with a 500 Hz probe confirms
that cracks can be reliably detected —
13 mm (0.5 in.) long cracks under a 5 mm
(0.2 in.) thick upper layer and 6.3 mm
(0.25 in.) long cracks under a 2.5 mm
(0.10 in.) thick upper layer. Hundreds of
test procedures have been developed for
crack detection in various aircraft
components and structures.

Aircraft Window Belt Splice
Cracks13

Cracks were detected in the first row of
rivets above the longitudinal belt splices
of aircraft windows. The cracks initiated at
fastener holes in the internal (second
layer) skin and grew in a longitudinal
direction (Fig. 33).

Using a meter or screen display
instrument, the test may be performed by
scanning between fasteners with a 10 mm
(0.4 in.) probe at 2 kHz (Fig. 34). The
crack response is shown in Fig. 34c. To
speed up the test, a procedure was
FIGURE 33. Cracks in second layer initiating
at aluminum fastener holes: (a) outboard
side; (b) inboard side.
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developed for scanning in line with and
across the aluminum fasteners by using a
15 mm (0.6 in.) diameter probe operating
at 1 kHz (Fig. 35). The crack response is
shown in Fig. 35c. Both test techniques
produce easily interpreted crack responses
on a screen display.

Fatigue cracks caused by pressurization
cycles were detected in the window belt
panels on an airplane with many hours in
service (Fig. 36). The window belt was
removed from the aircraft and sent to the
manufacturer for evaluation. A section of
the cracked panel was used to develop a
nondestructive test. The low frequency
eddy current test was performed at a
frequency range of 500 Hz to 1 kHz using
a 13 mm (0.5 in.) diameter probe. A
reference standard was made, simulating
the window belt splice joint. It contained
a 25 mm (1.0 in.) electric discharge
machined notch at the change of
thickness area in the window belt panel.
A nonmetallic straight edge was used to
guide the center of the probe directly over
the center of the splice. For instruments
equipped with meters, the liftoff and
phase angles were set so that liftoff drove
the meter up scale and passing the probe
over the electric discharge machined
notch drove the meter down scale. For
483Aerospace Applications of Eddy Current Testing
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instruments equipped with oscilloscopes,
the phase rotation was null balanced to
produce a crack response like that in
Fig. 34c.

When a crack signal is obtained, using
the low frequency eddy current procedure
on the outside of the aircraft, verification
requires removal of the interior seats,
lining and insulation to conduct a visual
or high frequency eddy current check of
the internal surface of the window belt
panel.

Automated Fastener Hole
Testing
Inservice test techniques using a driver
and receiver sliding probe eddy current
system have been developed for improved
crack detection in aging aircraft fastener
hole tests.13,21 The basic idea of this test
system is to slide the probe along a line of
fasteners without removing them and to
observe the screen display pattern for
crack responses. The technique has used a
circular probe centered over the installed
fastener and the screen display is observed
for a crack response. Unfortunately, the
results with circular probes are affected by
484 Electromagnetic Testing

FIGURE 35. Detection of crack in second layer by scanning
over fasteners with a 15 mm (0.6 in.) probe at 1 kHz:
(a) scanning procedure; (b) no crack response; (c) crack
response.
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fastener permeability, fastener length,
fastener spacing, ambient temperature
and probe centering. Flat surface low
frequency eddy current probes offset some
of these problems. Sliding probe systems,
however, offer better crack sensitivity and
reliability as well as a wide frequency
range and good penetration.

Scanning is done in the direction of
crack extension (but it will detect cracks
within a 90 degrees angle or less). The
crack direction is normally known by the
direction of the stress in a given test
object. The probes are reflection type and
must be used with appropriate
instruments. When an aluminum
specimen with subsurface cracks is
scanned, the fastener response is almost
parallel to the liftoff and the crack
response has an increasing clockwise
phase angle response.

Conclusion
Eddy current testing is a primary test
technique for detecting cracks and
corrosion of aircraft structure and engine
hardware during maintenance overhaul.
These tests are performed in accordance
with procedures developed by the
manufacturer. Such tests can be used to
detect fatigue cracks resulting from cyclic
loading during flight, takeoff or landing.
They can also be used to detect stress
corrosion cracks to indicate the extent of
corrosion damage or to identify portions
of aircraft structures damaged by fire. In
FIGURE 36. Window belt crack location:
(a) area; (b) close view.15
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this way, it is possible to identify damaged
components that need to be replaced to
restore the craft to airworthiness.

Fracture mechanics and nondestructive
testing programs have consistently shown
that eddy current tests are very reliable in
detecting cracks that would be missed by
radiography or that require careful
cleaning or coating removal to be
detected by liquid penetrant or magnetic
particle testing. In addition, these studies
also reveal that very small cracks can be
detected by high frequency eddy current
tests. As a consequence, aircraft and
engine inspections must use eddy current
testing to ensure product reliability.
Fortunately, this demand for eddy current
testing has generated considerable
research and development by aircraft
manufacturers, airlines, military and eddy
current equipment manufacturers.
Development has resulted in advances in
instruments, probes and other aspects of
the technology.
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PART 7. Eddy Current Testing of Jet Engines
Eddy current testing is a well established
technique for the detection of surface
discontinuities in conductive test parts.
The United States Air Force and other
organizations have used automated eddy
current testing to ensure that critical
engine components are free of rejectable
surface discontinuities.

Eddy Current Techniques
for Jet Engines
Eddy current tests of military aircraft
engines can be categorized as
manufacturing, depot or field tests. When
aircraft engine components are initially
produced, eddy current tests of the
manufactured parts are often required by
specification to ensure that the new
engine components are free of undesirable
material properties or machining
discontinuities. Inservice parts similarly
require depot tests at predetermined
intervals to ensure that parts are free of
small discontinuities in critical,
predetermined zones. Manufacturing tests
and depot tests are performed as
preventive screening.

Structural integrity requirements are
based on fracture mechanics analysis
using mission critical parameters for each
engine component.22 For a helicopter
engine, conservative service life limits and
critical discontinuity sizes are determined
by using minimum material properties
and other worst case operating
conditions.23 Aerodynamic, heat transfer,
stress and life analysis models are used
along with the criticality of a failure to
determine test zones and discontinuity
requirements for critical engine
components. The aviation community
recognizes that eddy current tests can
reliably detect small discontinuities and
locate critical discontinuities.23

Eddy current tests are typically required
for discontinuities smaller than 1.8 mm
(0.07 in.) long whereas fluorescent liquid
penetrant testing is often sufficient for
discontinuities over 1.8 mm (0.07 in.)
long. Although eddy current requirements
have been as small as 0.13 mm (0.005 in.)
deep by 0.25 mm (0.010 in.) long, surface
requirements are typically in the range of
0.25 × 0.50 mm to 0.75 × 1.50 mm
(0.010 × 0.020 in. to 0.030 × 0.060 in.).
The required discontinuity sizes,
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orientations, test areas and surface
conditions dictate the test technique.
Parameters such as coil type, test
frequency, scanning, indexing and
filtering are chosen to optimize the ratio
of signal to noise for each test.

Probability of Detection
To demonstrate a technique’s reliability
after it is developed, data for probability
of detection are collected from fatigue
crack specimens of the same material and
by using the same parameters. The term
probability of detection refers to the
statistical protocols used to quantify the
effects of test variables on test reliability,
specifically on the identification of
rejectable discontinuities. Probability of
detection data analysis is used to quantify
a system’s response and to determine the
required test thresholds.

Many aircraft manufacturers require
potential eddy current test service
agencies to submit a test matrix to assess
potential test variables and their impact
on test sensitivity. Such variables include
repeat runs, different operators, different
machines and different serial number
probes of the same probe type. Variability
test matrices for an automated eddy
current test station (for retirement for
cause) have identified probe variability to
be the most significant cause of variation
in the probability of detection data for the
test station. Therefore, a minimum of two
or three probes with the same
specifications are used to collect the
probability of detection data. Although a
greater number of probes would be
desirable, cost and schedule constraints
typically prohibit additional collections.
After the probability of detection data are
collected, a statistical fit is performed by
using the broadest analysis range that is
statistically acceptable. The analysis range
must contain all required crack lengths for
a given combination of technique and
test object.24 Slope, intercept and scatter
parameters are then obtained from the
data analysis. These parameters are used
to calculate required limits and thresholds
necessary to detect required crack sizes
with, for example, 90 percent probability
at a 95 percent mean confidence level.
This requirement is known as the 90/95
requirement.



Sizing information can also be
obtained from the probability of detection
results to convert recorded signal
amplitude into estimated crack size. It is
important to note that estimated crack
sizes are inaccurate outside of the
probability of detection data analysis
range because of instrument saturation,
signal rolloff (where discontinuity sizes
exceed settings for signal maxima) and
other nonlinearities (Figs. 37 and 38).
Therefore, it is crucial that all required
discontinuity sizes are sufficiently
bounded by the probability of detection
data analysis range and that no
extrapolations are made for required
discontinuity sizes. Although indications
with amplitudes outside the probability of
detection analysis range will not be
accurately sized, they will still be detected
and the tested region will receive a reject
status.

Standard versus Complex
Geometries
Within the manufacturing and depot
categories, eddy current tests can be
further subdivided into standard and
complex geometry categories. Standard
tests typically include part configurations
that lack significant geometry signals or
other significant noise. Examples of
Legend
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FIGURE 37. Probability of detection data for three similar
split D shaped (Figs. 40 to 42a) reflection probes on bolt
hole.
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standard geometries include continuous
surfaces, bolt holes and scallops (Fig. 39).

Although surface tests are typically free
of strong geometry signals, test zones can
sometimes run close enough to bolt holes
or other features to pick up a geometry
signal. Surface tests can also require
thresholds so small that additional work is
needed to differentiate discontinuity
responses.

Although bolt hole and scallop
geometries have significant edge
geometries, coil configuration and scan
techniques can typically be selected so no
appreciable edge signal is present during
the tests. However, significant geometry
signals can occur if a bolt hole probe is
not accurately centered on a bolt hole or
precise following of scallops cannot be
accomplished. These geometry signals can
render the test of such features
impractical. Lack of sophisticated probe
positioning apparatus can permit
unwanted geometry signals. Bolt hole and
scallop geometries with very low test
requirements force standard geometries to
use complex test techniques in order to
extract very small discontinuity signals
out of the background noise.

Complex geometries include broach or
dovetail slots, oil drain holes, shaped
holes, antirotation windows, knife edges,
air foils and other geometries that
produce large unwanted edge signals 
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FIGURE 38. Typical probability of detection response for three
similar wide field probes on flat plate specimens.
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FIGURE 39. Discontinuity locations for fighter
engines: (a) corner of cut for balance or
drain slot; (b) corner of balance flange
scallop; (c) disk rim; (d) air holes for oil
drain, fastener or cooling; (e) corner of
antirotation window; (f) through knife edge
seal; (g) blade interior.
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(Fig. 39). These geometries require special
techniques, sophisticated signal
processing or both to suppress the large
unwanted geometry response.

The development of tests for complex
geometries typically requires extremely
accurate probe centering to obtain a very
consistent edge response combined with a
signal removal or differencing technique.
These edge responses can easily be one
hundred times greater than the desired
discontinuity response. Often,
differencing techniques alone are
insufficient for suppressing strong
geometry signals and signal processing
techniques are required.

Signal Processing
Signal processing techniques include
parametric modeling of edge responses,
pattern recognition, frequency
discrimination, digital filtering and phase
discrimination.

1. Parametric modeling involves
adjusting slope, amplitude, direct
current offset, phase or other
parameters to obtain a best fit to some
predetermined model to significantly
reduce edge variations.

2. Imaging and pattern recognition
techniques can also be used to reduce
edge variations.

3. Frequency discrimination techniques
can be as simple as selecting the
proper filter settings to eliminate
unwanted noise but available
instrument filter settings are often
insufficient to discriminate between
an indication and noise.

4. Digital filters are used to supplement
instrument filters and improve the
ratio of signal to noise.

5. Phase discrimination techniques can
be used to extract discontinuity signals
if there is enough phase separation
between the discontinuity signal and
unwanted signals.25

Regardless of the signal processing
technique applied to a given test, it is
important that test parameters are
equivalent to those used to collect the
probability of detection data. Without
equivalent test parameters, it is difficult to
ensure that test thresholds and
discontinuity sizing are accurate.

Eddy Current Probes for
Jet Engines
Because probe and coil variations were
identified as a significant variable in the
automated eddy current test station
probability of detection data, great care is
taken to control slight variations in the
probes. Probes have been studied to assess
488 Electromagnetic Testing



their parameters, optimize their design
and minimize variations from probe to
probe. 

Split Core Coils
Split core coils use two separate receiving
coils wound in opposite directions on a
split cylinder of ferrite whose cross section
resembles two D shapes, one D being the
mirror image of the other. The two Ds are
back to back so that their cross section
looks like a bifurcated circle. These
D shaped receive coils are typically bound
together with a drive coil wound around
them both.

For the study of these coils, probe
footprints were collected by indexing a
probe across a small cross section of a
150 µm (0.006 in.) gage wire in a
nonconductive plate. These footprints
illustrate some probe parameters such as
coil orientation, coil size and coil tilt
(Figs. 40 and 41).26 With careful
alignment, coil positioning can also be
easily visualized and quantified. In
addition to orientation, size and tilt, the
footprint assessment can also provide
FIGURE 40. Axial alignment of probe having a 4 to 5 mV, split D
alignment; (c) tilt in split axis.
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insight into a probe’s working sensitivity.
Results have shown a correlation between
a reduced probe footprint and a reduction
in the probe’s response to larger fatigue
cracks.

Many standard techniques for aircraft
engines use a split D shaped coil with the
coil axis running normal to the test object
(Fig. 42a). A differential coil is used to
exclude environmental noise such as
temperature variations and bulk material
properties. To further increase the coil
sensitivity, a separate driving coil is often
wound around the two receiving coils. In
this configuration, the probe is classified
as a differential reflection probe. Probes are
generally specified according to coil
diameter.

One of the D shaped coils has a
0.51 mm (0.020 in.) diameter core. Coils
with 1.27 mm (0.050 in.) and 1.52 mm
(0.060 in.) diameter cores are some of the
larger D shaped coils used for the
detection of relatively small
discontinuities. The smaller diameter coils
provide a greater ratio of signal to noise
but require a greater number of indexes to
adequately cover the same amount of test
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area. Several techniques have been used to
increase test throughput.

Wide Field Probes
The term wide field probes typically refers
to probes with circumferentially wound
coils whose axes are parallel to the test
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FIGURE 41. Footprints of eddy current probes
having split D shaped coil: (a) first probe;
(b) second probe; (c) third probe.
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surface to achieve a wider field of view.
Two receiving coils are abutted (so that a
circular end of one cylindrical coil is next
to the end of the other) such that their
currents flow in opposing directions.
These two receiving coils are often
supplemented with a separate drive coil in
the same probe. When the probe is
applied with the axis parallel to the test
surface, the discontinuity frequency no
longer depends on the coil diameter and
the coil can be larger so that the field of
view is as wide as the contact area
between the coil and the test surface.
Because part noise is integrated over the
contact area of the coil, the practical size
of the wide field probe is determined by
the required discontinuity detection size
and the anticipated noise of typical test
surfaces.

Wide field probes can be further
categorized as bobbin coils, shaped coils
and flex coils.

1. Bobbin coils generally refer to coils
whose circumferential windings are
circular or nearly circular (Fig. 42b).
Bobbin coils have cores of air, ferrite,
annealed steel or other materials.
FIGURE 42. Eddy current probes: (a) split,
D shaped reflection coil; (b) wide field
bobbin coils; (c) wide field flex coil.

(a)

(b)

(c)



2. Shaped coils are a slight derivative
from the bobbin coils in that the coils
are shaped to fit a distinct geometry.27

3. Flex coils differ from bobbin and
shaped coils in that each coil is
housed in a flexible protective jacket
that lets the coil be pressed into a
geometry to conform to the surface
(Fig. 42c).

The main advantage of the wide field
probe is the increased throughput
provided by a single-pass test. However,
the increased throughput comes at a cost.

The disadvantages of the wide field
coils include (1) a greatly diminished
signal response at a nonoptimal coil
orientation, (2) greater rolloff (where a
large discontinuity signal amplitude
exceeds the threshold of rejectable
indications) and (3) an inability to
identify the circumferential location of an
indication about a coil.

1. Because the required discontinuity
orientation is typically ideal for the
wide field coil technique, orientation
sensitivity is generally not an issue.

2. Although rolloff at larger discontinuity
sizes is of greater concern than rolloff
of the D shaped reflection probe, the
amplitudes of larger discontinuity sizes
are generally much greater than the
threshold required for the test.
Although discontinuities beyond the
rolloff range will be reported at a
reduced size, they will still exceed the
rejectability threshold and will need to
be addressed before acceptance of a
part. A typical response related to
rolloff is illustrated in Fig. 38 for a
wide field probe.

3. Although knowing the circumferential
location of an indication can be useful
in locating a discontinuity, the axial
location of the discontinuity is usually
sufficient in approximating and
locating a discontinuity. In
applications where knowing the
circumferential position of a
discontinuity is critical, an
overlapping test with a coil can be
used to help determine the
approximate circumferential location
of the discontinuity.

Array Probes
A second approach to improving test
throughput involves an array of eddy
current coils. Increasing throughput
comes at a cost. Eddy current arrays
require more channels. Although
multiplexing can be performed to
significantly reduce the costs associated
with parallel processing of multiple
signals, the costs will still be greater than
that of a system with a single probe. In
addition to the increased equipment
costs, sensor and probe costs typically
increase as more sensors are added.

Although printed circuit board eddy
current coil arrays can be used to reduce
sensor costs and provide a flexible coil
array, these arrays typically come with a
decrease in coil sensitivity because of the
single-turn nature of these coils. In
addition to the sensor production costs,
there are also costs to normalize coils and
ensure their proper sensitivity. After these
costs and problems are addressed, the
eddy current array approach can offer
advantages over single-sensor testing.

Conclusion
The testing of critical components of
aircraft engines requires careful attention
to ensure that test parameters are carefully
set to meet test requirements. Automated
equipment is essential to precisely
position and scan sensors on geometries
where slight inaccuracies in coil
positioning can produce indications that
lead to rejection of an acceptable part. To
further improve ratios of signal to noise
with very stringent discontinuity
requirements, sophisticated signal
processing techniques are often applied.
Great care is also taken to minimize
system variations.

Although certain techniques are used
to increase test throughput, the driving
factors for scheduled tests of critical
engine component tests are adherence to
the discontinuity requirements and test
zones specified by the manufacturer.
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Introduction
Most of the definitions in this glossary are
adapted from the second edition of the
Nondestructive Testing Handbook.1-10 The
definitions in this glossary have been
modified to satisfy peer review and
editorial style. For these reasons,
references in this glossary should be
considered not attributions but rather
acknowledgments and suggestions for
further reading.

The definitions in this Nondestructive
Testing Handbook volume should not be
referenced for tests performed according
to standards or specifications or in
fulfillment of contracts. Standards writing
bodies take great pains to ensure that
their standards are definitive in wording
and technical accuracy. People working to
written contracts or procedures should
consult definitions referenced in
standards when appropriate.

This glossary is provided for
instructional purposes. No other use is
intended.

Terms

A

absolute coil: Coil that responds to the
electromagnetic properties of that
region of the test part within the
magnetic field of the coil, without
comparison to the response of a
second coil at a different location on
the same or similar material.4

absolute measurement: (1) Measurement
made with an absolute coil.4
(2) Measurement of a property
without reference to another
measurement of that property.

acceptance criterion: Benchmark against
which test results are to be compared
for purposes of establishing the
functional acceptability of a part or
system being examined.

acceptance level: Measured value or
values above or below which test
specimens are acceptable in contrast to
rejection level.4,11

acceptance limit: Test signal value used
in electromagnetic testing,
establishing the group to which a
material under test belongs.4,11

acceptance standard: Specimen, similar
to the product to be tested, containing
natural or artificial discontinuities that
are well defined and similar in size or
extent to the maximum acceptable in
the product.4 Acceptance standards are
available also for material properties
such as conductivity and hardness.
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algorithm: Set of well defined rules or
processes that prescribe the solution of
a problem in a finite number of
steps.4,12

alternating current: Electrical current
that reverses its direction at regular
intervals.6,10

alternating current field: Varying
magnetic field produced around a
conductor by alternating current
flowing in the conductor.6,10

alternating current magnetization:
Magnetization by a magnetic field
generated when alternating current is
flowing.6,10,13

ampere (A): SI unit of electric current.6,10

ampere per meter (A·m–1): SI compound
unit for magnetic field intensity. The
measurement 1 A·m–1, for example,
describes a current of 1 A flowing
through a coil of 1 m diameter.6,10,13

amplitude response: Property of a test
system whereby the amplitude of the
detected signal is measured without
regard to phase. See also phase
analysis.4,11

analog-to-digital converter: Circuit
whose input is information in analog
form and whose output is essentially
the same information in digital
form.4,12

annular coil: See encircling coil.
annular coil clearance: Mean radial

distance between the inner diameter
of an encircling coil assembly and test
object surface in electromagnetic
testing. See fill factor.4,10,11

anomaly: Variation from normal material
or product quality.4

argand diagram: Graphical
representation of a vector quantity on
the complex plane.

artifact: In nondestructive testing, an
indication that may be interpreted
erroneously as a discontinuity.10,15

artificial discontinuity: See discontinuity,
artificial.

artificial discontinuity standard: See
acceptance standard.

ASNT: American Society for
Nondestructive Testing.

ASNT Recommended Practice
No. SNT-TC-1A: See Recommended
Practice No. SNT-TC-1A.

attenuation: Decrease in signal amplitude
over distance, often called loss; can be
expressed in decibels or as a scalar
ratio of the input magnitude to the
output magnitude.4,12

automated system: Acting mechanism
that performs required tasks at a
determined time and in a fixed
sequence in response to certain
conditions.10



B

band pass filter: Frequency filter that has
a single transmission band between
two cutoff frequencies, neither of the
cutoff frequencies being zero or
infinity.4,10,12

bandwidth: Difference between the cutoff
frequencies of a bandpass filter.14

blister: Discontinuity in metal, on or near
the surface, resulting from the
expansion of gas in a subsurface zone.
Very small blisters are called pinheads
or pepper blisters.10

blowhole: Hole in a casting or a weld
caused by gas entrapped during
solidification.10

bobbin coil: Cylindrically wound coil.
brittleness: Characteristic of a material

that leads to crack propagation
without appreciable plastic
deformation.10

bucking coil: See differential coils.

C

calibration, instrument: Adjustment of
instrument readings to known
reference standard.

casing: Many strings of pipe that are used
to line the hole during and after
drilling of a water, gas or oil well.10

casing string: Tubular structure on the
outer perimeter of a water, gas or oil
well hole. The casing string is a
permanent part of the well and many
casing strings are cemented into the
formation.10

central conductor: Electric conductor
passed through the opening in a part
with an aperture, or through a hole in
a test object, for the purpose of
creating a circular magnetic field in
the object.10

certification: With respect to
nondestructive test personnel, process
of providing written testimony that an
individual is qualified. See also certified
and qualified.

certified: With respect to nondestructive
test personnel, having written
testimony of qualification. See also
certification and qualification.

circular magnetization: Magnetization in
an object resulting from current
passed longitudinally through the
object itself or through an inserted
central conductor.10,15

circumferential coil: See encircling coil.
coil: One or more loops of a conducting

material; a single coil may be an
exciter and induce currents in the
material or it may be a detector or
both simultaneously.4

coil clearance: See liftoff.
coil spacing: In electromagnetic testing,
the axial distance between two
encircling or inside coils of a
differential or remote field test
system.4,11

comparative measurement: In
electromagnetic testing, a
measurement based on the imbalance
in a system and using comparator coils
in contrast to differential and absolute
measurements. See also comparator
coils.4,11

comparator coils: In electromagnetic
testing, two or more coils electrically
connected in series opposition and
arranged so that there is no mutual
induction (coupling) between them.
Any electromagnetic condition that is
not common to the test specimen and
the standard will produce an
imbalance in the system and thereby
yield an indication. See also differential
coils.4,11

complex plane: Plane defined by two
perpendicular reference axes, used for
plotting a complex variable (such as
impedance) or functions of this
variable (such as a transfer
function).4,12

complex plane diagram: Graphical
presentation of complex quantities
where the real and imaginary
components are represented along the
horizontal and vertical axes,
respectively.4 Types of complex plane
diagram include impedance plane
diagram, voltage plane diagram and
phase amplitude diagram.

conductance (G): Transmission of electric
current through material. Measured in
siemens (S). Inversely related to
resistance R (ohm).

conductivity (σσ): Ability of material to
transmit electric current. Measured in
siemens per meter. Inversely related to
resistivity ρ.

contact head: Electrode assembly used to
clamp and support an object to
facilitate passage of electric current
through the object for circular
magnetization.10,15

coupled: (1) Of two electric circuits,
having an impedance in common so
that a current in one causes a voltage
in the other.10,11 (2) Of two coils,
sharing parts of their magnetic flux
paths.

σ
ρ

= 1

G
R

= 1
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coupling: Percentage of magnetic flux
from a primary circuit that links a
secondary circuit; effectiveness of a
coil in inducing eddy currents in the
test object.4

coupling coefficient: Fraction of
magnetic flux from one circuit (test
coil) that threads a second circuit (test
object); the ratio of impedance of the
coupling to the square root of the
product of the total impedances of
similar elements in the two meshes.4,12

crack: (1) Break, fissure or rupture,
sometimes V shaped and relatively
narrow and deep. Discontinuity that
has a relatively large cross section in
one direction and a small or negligible
cross section when viewed in a
direction perpendicular to the first.
(2) Propagating discontinuity caused
by stresses such as heat treating or
grinding. Difficult to detect unaided
because of fineness of line and pattern
(may have a radial or latticed
appearance).10

crack, cold: Crack that occurs in a casting
after solidification, because of
excessive stress generally resulting
from nonuniform cooling.10

crack, cooling: Crack in bars of alloy or
tool steels resulting from uneven
cooling after heating or hot rolling.
Cooling cracks are usually deep and lie
in a longitudinal direction but are
usually not straight.10

crack, fatigue: Progressive crack that
develops on the surface and is caused
by the repeated loading and unloading
of the object.10

crack, forging: Crack developed in the
forging operation because of forging at
too low a temperature, resulting in
rupturing of the material.10

crack, hot: Crack that develops before the
casting has completely cooled, as
contrasted with cold cracks, that
develop after solidification.10

crack, longitudinal: Crack parallel to the
length of the test object.10

crack, quenching: During quenching of
hot metal, rupture produced by more
rapid cooling and contraction of one
portion of a test object than occurs in
adjacent portions.10

crack, transverse: Crack at right angle to
the length of the test object.10

current flow technique: Magnetizing by
passing current through an object
using prods or contact heads. The
current may be alternating current or
rectified alternating current.10,15

current induction technique:
Magnetization in which a circulating
current is induced in a ring
component by a fluctuating magnetic
field.10,15

cycle: Single period of a waveform or
other variable. See period.
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defect: Discontinuity whose size, shape,
orientation or location make it
detrimental to the useful service of its
host object or which exceeds the
accept/reject criteria of an applicable
specification.10,16 Note that some
discontinuities may not exceed
specifications and are therefore not
defects. Compare discontinuity and
indication.10

demodulation: Process wherein a carrier
frequency modulated with a signal of
lower frequency than the carrier
frequency is converted to a close
representation of the original
modulating signal.14 See modulation.

depth of penetration: See skin effect and
standard depth of penetration.

detector coil: See sensing coil.
differential amplifier: Amplifier whose

output signal is proportional to the
algebraic difference between two input
signals.4,12

differential coils: Two or more physically
adjacent and mutually coupled coils
connected in series opposition such
that an imbalance between them,
causing a signal, will be produced only
when the electromagnetic conditions
are different in the regions beneath
two of the coils. In contrast,
comparator coils are not adjacent or
mutually coupled.

differential measurement: In
electromagnetic testing, the
measurement of system imbalance by
using differential coils, in contrast to
absolute and comparative
measurements.4,11

differentiated signal: In electromagnetic
testing, an output signal proportional
to the input signal’s rate of change.4,11

direct current: Electric current flowing
continually in one direction without
variation in amplitude through a
conductor.10,16 See also full-wave
rectified direct current and half-wave
direct current.

direct current field: Active magnetic field
produced by direct current flowing in
a conductor or coil.10,16

discontinuity: Interruption in the
physical structure or configuration of a
test object.10,17 After nondestructive
testing, unintentional discontinuities
interpreted as detrimental to the
serviceability of the host object may
be called flaws or defects.10 Compare
defect and indication.

discontinuity, artificial: Reference
discontinuity such as hole,
indentation, crack, groove or notch
introduced into a reference standard
to provide accurately reproducible
indications for determining sensitivity
levels.10



discontinuity inversion: Technique for
measuring some dimension(s) of a
discontinuity by the application of a
mathematical algorithm to the
measured test data.4

discontinuity resolution: Property of a
test system that enables the separation
of indications due to discontinuities
near each other in a test specimen.4,11

E

eddy current: Electrical current induced
in a conductor by a time varying
magnetic field.4

eddy current testing: Nondestructive test
technique in which eddy current flow
is induced in the test object. Changes
in the flow caused by variations in the
specimen are reflected into a nearby
coil, coils, hall effect device or other
magnetic flux sensor for subsequent
analysis by suitable instrumentation
and techniques.4,11

edge effect: In electromagnetic testing,
the disturbance of the magnetic field
and eddy currents because of the
proximity of an abrupt change in
geometry, such as an edge of the test
object. Sometimes called end effect.
The effect generally results in the
masking of discontinuities within the
affected region.4,11

effective depth of penetration: In
electromagnetic testing, the minimum
depth beyond which a test system can
no longer practically detect a further
increase in specimen thickness.

electric field: Vector field of either the
electric field intensity (volt per meter)
or of the electric flux density
(coulomb per meter squared).

electrical center: Center established by
the electromagnetic field distribution
within a test coil. A constant intensity
signal, irrespective of the
circumferential position of a
discontinuity, is indicative of electrical
centering. The electrical center may be
different from the physical center of
the test coil.4,11

electrode: Conductor by which a current
passes into or out of a test object.10,13

electromagnet: Ferromagnetic core
surrounded by a coil of wire that
temporarily becomes a magnet when
an electric current flows through the
wire.10,15

electromagnetic acoustic transducer
(EMAT): Electromagnetic device using
lorentz forces and magnetostriction in
conductive and ferromagnetic
materials to generate and receive
acoustic signals for ultrasonic
nondestructive tests.10
electromagnetic testing (ET):
Nondestructive test method for
materials, including magnetic
materials, that uses electromagnetic
energy, either alternating or direct
current, to yield information regarding
the quality and characteristics of the
tested material.10,11

EMAT: Electromagnetic acoustic transducer.
encircling coil: In electromagnetic

testing, a coil or coil assembly that
surrounds the test object. Such a coil
is also called an annular coil,
circumferential coil or feed-through
coil.10,11

end effect: In bar and tube testing, edge
effect.

ET: Electromagnetic testing.
evaluation: Review following

interpretation of indications, to
determine whether they meet specified
acceptance criteria.

excitation coil: Coil that carries the
excitation current. Also called primary
coil or winding. See sensing coil.10

external discontinuities: Discontinuities
on the outside or exposed surface of a
test object.10

F

false indication: Test indication that
could be interpreted as originating
from a discontinuity but which
actually originates where no
discontinuity exists in the test object.
Distinct from nonrelevant indication.
Compare defect.10

feed-through coil: See encircling coil.
ferrite: Any of several magnetic

substances that consist essentially of
an iron oxide combined with one or
more metals (such as manganese,
nickel or zinc) having high magnetic
permeability and high electrical
resistivity.6

ferromagnetic material: Material such as
iron, nickel or cobalt whose relative
permeability is considerably greater
than unity and depends on the
magnetizing force and often exhibits
hysteresis.10,12 Materials that are most
strongly affected by magnetism are
called ferromagnetic.10

fill factor: For encircling coil
electromagnetic testing, the ratio of
the cross sectional area of the test
object to the effective cross sectional
core area of the primary encircling coil
(outside diameter of coil form, not
inside diameter that is adjacent to the
object).10,11,13 For internal probe
electromagnetic testing, the ratio of
the effective cross sectional area of the
primary internal probe coil to the
cross sectional area of the tube
interior.10,11
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fill factor effect: Effect of fill factor on
coupling between coil and test object.
See coupling coefficient.4

filter: Network that leaves a signal
unaffected over a prescribed range of
frequencies and attenuates signal
components at all other
frequencies.4,11

finite element analysis: Numerical
technique for the analysis of a
continuous system whereby that
system is decomposed into a
collection of finite sized elements.4

flaw: Rejectable or unintentional
anomaly. See also defect and
discontinuity.10

flaw inversion: See discontinuity inversion.
flux density: See magnetic flux density.
flux leakage: See magnetic flux leakage

field; magnetic flux leakage technique;
magnetic flux meter.

flux meter: See magnetic flux meter.
full-wave rectified direct current:

Single-phase or three-phase alternating
current rectified to produce
unidirectional current. The rectified
current contains ripple.

G

gauss (G): Obsolete unit of magnetic flux
density, replaced in SI by tesla (T).
1 G = 0.1 mT.10

gauss meter: Gage that measures
magnetic flux density in gauss (or
tesla).10

general examination: In personnel
qualification, test or examination of a
person’s knowledge, typically (in the
case of nondestructive testing
personnel qualification) a written test
on the basic principles of a
nondestructive testing method and
general knowledge of basic equipment
used in the method. (According to
ASNT’s guidelines, the general
examination should not address
knowledge of specific equipment,
codes, standards and procedures
pertaining to a particular
application.)10

grinding crack: Shallow crack formed in
the surface of relatively hard materials
because of excessive grinding heat or
the high sensitivity of the material.
Grinding cracks typically are
90 degrees to the direction of
grinding.10

H

half-wave direct current: Single-phase
alternating current half-wave rectified
to produce a pulsating unidirectional
current. Also called half-wave
current.10,15
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hall detector: Semiconductor element
that produces an output electromotive
force proportional to the product of
the magnetic field intensity and a
biasing current.10

hall effect: Potential difference developed
across a conductor at right angles to
the direction of both the magnetic
field and the electric current. Produced
when a current flows along a
rectangular conductor subjected to a
transverse magnetic field.10,13

hardness: Resistance of metal to plastic
deformation, usually by indentation.
However, the term may also refer to
stiffness or temper or to resistance to
scratching, abrasion or cutting.10

heat affected zone (HAZ): Base metal
that was not melted during brazing,
cutting or welding but whose
microstructure and physical properties
were altered by the heat.10

hertz: Measurement unit of frequency,
equivalent to one cycle per
second.10,12

horseshoe coil: Probe coil in which the
ferrite core of the coil is horseshoe
shaped. Also called a U shaped coil.4

hysteresis: Apparent lagging of the
magnetic effect when the magnetizing
force acting on a ferromagnetic body
is changed; phenomenon exhibited by
a magnetic system wherein its state is
influenced by its previous history.10

hysteresis loop: Curve showing flux
density B plotted as a function of
magnetizing force H as magnetizing
force is increased to the saturation
point in both negative and positive
directions sequentially. The curve
forms a characteristic shaped loop. 

I

IACS: International Annealed Copper
Standard.

impedance: Opposition that a circuit
presents to the flow of an alternating
current, specifically the complex
quotient of voltage divided by
current.10,11

impedance analysis: In electromagnetic
testing, an analytical technique that
consists of correlating changes in the
amplitude, phase, quadrature
components or all of these of a
complex test signal voltage to the
condition of the test specimen.10,11

impedance plane diagram: Graphical
representation of the locus of points
indicating the variations in the
impedance of a test coil as a function
of a parameter, such as conductivity or
liftoff.



incremental permeability: Ratio of the
change in magnetic induction to the
corresponding change in magnetizing
force.

indication: Nondestructive test
equipment response to a discontinuity
that requires interpretation to
determine its relevance. Compare
defect, discontinuity and false
indication.10

indication, discontinuity: Visible
evidence of a material discontinuity.
Subsequent interpretation is required
to determine the significance of an
indication.10

indication, false: See false indication.
indication, nonrelevant: Indication due

to misapplied or improper testing.
May also be an indication caused by
an actual discontinuity that does not
affect the usability of the test object (a
change of section, for instance).10

indication, relevant: Indication from a
discontinuity (as opposed to a
nonrelevant indication) requiring
evaluation by a qualified inspector,
typically with reference to an
acceptance standard, by virtue of the
discontinuity’s size, shape, orientation
or location.10,17

induced current technique: See current
induction technique.

inductor: Device consisting of one or
more associated windings, with or
without a magnetic core, which
impedes the flow of current.

initial permeability: Slope of the
induction curve at zero magnetizing
force as the test specimen begins to be
magnetized from a demagnetized
condition (slope at the origin of the
B,H curve before hysteresis is
observed).

inserted coil: See inside diameter coil.
inside coil: See inside diameter coil.
inside diameter coil: Coil or coil

assembly used for electromagnetic
testing by insertion into the test piece,
as with an inside probe for tubing.
Also called inserted coil.4,11

intergranular stress corrosion cracking
(IGSCC): Anomaly caused by
intergranular corrosion as a result of
sensitized material, stress and
corrosive environment (typical in the
heat affected zone of stainless steel
welds).

International Annealed Copper
Standard (IACS): Conductivity
measurement system in which the
conductivity of annealed, unalloyed
copper is arbitrarily rated at
100 percent and in which the
conductivities of other materials are
expressed as percentages of this
standard. See also conductivity and
percent International Annealed Copper
Standard.
interpretation: Determination of the
significance of test indications from
the standpoint of their relevance or
irrelevance, that is, from the
standpoint of whether they are
detrimental or inconsequential.10

inversion, discontinuity: See discontinuity
inversion.

L

leakage flux: (1) Magnetic flux of the coil
that does not link with the test object.
(2) Magnetic flux that leaves a
saturated or nearly saturated specimen
at a discontinuity.4

level, acceptance: See acceptance level.
level, rejection: See rejection level.
liftoff: Distance between the probe coil

and the test object.4
liftoff effect: In an electromagnetic test

system output, the effect observed due
to a change in coupling between a test
object and a probe whenever the
distance between them is varied.10,11

longitudinal magnetic field: Magnetic
field wherein the flux lines traverse
the component in a direction
essentially parallel with its
longitudinal axis.10,15

M

magnetic circuit: Closed path that allows
magnetic flux to flow.

magnetic field: Distribution of a vector
quantity that is a measure of an
exerted magnetic force.

magnetic field indicator: Device used to
locate or determine relative intensity
of a flux leakage field.10,15

magnetic field intensity: Strength of a
magnetic field at a specific point.
Measured in ampere per meter.10

magnetic flux density: Normal magnetic
flux per unit area, measured in
tesla (T).10,13

magnetic flux leakage field: Magnetic
field that leaves or enters the surface
of an object.10,15

magnetic flux leakage technique:
Electromagnetic test technique for the
detection and analysis of a surface
discontinuity or near surface
discontinuity using the flux that
leaves a magnetically saturated, or
nearly saturated, test object at a
discontinuity.10

magnetic flux meter: Electronic device
for measuring magnetic flux leakage.10

magnetic flux leakage: Excursion of
magnetic lines of force from the
surface of a test specimen.4,11
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magnetic particle testing (MT):
Nondestructive test method using
magnetic leakage fields and indication
materials to disclose surface and near
surface discontinuities.10,15

magnetic saturation: That degree of
magnetization where a further increase
in magnetizing force produces no
significant increase in magnetic flux
density in an object.10,11

magnetometer: Device for measuring the
strength of magnets or the intensity of
magnetic fields.10,16

magnitude: Absolute value of a complex
quantity (number) without reference
to the phase of the quantity.4

Maxwell’s equations: Fundamental
equations of electromagnetic field
theory:

where B = magnetic flux density,
D = electric flux density, E = electric
field intensity, H = magnetic field
strength, J = current density and
ρ = volume charge density.4

microwave testing: Nondestructive
testing method that uses, for its
probing energy, electromagnetic
radiation at radio frequencies — from
0.3 to 300 GHz, with wavelengths
from 1 mm to 1 m.10

model, analytical: Mathematical
representation of a process or
phenomenon.

modulation: Process of imparting
information to a carrier signal by the
introduction of amplitude or phase
perturbation.14

MT: Magnetic particle testing.
multifrequency: Two or more frequencies

applied sequentially or simultaneously
to the test coil.

multifrequency technique: Use of the
response of a test specimen to more
than one frequency, usually to
separate effects that would be
indistinguishable at a single
frequency.4

multiparameter: Of or pertaining to a
test system having many parameters
that affect the response. These
parameters can often be distinguished
with a multifrequency technique.4

multivariable: See multiparameter.4
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mutual inductance: Property of two
electrical circuits whereby a voltage is
induced in one circuit by a change of
current in the other circuit.4,12

N

NDC: Nondestructive characterization.
NDE: (1) Nondestructive evaluation.

(2) Nondestructive examination.
NDI: Nondestructive inspection.
NDT: Nondestructive testing.
noise: In electromagnetic testing, any

nonrelevant signal that tends to
interfere with the normal reception or
processing of a desired discontinuity
signal. Such noise signals may be due
to an extraneous source or generated
by heterogeneities in the test part that
are not detrimental to the use of the
part.4,11

nondestructive characterization (NDC):
Branch of nondestructive testing
concerned with the description and
prediction of material properties and
behaviors of components and systems.

nondestructive evaluation (NDE):
Another term for nondestructive testing.
In research and academic
communities, the word evaluation is
sometimes preferred because it implies
interpretation by knowledgeable
personnel or systems.10

nondestructive examination (NDE):
Another term for nondestructive testing.
In the utilities and nuclear industry,
examination is sometimes preferred
because testing can imply performance
trials of pressure containment or
power generation systems.10

nondestructive inspection (NDI):
Another term for nondestructive testing.
In some industries (utilities, aviation),
the word inspection often implies
maintenance for a component that
has been in service.10

nondestructive testing (NDT):
Determination of the physical
condition of an object without
affecting that object’s ability to fulfill
its intended function. Nondestructive
test methods typically use an
appropriate form of energy to
determine material properties or to
indicate the presence of material
discontinuities (surface, internal or
concealed).10

nonferromagnetic material: Material not
magnetizable and essentially not
affected by magnetic fields.4,11

MOVIE.
Mutual
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normalized impedance diagram:
Diagram in which the impedance of
the probe in air is a reference value to
which impedance values in other
conditions are compared. Usually the
plotted data are (1) the measured
reactance divided by the reactance of
the coil in air versus (2) the measured
resistance less the resistance in air
divided by the coil reactance in air.

null: To adjust a bridge circuit so that the
test sample and reference arms
produce equal and opposite currents
through the detector.4

null signal: Fixed component of the test
coil signal that is subtracted from the
output signal leaving only that part of
the signal that varies with test object
conditions; it reduces dynamic range
requirements.4

numerical analysis: Technique to
generate numbers as the solution to a
mathematical model of a physical
system; used in place of a closed form
analytic expression; usually requires
digital computation.4

O

OCTG: Oil country tubular goods.10

oersted (Oe): Obsolete measurement unit
of magnetic field intensity, replaced in
SI by ampere per meter (A·m–1).
1 Oe = 79.57747 A·m–1.

ohm (Ω): Measurement unit of electrical
resistance.

oil country tubular goods: Hollow
cylindrical components used to
convey petroleum and related
products.10

optimum frequency: In electromagnetic
testing, that frequency that provides
the largest signal-to-noise ratio
obtainable for the detection of an
individual material property. 

P

pancake coil: Probe coil whose axis is
normal to the surface of the test
material and whose length is not
larger than the radius.4

paramagnetic material: In
electromagnetic testing, a material
that has a relative permeability slightly
greater than unity and is practically
independent of the magnetizing
force.10,11

percent International Annealed Copper
Standard (%IACS): Measurement of
conductivity as a percentage of the
conductivity of pure copper, arbitrarily
rated at 100 percent. See also
International Annealed Copper Standard.
period: Absolute value of the minimum
interval after which the same
characteristics of a periodic waveform
or a periodic feature repeat.4

permeability: Ratio of magnetic
induction to magnetizing force. This
relationship is either (1) absolute
permeability, in general the quotient
of magnetic induction divided by the
magnetizing force, or (2) relative
permeability (or specific permeability),
a pure number that is the same in all
unit systems. The value and
dimension of absolute permeability
depend on the system of units used. In
anisotropic media, permeability is a
matrix.4,12

phase analysis: Analytical technique that
discriminates between variables in a
part undergoing electromagnetic
testing by the different phase angle
and amplitude changes that these
conditions produce in the test signal.
See also phase detection.4,11

phase angle: Angular equivalent of the
time displacement between
corresponding points on two sine
waves of the same frequency.4,11

phase detection: Derivation of a signal
whose amplitude is a function of the
phase angle between two alternating
currents, one of which is used as a
reference.4,11

phase sensitive system: System whose
output signal depends on the phase
relationship between the voltage
returned from a pickup or sensing coil
and a reference voltage.4,11

phase shift: Change in the phase
relationship between two alternating
quantities of the same frequency.4,11

phasor: Complex number that represents
the amplitude and phase of a quantity
that varies sinusoidally with time. A
phasor is not a vector, because the
orientation of a vector represents
direction.

physical properties: Nonmechanical
properties such as density, electrical
conductivity, heat conductivity and
thermal expansion.10

probe coil clearance: Perpendicular
distance between adjacent surfaces of
the probe and test part. See liftoff.4,11

pulse technique: Multifrequency
technique in which a broadband
excitation such as an impulse is used.
Either the frequency components are
extracted and analyzed or the
interpretation is based directly on
characteristics of the time domain
waveform.4
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Q

Q of a coil: Quality factor of a coil; related
to the ratio of maximum energy stored
to the total energy lost per period.

quadrature: Relation between two
periodic functions when the phase
difference between them is one fourth
of a period.4,12

qualification: Process of demonstrating
that an individual has the required
amount and the required type of
training, experience, knowledge and
capabilities.10

qualified: Having demonstrated the
required amount and the required
type of training, experience,
knowledge and abilities.10

quality: Ability of a process or product to
meet specifications or to meet the
expectations of its users in terms of
efficiency, appearance, longevity and
ergonomics.10

quality assurance: Administrative actions
that specify, enforce and verify a
quality program.10

quality control: Physical and
administrative actions required to
ensure compliance with the quality
assurance program. Quality control
may include nondestructive testing in
the manufacturing cycle.10

quality factor: Of a coil, the ratio of
reactance to resistance defined at the
operating frequency.

R

recommended practice: Set of guidelines
or recommendations.10

Recommended Practice No. SNT-TC-1A:
Set of guidelines published by the
American Society for Nondestructive
Testing, for employers to establish and
conduct a nondestructive testing
personnel qualification and
certification program.10

recovery time: Time required for a test
system to return to its original state
after overload or signal reception.

reference coil: In electromagnetic testing,
the section of the coil assembly that
excites or detects the electromagnetic
field in the reference standard of a
comparative system.4,11

reference number: Number associated
with the impedance of a coil adjacent
to a test sample.

reference standard: Reference used as a
basis for comparison or calibration. In
tube testing, a tube with artificial
discontinuities used for establishing
the test sensitivity setting and for
periodically checking and adjusting
the sensitivity setting as required. See
also acceptance standard.4,11
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reflection probe: Coil system that uses
both an excitation and a detection or
sensing coil on the same side of the
sample.4,11

rejection level: Value established for a
test signal above or below which test
specimens are rejectable or otherwise
distinguished from the remaining
specimens. This level is different from
the rejection level as defined for
ultrasonic and other test systems.4,11,20

relative permeability: Ratio of the
permeability of the material to the
permeability of vacuum. See also
permeability.4

resistance, electrical (R): Opposition to
transmission of electric current
through material; ratio of voltage to
current. Measured in ohm (Ω).
Inversely related to conductance:

where A is the conductor’s cross
sectional area (square meter), G is
conductance (siemens), L is the length
of the conductor (meter) and ρ is
resistivity (ohm meter).

resistivity (ρρ): Ability of material to resist
electric current. Measured in ohm
meter (Ω·m), which is the resistance of
a cube made of the material whose
dimensions are 1 m on each side.
Inversely related to conductivity σ
(siemens per meter):

response function: Ratio of response to
excitation, both expressed as functions
of the complex impedance.4,12

S

scalar: Quantity completely specified by a
single number and unit.4,12

search coil: Detection coil, usually
smaller than the excitation coil.4

secondary magnetic flux: Magnetic flux
due to induced flow of eddy currents.4

selectivity: Characteristic of a test system,
a measure of the extent to which an
instrument can differentiate between
the desired signal and disturbances of
other frequencies or phases.4,11

self-inductance: Property of an electric
circuit whereby an electromotive force
is induced in that circuit by a change
of current in the circuit.4,12

sensing coil: Coil that detects changes in
the flow of eddy currents induced by
an excitation coil; sensing and
excitation coils can be one and the
same.4 Also called detector coil.

ρ
σ

= 1

R
G

L
A

= =1 ρ
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shielding: Conducting or magnetic
material (or a combination of both)
placed so as to decrease susceptibility
to interference.4

SI (International System of Units):
Universal, coherent system of
measurement in which the following
seven units are considered basic:
meter, mole, kilogram, second,
ampere, kelvin and candela.4,12

siemens per meter (S·m–1): SI unit of
conductivity.

signal: Physical quantity, such as
electrical voltage, that contains
relevant information.4,11

signal-to-noise ratio: Ratio of signal
values (responses that contain relevant
information) to baseline noise values
(responses that contain nonrelevant
information). See noise.10,11

skin depth: SStandard depth of penetration.
See also skin effect.

skin effect: Phenomenon wherein the
depth of penetration of electrical
currents into a conductor decreases as
the frequency of the current is
increased. At very high frequencies,
the current flow is restricted to an
extremely thin outer layer of the
conductor. See standard depth of
penetration.10,11

SNT-TC-1A: See Recommended Practice
No. SNT-TC-1A.

specification: Set of instructions or
standards invoked by a specific
customer to govern the results or
performance of a specific set of tasks
or products.10

spectrum: Signal aspect showing the
distribution of the various frequency
components of the signal.14 Also
called fourier spectrum.

SQUID: Superconducting quantum
interference device, a sensitive
detector of magnetic fields using
quantum effect.4

standard: (1) Physical object with known
material characteristics used as a basis
for comparison or calibration; reference
standard. (2) Concept established by
authority, custom or agreement to
serve as a model or rule in the
measurement of quantity or the
establishment of a practice or
procedure. (3) Document to control
and govern practices in an industry or
application, applied on a national or
international basis and usually
produced by consensus. See also
acceptance standard and reference
standard.10,11,18
standard depth of penetration: In
electromagnetic testing, the depth at
which the magnetic field intensity or
intensity of induced eddy currents has
decreased to 37 percent of its surface
value. The square of the depth of
penetration is inversely proportional
to the frequency of the signal, the
conductivity of the material and the
permeability of the material. See also
skin effect.10,11

standardization, instrument: Adjustment
of instrument readout before use to an
arbitrary reference value.

stationary: Of a signal, having statistical
properties such as mean and variance
that do not vary with time.14

T

tangential magnetic field: Magnetic field
at an object’s surface parallel to the
surface. The tangential field is
continuous (equal on either side) with
the interface of material to air.
Measurement can be influenced by
external fields.10

tape head probe: Head of a tape recorder
used as an eddy current coil; a type of
horseshoe coil.4

tesla (T): SI unit of measure for magnetic
flux density. 1 T = 1 Wb·m–2 =
10 000 G.10

tesla meter: Gage that measures magnetic
flux density in tesla.10

test coil: Section of a coil assembly that
excites or detects the magnetic field in
the material under electromagnetic
test.4,11

test frequency: In electromagnetic
testing, the number of complete cycles
per unit time of the alternating
current applied to the primary test
coil.4,11

test quality level: See rejection level.
text information: Information stored on

recording medium to support recorded
eddy current data.

three-way sort: Electromagnetic sort
based on a test object signal response
above or below two levels established
by three or more calibration
standards.4,11

threshold level: Setting of an instrument
that causes it to register only those
changes in response greater or less
than a specified magnitude.4,11

through-transmission: Of or pertaining
to electromagnetic techniques where
the excitation field penetrates the test
object so that the detected signal is
responsive to features external to or
on the opposite surface.

toroidal field: Induced magnetic field
occurring in a ring test object when
current is induced. See current induction
technique.10
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trace: Line formed by an electron beam
scanning from left to right on a video
or computer screen to generate an
image.10

transducer: Device by means of which
energy can flow from one or more
transmission systems or media to one
or more other transmission systems or
media; sensor or probe.

tubing string: Pipe with which oil or gas
has contact as it is brought to the
earth’s surface.10

two-way sort: Electromagnetic sort based
on a test object signal response above
or below a level established by two or
more calibration standards.4,11

U

U shaped coil: See horseshoe coil.
Unified Numbering System:

Alphanumeric system for identifying
alloys according to a registry
maintained by ASTM International
and SAE International.21

unit of data storage: Discrete physical
recording medium on which text
information is stored.

V

vector quantity: Any physical quantity
whose specification involves both
magnitude and direction and that
obeys the parallelogram law of
addition.4,12

volt (V): Measurement unit of electric
potential.

W
wobble: In electromagnetic testing, an

effect that produces variations in an
output signal of a test system and
arises from coil spacing (operational
liftoff) variations due to lateral motion
of the test specimen in passing
through an encircling coil or of a
bobbin coil passing through a
cylindrical test object.4,11

Y

yoke: Magnet that induces a magnetic
field in the area of a part that lies
between its poles. Yokes may be
permanent magnets or either
alternating current or direct current
electromagnets.4,11
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Note
Readers are encouraged to consult this volume’s glossary; glossary entries are
not entered in this index.

A
AASHTPO TP36, 436
aboveground storage tank floors, 387-389
absolute drive configuration, in eddy current testing, 178
absolute eddy current probe, 52

configuration, 129
absolute encircling coil technique, 274
absolute permittivity, 56-57
acceptance criteria, 15
accuracy

alternating current field measurement, 260-264
eddy current instrumentation, 172
eddy current testing of wire rope, 441
reference standard fabrication, 279-280
remote field testing, 215

acoustic emission testing, 10-11
acoustic methods, 12
active field testing, 231
adaptive filtering, 191-192
adaptive noise cancellation algorithm, 191, 192
admiralty brass

dezincification in inhibited tubing, 413-417
heat exchanger tubing, 405

AECMA PREN 2002-20, 18
aerospace applications of eddy current testing, 458. See also aircraft

bolt holes, 468-471
coating thickness, 459-462
impedance plane analysis, 472-480
jet engines, 486-491
low frequency testing of aircraft structures, 481-485
metal and coating thickness, 459-462
metal conductivity, 463-467
test frequency selection, 473

aircraft. See also aerospace applications of eddy current testing
eddy current testing, 458
eddy current testing of bolt holes, 468-471
eddy current testing of metal and coating thickness, 459-462
fatigue cracking of fuselage, 3
low frequency eddy current testing of jets, 481-482
low frequency eddy current testing of structures, 481-485
magnetooptic imaging of airframe, 165

aircraft window belt splice cracks, 483-484
air flotation scanning, 365
alloys. See also specific alloys

content, 35
factors affecting electrical conductivity, 329-330

alternating current field measurement, 247-268
accuracy, 260-264
coating thickness effects, 253-254
corrosion pitting indications, 266
crack inclination effects, 262
crack indications, 265-266
deep crack limit, 254-255
false calls, 264
geometry effects, 262
indications, 265-266
magnetic field measurement, 249
management, 13
morphology, 262
nonuniform field, 258-259
plate edges, 255-256
principles, 250-259
probability of detection, 260-261
probability of sizing, 260-261, 262
sensor coverage and lateral displacement, 262-264
small discontinuity sensitivity, 255
transverse discontinuities, 256-257
uniform field, 252-253

alternating current field measurement probes, 252
alternating current magnetization, 241
alternating current potential drop technique, 248-249, 342

and thin penetration crack theory, 88
aluminum

alternating current field measurement of flame sprayed, 254
automated bolt hole testing, 470
decreases copper conductivity as impurity, 329
eddy current testing of coating on steel, 460
electrical resistivity and conductivity, 53
impedance plane, 327
impedance plane loci, 326
influence of metallic additives on conductivity, 330
online testing of hot products, 376
simulated semielliptical crack, 88, 89, 91, 92

aluminum aircraft alloys
cladding thickness on sheet, 466-467
eddy current imaging using magnetooptic sensors, 165
eddy current testing, 458
laboratory evaluation, 464

aluminum alloys. See also wrought aluminum alloys, listed under their UNS
designation, such as UNS A97075

conductivity, 331-334
exfoliation corrosion, 475, 476

American National Standards Institute (ANSI), 18
ANSI/ASME B31.1, 18
ANSI/ASME B31.3, 18
ANSI/ASNT CP-189, 18
ANSI B3.1, 18
ANSI N14.6, 418, 419

Index



American Petroleum Institute (API), 18
API 510, 18
API 570, 18
API 650, 18
API 1104, 18
API RP 7G, 390, 391

American Society for Nondestructive Testing (ASNT), 17-18
ANSI/ASNT CP-189, 18
ASNT Central Certification Program (ACCP), 19
Recommended Practice No. SNT-TC-1A, 16, 18, 19-20

American Society of Mechanical Engineers (ASME), 18
ANSI/ASME B31.1, 18
ANSI/ASME B31.3, 18
ASME Boiler and Pressure Vessel Code, 18, 271
ASME PTC 19-1, 18

American Welding Society, 18
AWS D1.1, 18

Ampere, André Marie, 29-30, 32
ampere per meter, 24
analog-to-digital converter, 184-185
analytical modeling, 64, 94-96

homogeneous conducting media, 65-66
anisotropy, 35
annealing, 330
Annual Book of ASTM Standards, 16
ANSI. See American National Standards Institute
antennas, 56

ground penetrating radar, 430
integral formulation, 86
long distance microwave, 40

antimony, electrical resistivity and conductivity, 53
API. See American Petroleum Institute
applied direct current, in magnetic flux leakage testing, 232-233
ARP. See SAE International
array probes

for eddy current testing of jet engines, 491
hall effect detector arrays, 154-156
for remote field testing of pipelines, 224-225

arsenic, decreases copper conductivity as impurity, 329
ASNT. See American Society for Nondestructive Testing
astatic balance coil arrangement, in Ampere’s experiments, 30
ASTM International, 18

ASTM A 36 steel, 425
ASTM A 135, 17
ASTM A 588 steel, 425-428
ASTM A 709 grade 70W steel, 428-429
ASTM B 111, 414
ASTM B 193, 273
ASTM B 244, 17
ASTM B 499, 17
ASTM B 659, 17
ASTM D 4580, 432
ASTM D 4748, 17, 436
ASTM D 6429, 17
ASTM D 6432, 17, 436
ASTM D 6565, 17
ASTM D 6639, 17
ASTM D 6726, 17
ASTM E 215, 17, 271-272
ASTM E 243, 17, 281
ASTM E 309, 17
ASTM E 376, 17
ASTM E 426, 17
ASTM E 543, 17
ASTM E 566, 17, 351
ASTM E 570, 17
ASTM E 571, 17
ASTM E 690, 17
ASTM E 703, 17, 351
ASTM E 977, 351
ASTM E 1004, 17
ASTM E 1033, 17
ASTM E 1312, 17
ASTM E 1316, 17
ASTM E 1476, 17, 351
ASTM E 1571, 17, 437
ASTM E 1606, 17
ASTM E 1629, 17
ASTM E 2096, 17, 222
ASTM F 673, 17
ASTM International, 16, 17

atmospheric light scattering, 298-299
atomic structure, 28
automated bolt hole testing, 470-471
automated eddy current testing, 13
automated fastener hole testing, 484
automated ultrasonic testing, 404
AWS. See American Welding Society
axisymmetric field problems

finite difference representation, 98-100
finite element representation, 102-103

B
backward error propagation algorithm, 200
balance-of-plant heat exchangers, 403
balance ropes, 448
ball bearings and races, 239
band pass filters, 190
band stop filters, 190
bandwidth, 173
bars

magnetic flux leakage testing, 157, 228, 243
normalized impedance diagram, 52
in production testing, 13
rotating probe testing of hot rolled, 356-359

base units, 22
bearings and bearing races, 13

magnetic flux leakage testing, 239
beat frequency, dual frequency modulation of, 290
Bell, Alexander Graham, 32, 34
The Big Ear (Kraus), 40
billets

discontinuity leakage field, 49
eddy current device for total surface testing of square, 360-363
magnetic flux leakage testing, 228, 243
seam testing in hot steel rods, 370
subsurface discontinuity leakage field, 50

B,H curve. See characteristic curve
Biot-Savart law, 72
Black, William A., 37
blind deconvolution, signal processing, 193-194
blooms, magnetic flux leakage testing, 157, 228
bobbin coils

for eddy current testing of heat exchanger tubing, 384
for eddy current testing of jet engines, 490
for eddy current testing of pressurized water reactor tubing, 412

boilers and pressure vessels, 385
alternating current field measurement, 265, 385
dezincification in inhibited tubing, 413
effect of discontinuities, 3
magnetite buildup in steam generator tubes, 114-116
remote field testing, 208, 215, 224

bolt hole probes, 468, 469
bolt holes

eddy current testing of aircraft, 468-471
eddy current testing of jet engine, 487

borescope, 8
Botsko, Ronald, 40
boundary conditions

finite difference model, 100
finite element model, 106

boundary value solution, 95-96
brass

dezincification in inhibited tubing, 413-417
eddy current testing of copper coating on, 460
heat exchanger tubing, 405
impedance plane loci, 326

brewster angle, 296
bridge arrays, hall effect detectors, 156
bridges

alternating current field measurement, 249
eddy current detection of cracks in steel bridges, 424-429
ground penetrating radar for bridge decks, 430-436

bronze
electrical resistivity and conductivity of commercial annealed, 53
impedance plane loci, 325

buried bombs, 13
buried pipelines, magnetic flux leakage testing, 239, 242
Burrows, Charles W., 36, 37
butterfly plot, 251, 252
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C
cadmium

decreases copper conductivity as impurity, 329
eddy current testing of coating on steel, 460
electrical resistivity and conductivity, 53

cadmium plated steel bolts, 476
calcium, electrical resistivity and conductivity, 53
calibration and standardization procedure, for sorting,

274-275
calibration block, 272
calibration on slots, 250
calibration shims, 273-274
Canadian General Standards Board, 18

CAN/CGSB-48.9712, 18
cannon tubes, magnetic flux leakage testing, 243
capacitor discharge devices, for magnetic flux leakage

testing, 232-233
carbon steel, 280

drill pipes, 390, 394
gas transmission pipeline, 386
heat exchanger tubing, 382, 405, 408, 409
hysteresis loop, 339-340

carrier suppression, 180-181
case hardening, 13
cast iron water mains, remote field testing, 208
cecco probe, 407
cement, 451-452
cement based materials and structures

microwave testing for disbonds in concrete, 302-305
near field microwave testing, 451-452

cement paste, 451
central certification, 20
central difference expressions, 98
ceramics, near field microwave testing, 451
certification, 17-20
CGS units, 23-24
chain dragging, 432
characteristic curve (B,H curve), 47-49, 238, 337-340.

See also hysteresis curve
charge carriers, in hall effect detectors, 152
charge coupled devices, 238
chemical and petroleum applications

alternating current field measurement, 249, 385
drill and coil pipe, 390-395
eddy current testing, 382-383
magnetic flux leakage testing, 383
offshore welds, 396-398
process tubing and heat exchangers, 382-385
remote field testing, 383
transmission and storage systems, 386-389

chemical spot testing, 12
Chinese National Standards, 18
chromium

eddy current testing of coating on steel, 460
electrical resistivity and conductivity, 53
influence on aluminum conductivity as additive, 330

circumferential magnetization, 232
cladding thickness, 459

aluminum alloy sheets, 466-467
coated substrate reference standards, 274
coatings

eddy current testing of aircraft, 459-462
surface testing, 404

coating thickness, 13
alternating current field measurement, 252-254
eddy current testing of aircraft, 459-462

coating thickness reference standards, 273-274
aerospace materials, 459
ASTM standards, 17

cobalt
decreases copper conductivity as impurity, 329
electrical resistivity and conductivity, 53
electric discharge machining of alloys

containing, 280
code requirements, 271-272
coiled tubing, 394-395
coil probes

eddy current testing, 128-130
encircling coil probes, 151
magnetic flux leakage testing, 157

cole-cole plots, 348
comparator bridge tests, 340
compass

discovered in China, 28
Örsted’s experiments with, 29

complex images, in microwave testing, 307-308
complex impedance plane testing, 313
complex plane displays, 217-218
composites

microwave testing, 286
near field microwave testing, 308-310, 451, 452

concrete, 451-452
microwave testing for disbonds, 302-305

condenser tubes, dezincification in inhibited, 413
conductive coating thickness, aerospace materials, 459,

460-461
conductivity and resistivity, 53-54. See also electrical

conductivity, electrical resistivity
eddy current tests of, 325, 329-336, 463-467
measurement units, 24, 53

conductors
homogeneous conducting media model, 65-73
microwave reflection from, 294-295
microwave testing, 292-293

confined space, 20
consultants, 14-15
contrast images, in microwave testing, 307
control

of eddy current instrumentation, 187
hot metal rods, 373-375

copper
decrease in conductivity caused by various

impurities, 329
eddy current testing of coating on brass, 460
electrical resistivity and conductivity, 53
impedance plane loci, 325, 326
influence on aluminum conductivity as additive, 330

copper loaded grease, alternating current field
measurement, 254

copper shield eddy current, 146
corrosion

bridge decks, 430
detection using nondestructive testing, 2
eddy current testing for exfoliation around wing

fastener holes, 476-477
eddy current testing for thinning of aerospace metals,

473-475
eddy current testing of aircraft, 458
microwave testing, 310
wire rope, 437, 444-445

corrosion pitting
alternating current field measurement, 266
magnetic flux leakage testing, 229

cosmic rays, 56
counting

of discontinuities in online testing of hot metal
products, 374

of metallic objects, 13
cracks. See also discontinuities; fatigue cracks

aerospace bolt holes, 468
alternating current field measurement, 262, 265-266
crack inclination effects in alternating current field

measurement, 262
deep crack limit for alternating current field

measurement, 254-255
eddy current detection in aerospace materials,

477-488
eddy current detection of, in steel bridges, 424-429
heat exchanger tubing, 405
liquid penetrant indication, 8
magnetic flux leakage testing, 228
microwave testing for surface cracks, 312
microwave testing principles, 57-58
modeling of electric field at opening, 82-83
modeling of impenetrable, 83-84
modeling of long, 81-82
reference standards, 270-271, 276-278
signal classification, 195
simulation modeling, 74-92
theory of, 74-77
thin penetration crack theory, 88-92

513Index



cranes, alternating current field measurement, 249
crazed cracking, alternating current field measurement indications, 265
cross polarization, 300
culverts, eddy current testing, 424
cup core probes, 140
curie point, 337
current dipole, 77-82
cylinders, visual testing using borescope, 8

D
damage, 13

heat exchangers, 402
magnetic flux leakage testing, 243
wire rope, 444-446

dams, ground penetrating radar, 430
decks (bridges), ground penetrating radar, 430-436
deconvolution, signal processing, 193-194
deep cracks, limit for alternating current field measurement, 254-255
deformation, wire rope, 445
delamination

ground penetrating radar of bridge decks, 435
near field microwave testing, 451

De Magnete (Gilbert), 28
demagnetization, 47-48
Democritus, 28
demodulation, of eddy current signal, 180-185
denoising filter, 190-191
depth of penetration, eddy current probes, 130-131
depth-versus-phase calibration, 271
derived units, 22
detrending, in signal processing, 192-193
Deutsche Institut für Normung, 18
dezincification, in inhibited admiralty brass tubing, 413-417
dielectric constant, 62
dielectrics, 322

microwave reflection from, 295-296
microwave testing, 56-58, 286, 292-293

dielectrometry, for material identification, 346-349
diesel generator, infrared thermography of acoustic transfer switches, 11
differential bridge configuration, in eddy current testing, 178
differential eddy current probe, 52

configuration, 129
hall effect detector, 156

differential kick, 219
differential reflection probe, 489
differential sensors, 438
digital conductivity meters, 186
digital data synthesizers, 175
digital mixing, 186-187
digital-to-analog converter, 185
digitization rate, 173
dilation parameter (signal processing), 191
dimensional measurement, 13
DIN 54141-3, 18
diode amplitude detector, 181
diode phase sensitive detector, 183
direct current magnetization, 231-233, 241
directional response, hall effect detectors, 154
disbonds

detection using nondestructive testing, 2
microwave testing for disbonds in concrete, 302-305
near field microwave testing, 451

discontinuities. See also cracks; damage; reference standards; subsurface
discontinuities; transverse discontinuities

alternating current field measurement, 248, 250, 255
detection with nondestructive testing, 2
eddy current testing of aircraft, 458
eddy current testing of steel bridges, 424
eddy current testing principles, 51-55
effect on magnetic attraction, 28
ferritic welds in nuclear transfer casks, 418
ground penetrating radar of bridge decks, 435
heat exchanger tubing, 405
inservice detection, 7
magnetic flux leakage testing, 47-50, 228-229, 239-240
mechanisms of, 239-240
modeling of small, 80-81
reference standards, 270-271
reference standards for simulation, 276-278
reliability of detection, 16
signal characterization, 201
signal classification, 195
signal enhancement, 190
signal processing algorithms, 202
signature of long and short in remote field testing, 218-222
wire rope, 437

discrete cosine transform, 192-193, 195-196
discrete wavelet transform, 190, 196-197, 202
discriminatory power, of feature extraction, 198
dish antennas. See antennas
display, 186
diverted flux, 237
Dodd and Deeds models, 66-70, 74
dominant mode, 300
double coil probes, 135-136
drilled hole reference standards, 270

fabrication, 279-280
drilled holes, 13

eddy current testing of aircraft, 468-471
drill pipe testing, 229, 390-395
drive accuracy, 172
driver pickup technique, in eddy current testing, 178-179
dry testing, magnetic particle testing, 237
dual frequency modulation of beat frequency, 290
duplex steel, heat exchanger tubing, 405
dynamic current dipole, 78-79
dynamic range, 173, 174

E
Early Views of Electricity (Millikan), 28
eddy current, 30
eddy current arrays

hall effect detector arrays, 154-156
for jet engine testing, 491

eddy current hole probe, 468
eddy current instrumentation, 172-174

demodulation, 180-185
drive coil arrangements, 178
drive configuration, 177-179
excitation, 175-176
modulation, 176-179
multiplexing, 176-177
output, 186-187
system functions, 175-179

eddy current probes, 52, 128, 355
coil probes, 128-130
design using finite elements, 109-112
encircling coil probes, 151
factors affecting, 130-131
ferrite core probes, 139-144
for heat exchanger tubing, 406-407
imaging with magnetooptic sensors, 160-165
inside diameter probes, 148-151
for jet engines, 488-491
modeling of response, 79-80
reactance, 133-134
resistance, 133
rotating system for hot steel rods and wires, 365
sensing technique, 129-130
shielded probes, 144-148
for steel bridges, 424-425, 429
for total surface testing of square billets, 360-363
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eddy current testing, 46. See also aerospace applications
of eddy current testing; hall effect detectors

advantages, 13
applications, 13
chemical and petroleum applications, 382-383,

396-398
current dipole modeling, 77-82
denoising, 191
detrending, 192
developments in, 354-355
Dodd and Deeds models, 66-70, 74
eddy current field modeling, 93-116
energy functional, 103
excitation frequency, 16, 46
Hughes’, 34
imaging with magnetooptic sensors, 160-165
limitations, 14
management, 13
physics, 107-116
principles, 51-55
proliferation of equipment, 39-40
remote field testing contrasted, 216
representative setup, 7
signal classification, 195-200

Edison, Thomas Alva, 32, 35, 36
EDM. See electric discharge machined
eigenfunction expansion, 72
electrical conductivity, 35, 53-54. See also conductivity

and resistivity
eddy current testing of aircraft metals, 463-467
factors affecting aerospace materials, 464
factors affecting alloys, 329-330
measurement, 329-337
reference standards, 273, 336, 463-464
selected metals, 53
units, 24, 53

electrical resistivity, 53-54. See also conductivity and
resistivity

measurement, 342-343
selected metals, 53
units, 24, 53

electric discharge machining (EDM), 277, 280-281
electric field energy density, 293
electric power applications, 402-404

balance-of-plant heat exchangers, 403
dezincification in inhibited tubing, 413-417
ferritic welds in nuclear transfer casks, 418-420
forging laps in pressurized water reactor tubing,

411-412
heat exchanger tubing, 405-410
steam generators, 402-403
surface tests of components, 404

electromagnetic fields
at crack opening, 82-83
in microwave testing, 288-289
modeling, 62-64

electromagnetic induction, 30-32, 160
electromagnetic induction comparators, 37
electromagnetic induction metal detector, 34
electromagnetic interference, 173
electromagnetic plane waves, 289-290
electromagnetic spectrum, 56

electromagnetic testing. See also alternating current field
measurement; eddy current testing; magnetic flux
leakage testing; magnetic particle testing;
microwave testing; modeling; reference standards;
remote field testing; signal and image processing

advantages, 13
applications, 13
electromagnetic theory, 28-33
excitation frequency, 46
history, 28-40
induction and detection of magnetic fields, 15-16
industrial development, 34-40
instrumentation, 13
interpretation, 16
limitations, 14
management of testing programs, 14-15
personnel qualification and certification, 17-20
principles, 46
reliability, 16
representative setup, 7
safety, 20-21
selection, 13
standards, 16
submethods or techniques, 2, 13
test procedures, 15
test specifications, 15-16
units of measure, 22-24

electromagnetic testing probes, 16, 128-131. See also
eddy current probes

hall effect detectors, 152-156
for magnetic flux leakage testing, 157-159

electromagnetic theory, 28-33
electromagnetic yoke, 230
electromagnetism, 28-33
electronic calipers, 443
electronic rags, 443
electrostatics, 238
encircling coil probes, 151, 231, 393
energy functional, for eddy current testing, 103
engine nose cowl, 473, 475
equivalent source techniques, 82
erosion

heat exchanger tubing, 405
magnetic flux leakage testing, 229

European Association of Aerospace Industries, 18
European Committee for Standardization, EN 12084, 18
evanescence, 301
excitation, in eddy current testing, 175-176
excitation frequency, 16, 46
exciter pickup technique, 178
exfoliation corrosion, 476-477

low frequency eddy current testing, 481-482
expansion zone, 407
experimental modeling, 93-94
Experimental Researches in Electricity (Faraday), 32
explicit technique, 101

F
fabrication, of reference standards, 279-282
failure, rising cost of, 5
false calls, alternating current field measurement, 264
Faraday, Michael, 30
faraday magnetooptic effect, 160
Faraday’s law of electromagnetic induction, 30-32, 160
far field microwave testing, 299, 300

applications, 302-305
Farrow, Cecil, 37
fastener hole reference standards, 270

fabrication, 279-280
fastener holes

eddy current testing for exfoliation corrosion around
wing skin, 476-477

eddy current testing of aerospace, 468-471
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fatigue cracks
aircraft window belt splice cracks, 483-484
alternating current field measurement indications, 265
eddy current testing of aircraft, 458
eddy current testing of steel bridges, 424
magnetic flux leakage testing, 229, 239
reference standards for simulation, 277
threaded connections, 239

feature evaluation, 197-198
feature extraction, 195-197
feature reduction, 198
ferrite core probes, 139-144, 326
ferritic stainless steel, heat exchanger tubing, 405, 407
ferritic welds, in nuclear transfer casks, 418-420
ferromagnetic materials. See also carbon steel; iron; magnetic flux leakage

testing; remote field testing; steel
eddy current testing, 424
impedance plane trajectory in eddy current testing, 51
magnetic flux leakage testing, 228
remote field testing, 208

fiber reinforced composites
microwave testing, 286
near field microwave testing, 308-309, 452

field operation, remote field testing, 224-225
fighter jet engines, eddy current testing, 488
fill factor

eddy current probes, 130
remote field testing, 209, 215

filtering, 186
adaptive, 191-192
in eddy current testing of wire rope, 440-441

finite difference representation, 97-98
two dimensional and axisymmetric field problems, 98-100

finite difference technique, 97
finite element discretization, 103-104
finite element formulation, 104
finite element technique, 101-107

eddy current probe design, 109-112
magnetic particle testing, 238
remote field testing, 211-214
two dimensional and axisymmetric field problems, 102-103

fire alarm systems, 32
fisher linear discrimination, 198
flame sprayed aluminum, alternating current field measurement, 254
flex coils, for eddy current testing of jet engines, 491
fluorescence, for magnetic particle detection, 237
fluorescent liquid penetrant testing, jet engines, 486
flux leakage testing, See magnetic flux leakage testing
flying spot scanners, 237-238
foils

electrical resistivity and conductivity (tin), 53
thickness measurements, 13

fold line, 88
foodstuffs, finding metallic objects in, 13
footprint, of coil, 139
forging laps

magnetic flux leakage testing, 228
in pressurized water reactor tubing, 411-412

Förster, Friedrich, 37, 38-39
forward problem, 250
fourier descriptors, 198
four-point probe, 342
four-port microwave junction, 297
four-quadrant multiplier, 182, 184
Franklin, Benjamin, 28
fraunhofer field, 299, 300
fraunhofer formula, 300
frequency accuracy, 172
frequency domain multiplexing, 176, 177, 185
frequency modules, 175
fresnel field, 299, 300
full saturation eddy current technique, 407
full wave averaging phase sensitive detector, 182
functional minimalization, 105-106
fundamental discontinuity, 440
fundamental loss of metallic cross sectional area, 440
future usefulness, and nondestructive testing, 2
fuzzy logic systems, 311

G
gage condition, 63
gage corner cracking, 265-266
gain accuracy, 172
gain linearity, 172
galvanizing, alternating current field measurement, 254
gamma rays, 56
Garfield, James A., 34
gas transmission pipelines

adaptive filtering of signal from, 192
remote field testing, 208

gauss (unit), 23, 24
geometry effects

alternating current field measurement, 262
on conductivity testing, 334-335
eddy current probes, 130

geophysical measurements, ASTM standards related to, 17
germanium, hall element, 153
giant magnetorestrictive probes, 236
Gilbert, William, 28
gold, electrical resistivity and conductivity, 53
grain orientation, 35
graphite, impedance plane loci, 325
ground penetrating radar, 430

bridge decks, 430-436
ground truth testing, 432
group velocity, 291-292
grout, near field microwave testing, 452
guided waves, 300-301
Gunn, Ross, 38

H
half wave averaging phase sensitive detector, 181-182
hall effect, 152-154
hall effect detectors

configurations, 154-156
directional response, 154
magnetic flux leakage probes, 236
principles of, 152-154

hall effect probes, 16, 47. See also hall effect detectors
hall element, 153
hall voltage, 153
handheld eddy current testers, 177
Harmon, William C., 37
head and shoulders signal, 219
heat exchangers

balance-of-plant, 403
materials and damage mechanisms, 402
remote field testing, 208, 215
tubing in chemical and petroleum applications, 382-385
tubing in nuclear power applications, 405-410

heat treatment, 13, 330-331
aerospace materials, 464
and resistivity, 343

helicopter jet engines, 486
hemispherical pits, alternating current field measurement indications, 266
Henry, Joseph, 30
Hentschel, Rudolph G., 39
heterogeneities

eddy current testing principles, 51
magnetic particle testing, 237
remote field testing, 208

highway bridges, eddy current detection of cracks in steel bridges, 424-429
Hochschild, Richard, 39, 40
hole depth parameter, 137
holes, alternating current field measurement, 255
holography, 12
homogeneous conducting media, modeling, 65-73
homopolar generator, 32
horizontal deviation, 172
hot metal products, online testing, 373-377
hot rolled bars, rotating probe testing, 356-359
hot steel rods and wires

online testing, 376-377
rotating testing machine, 364-368
seam testing, 369-372

Hughes, David E., 34
hydrogen embrittlement, eddy current testing of steel bridges, 424
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hydrogen induced cracking
alternating current field measurement

indications, 265
eddy current testing of steel bridges, 434

hydrogen sulfide cracking, alternating current field
measurement indications, 265

hysteresis, 338
hysteresis curve, 322, 338
hysteresis loop, 322, 338

characterization, 322, 337-341
hysteresis loop tests, 339-340
hysteresis losses, steel sheets, 34-36

I
IACS (International Annealed Copper Standard), 24, 53
image processing, See signal and image processing
imaginary component, of impedance plane, 174
impedance, 51, 54-55

complex impedance plane microwave testing, 313
infinite and zero liftoff impedance, 130
intrinsic, 289-290
normalized, 54

impedance plane, 174, 472-473
complex impedance plane testing, 313
modeling for cracks, 75-77

impedance plane analysis
aerospace materials, 472-480
and material identification, 322, 323-324

impedance plane trajectory, 51, 149
impenetrable cracks, 83-84
impurity content, 35
inclusions

eddy current testing of steel bridges, 424
magnetic flux leakage testing, 228

indium antimony, hall element, 153
indium arsenide, hall element, 153
induced currents, 28-33
induction coil probe, 47
infinite liftoff impedance, 130
infrared radiation, 56
infrared testing, 11-12, 46
infrastructure applications

eddy current detection of cracks in steel bridges,
424-429

ground penetrating radar for bridge decks, 430-436
magnetic flux leakage testing of wire rope, 437-450
microwave testing for disbonds in concrete, 302-305
near field microwave testing of cement based

materials and structures, 451-452
near field microwave testing of structures, 306-307

in-house programs, 15
inservice testing, 7

drill pipe, 390
magnetic flux leakage testing, 228

inside diameter probes, 148-151
instrumentation

eddy current testing, 172-185
eddy current testing of steel bridges, 425
remote field testing, 179, 209-210
rotating probe testing of hot rolled bars, 357-359

integral formulation, 86-88
integral solution technique, 95-96
internal rotary ultrasonic testing, 383-384, 409
International Annealed Copper Standard (IACS), 24, 53
International Organization for Standardization (ISO), 20
International System of Units (SI), 22-24
interpolating functions, 104
interpretation, 16. See also signal and image processing

magnetooptic images, 163-164
online testing of hot metal products, 374-375

interstitial solid solution, 329
intrinsic impedance, 289-290
inverse problem, 201

iron
cast iron water main remote field testing, 208
decreases copper conductivity as impurity, 329
electrical resistivity and conductivity, 53
electric discharge machining of alloys

containing, 280
influence on aluminum conductivity as additive, 330

ISO 9712, 18, 20
iterative solution, 101

J
Japanese Standards Association

JIS Z 2314, 18
jet abrasives, 282
jet aircraft, low frequency eddy current testing, 481-482
jet engines, eddy current testing, 486-491
joint bellows, surface testing, 404
joints

alternating current field measurement of underwater
tanks, 261

tool joint testing, 393-394

K
kelvin functions, 33
kinks, in wire rope, 445
Kinsley, Carl, 37
K means algorithm, 198-199
K means clustering, 198
Knerr, Horace G., 37
Kraus, J.D., 40

L
lack of fusion

eddy current testing of steel bridges, 424
magnetic flux leakage testing, 228

Lake Anna Bridge deck, ground penetrating radar,
432-433, 435-436

laps, 13
laser profilometry, heat exchanger tubing, 384-385,

408-409
lateral displacement, and sensor coverage in alternating

current field measurement, 262-264
lateral field, 148
layer approximation, 72
layered media, microwave testing, 302
leak, of magnetic flux, 49, 157, 237
leakage field, 49
leak testing, 9-10
Lenz, H.F., 31, 32
Lenz’s law, 32
Libby, Hugo L., 39, 174
liftoff, 324-325

control of scanning head in magnetic flux leakage
testing, 241

eddy current probes, 130, 136-137
ferrite core probes, 143-144
low frequency trends introduced by, 192
and nonconductive coating thickness

measurement, 461
shielded probes, 147-148

liftoff compensation
on coated aerospace metals, 467
rotating system for hot steel rods and wires, 368

light scattering, 298-299
linear multichannel arrays, hall effect detectors, 155-156
linear pass filters, 190
linear predictive coding coefficients, 197
liquid penetrant testing, 8
liquids, monitoring with microwave testing, 310-312
localized discontinuity signals, 440, 443
lodestone (iron oxide), 28
long cracks, 81-82
loop pattern analysis, 339-340
low frequency eddy current testing, aircraft structures,

481-485
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M
machined cracks, reference standards for simulation, 277-278
machined parts, electromagnetic testing, 13
MacLean, W.R., 208
Magnaflux Corporation, 39
magnesium

electrical resistivity and conductivity, 53
influence on aluminum conductivity as additive, 330

magnetically saturated specimen, 337
magnetic attraction, 28
magnetic domains, 47-48
magnetic flux leakage probes, 47-50, 235-237

hall effect detectors, 236
method and indicating means, 157-159

magnetic flux leakage testing, 227-245
applications, 228, 239-243
applied direct current, 232-233
chemical and petroleum applications, 383, 390-395
degree of initial magnetization, 49-50
excitation frequency, 46
heat exchanger tubing, 408
industrial uses, 228
magnetization techniques, 229, 230-234, 241
magnetizing coil, 231
magnitudes of flux leakage fields, 233
management, 13
neural network signal characterization, 203
optimal operating point, 233-234
principles, 47-50
remote field testing contrasted, 216
test results, 229, 235-238
wire rope, 157, 228, 239, 242, 437-450

magnetic hysteresis, 337-338
magnetic mines, 38
magnetic particle testing, 8-9, 13, 158-159, 228, 396

application techniques, 237
and discontinuity mechanism, 239-240
ferritic welds in nuclear transfer casks, 418
finite element modeling, 238
imaging of indications, 237-238
test object configurations, 239

magnetic permeability, 35, 62, 481
and conductivity, 334, 337

magnetic saturation, 337, 338
magnetic tape, 158, 186, 236-237
magnetic thickness gages, 274
magnetic vector potential, 106-107
magnetite, 28

buildup in steam generator tubes, 114-116, 149-151
magnetization, 47-48

degree of initial, 49-50
magnetic flux leakage testing, 229, 230-234, 241

magnetization curve, 337
magnetizing coil, in magnetic flux leakage testing, 231
magnetodiodes, 157-158, 236
magnetography, 236-237, 243
magnetooptic image displays, 161-162
magnetooptic imaging, 160
magnetooptic sensors, 160-165
magnitude images, in microwave testing, 307
main flux technique, 438-440
management, of testing programs, 14-15
manganese

decreases copper conductivity as impurity, 329
influence on aluminum conductivity as additive, 330

marking system
rotating probe testing of hot rolled bars, 359
total surface testing of square billets, 362

martensitic embrittlement, wire rope, 445
masonry blocks, grout detection with near field microwave testing, 452
material identification, 2, 12, 13, 321-351

ASTM standards related to, 17
conductivity testing, 329-337
dielectrometric techniques, 346-349
eddy current impedance plane analysis, 323-324
hysteresis loop characterization, 322
resistivity testing, 342-343
thermoelectric sorting, 344-345

matrix inversion solution, 101
Maxwell, James Clerk, 28-33

Maxwell’s equations, 33, 46, 62-64, 93, 288-289
maxwell (unit), 23, 24
McClurg, Glen L., 39
McMaster, Robert, 28
mechanical stresses, 35

aerospace materials, 464
metal detectors, 13

Bell’s, 34
metal forming discontinuities, 239-240
metals. See also primary metals applications

electrical resistivity and conductivity of selected, 53
microwave testing, 302
thickness measurement of aircraft materials, 459-460

metal spacing, eddy current testing of aerospace materials, 462, 475
metal thinning, eddy current testing of aerospace metals, 473-476
methods, 2, 13
microphonic noise, 173
microstructure, 2
Microwave Instruments Company, 40
microwave ovens, 56
microwave radiation, 56
microwave relay stations, 56
microwave scattering, 297-299
microwave sweep oscillator, 56-57
microwave testing, 40

advantages and limitations, 287
applications, 302-313
bridge decks, 430-436
complex impedance plane testing, 313
for corrosion detection, 310
excitation frequency, 46
far field approach, 299, 300
far field approach applications, 302-305
ground penetrating radar, 430-436
group velocity, 291-292
image formation, 308-309
interfaces between different media, 290-299
liquid state monitoring, 310-312
management, 13
near field approach, 299, 300, 305-308
near field testing of cement based materials and structures, 451-452
phase velocity, 290-291
principles, 56-58, 286-287
radiation patterns, 299-301
scattering, 297-299
surface crack detection, 312
theory, 288-301

microwave waveguides, 300-301
military specifications, 16
military standards, 18
Millikan, Robert A., 28
millimeter waves, 56
MIL-STD-1537B, 18
MIL-STD-2032, 18
MIL-STD-21952, 18
missile detection (in flight), 13
modeling

crack simulation, 74-92
current dipole, 77-82
Dodd and Deeds models, 66-70, 74
eddy current fields, 93-116
electromagnetic fields, 62-64
finite element techniques, 101-107
homogeneous conducting media, 65-73
physics of eddy current testing, 107-116
for simulation, 112-116
types of, 93-94

modulation
dual frequency, of beat frequency, 290
of eddy current signal, 176-179

moiré imaging, 12
moisture permeation detection, 309
molybdenum, electrical resistivity and conductivity, 53
mooring rope, eddy current testing, 437, 450
Moriarty, Charles D., 38
morphology, alternating current field measurement, 262
Morse, Samuel, 32
mortar, 451
mother wavelet, 190, 196
multidimensional arrays, hall effect detectors, 154-155
multifrequency eddy current testing systems, 176, 354, 367-368

518 Electromagnetic Testing



multilayer perceptron neural network, 199-200, 201
multiple coil probes

for eddy current testing, 134
heat exchanger tubing, 406-407

multiplexing, eddy current instrumentation, 176-177
multipliers, for SI units, 22-23
multistrand ropes, 447, 448-450

N
N-553-1, 18
natural aging, 332
natural cracks

reference standard fabrication, 281-282
reference standards for simulation, 277

NCHRP Synthesis 255, 436
near field microwave testing, 299, 300

applications, 305-308
cement based materials and structures, 451-452

Neckam, Alexander, 28
needle gun, 397
negative electrical charge, 28
negatively electrified bodies, 28
Neumann, Franz E., 32
neural networks, 199-200, 201, 202
nickel

decreases copper conductivity as impurity, 329
electrical resistivity and conductivity, 53
electric discharge machining of alloys

containing, 280
heat exchanger tubing, 405
influence on aluminum conductivity as additive, 330

nickel alloys, heat exchanger tubing, 405
nickel chrome molybdenum alloy steel, surface crack

detection, 477-478
nickel chromium alloys

eddy current probes, 136, 140, 145, 148
pressurized water reactor tubing, 411
steam generator tubing, 109-111, 113-114, 402

nickel copper alloys, heat exchanger tubing, 405, 407
nickel zinc, impedance plane loci, 326
nickel zinc ferrite cores, 326
90/95 requirement, 486-487
no entry areas, 20
noise, 190

denoising filter, 190-191
eddy current instrumentation, 172, 186
reduction in eddy current probes, 137-138
and reference standards, 270

nonconductive coating thickness, aerospace materials,
459, 461

nondestructive testing
applications, 4
defined, 2
methods classification, 4-6
methods overview, 7-12
objectives, 5, 6
overall approach for signal analysis, 190
purposes, 2-4
test object, 2, 5-6
value of, 7

nondestructive testing of outer space, 40
nonferromagnetic materials

eddy current testing, 424
impedance plane trajectory in eddy current

testing, 51
nonlinear behavior, 62
nonmetallic materials, microwave testing, 56-58, 302
nonrectangular meshes, 100
nonuniform meshes, 100
normal component, of eddy current signal, 128, 129
normalized impedance, 54
notch reference standards, 270, 272

eddy current testing of steel bridges, 427
fabrication, 280-282
magnetooptic imaging application, 165

nuclear power applications
balance-of-plant heat exchangers, 403
ferritic welds in nuclear transfer casks, 418-420
forging laps in pressurized water reactor tubing,

411-412
robotic manipulators for eddy current

instrumentation, 187
steam generators, 149-151, 402-403

nuclear transfer casks, ferritic welds in, 418-420
null balancing, 459-460, 478
numerical modeling, 64, 94, 96-101

eddy current testing of primary metals, 355

O
Occupational Safety and Health Standards, 21
oersted (unit), 23, 24
offshore oil platforms, alternating current field

measurement, 249
oil field casings, remote field testing, 208
oil field tubular goods, magnetic flux leakage testing,

157, 228
optical methods, 12
optical region, 298
ore bodies, 13
Orellana, L.G., 37
Örsted, Hans Christian, 29, 32
oscillator, 174

eddy current excitation, 175
remote field testing, 209

overaged material, 331

P
pancake coil probes, image deconvolution, 194
partial saturation eddy current technique, 407
pattern recognition, 195

eddy current testing of jet engines, 488
peltier coefficient, 344
peltier effect, 344
permanent magnets, 47
permittivity, 56-57, 62
personnel qualification and certification, 17-20
personnel requirements, 15
perturbation techniques, 72
petrochemical equipment, See chemical and petroleum

applications
phase images, in microwave testing, 307
phase locked loops, 175
phase vector, 323
phase velocity, 290-291
phasor diagram, 323
phasors, 64, 323
phosphorus, decreases copper conductivity as

impurity, 329
pickup coils, magnetic flux leakage probes, 235-236
pipelines

adaptive filtering of signal from gas transmission, 192
magnetic flux leakage testing of buried, 239, 242
remote field testing, 208, 224-225
transmission and storage systems, 386
underground, 13

pipes, drill and coil pipe, 390-395
piping (discontinuity), magnetic flux leakage testing, 228
planing fabrication, of reference standards, 281
plastic wear, 445
plate edges, 13

alternating current field measurement, 255-256
plates

eddy current imaging with magnetooptic
sensors, 161

eddy current modeling, 67-68, 69-70
in production testing, 13
remote field testing, 208, 221
steam generator modeling, 107-116
thickness measurements, 13

plug cuts, 13
point current sources, 71
polarization, 292-293
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porosity
detection using nondestructive testing, 2
near field microwave testing, 451

positive electrical charge, 28
positively electrified bodies, 28
power flow, in microwave testing, 293
potential drop testing, 248-249, 342-343
Poynting’s theorem, 293
poynting vector, 293
prefixes, for SI units, 23
pressure vessels, 385
pressurized water reactor tubing, forging laps in, 411-412
primary impedance, 54-55
primary metals applications, 354-355

eddy current device for total surface testing of square billets, 360-363
online testing of hot metal products, 373-377
rotating machine to test hot steel rods and wires, 364-368
rotating probe testing of hot rolled bars, 356-359
seam testing in hot steel rods, 369-372

principle component analysis, 197
principle components, 197
probability of detection

alternating current field measurement, 260-261
eddy current testing of jet engines, 486-487

probability of sizing
alternating current field measurement, 260-261, 262
eddy current testing of jet engines, 487

probe, 128
probe liftoff, See liftoff
process control, hot metal rods, 373-375
process tubing, 382-385
production testing, magnetic flux leakage testing, 228
pulsed frequency instruments, 176-177
pulsed frequency testing, 176, 177, 354

Q
quadrature accuracy, 172
quadrilateral isoparametric elements, 104-105
qualification, of personnel, 17-20
quasistatic approximation, 62

R
radar, 430-436. See also microwave testing
radial basis function networks, 201
radial sensors, 438
radiation methods, 46
radiation patterns, in microwave testing, 299-301
radio astronomy, 40, 56
radiographic testing, 9, 46
radio waves, 56
rail heads, alternating current field measurement indications of fatigue cracks,

265-266
railroad car axles, alternating current field measurement, 261
rails, alternating current field measurement, 249
rayleigh region, 298
real component, of impedance plane, 174
receiving testing, magnetic flux leakage testing, 228
recertification, 20
Recommended Practice No. SNT-TC-1A, 16, 18, 19-20
reference standards

aerospace bolt hole testing, 469
coating thickness, 273-274, 459
code and specification requirements, 271-272
conductivity, 336
development and use, 270-271
drilled hole fabrication, 279-280
eddy current testing of steel bridges, 425
electrical conductivity, 273, 336, 463-464
fabrication techniques, 279-282
functions of, 276-278
magnetic thickness gages, 274
magnetooptic imaging, 165
notch fabrication, 280-282
remote field testing, 222
simulation of acceptable parts, 276
simulation of discontinuities, 276-278
for sorting, 274-275, 336
types of, 273-275

reflection, of microwaves, 296-297

reflection technique, 178
reflectors, microwave scattering by small, 298-299
refraction, of microwaves, 295-296
relative permittivity, 56-57
reliability

of electromagnetic testing, 16
seam testing in hot steel rods and wires, 372

reluctance, 230
remanence, 337
remote differential test, 177
remote field eddy current testing, 208
remote field energy zones, 211
remote field testing, 207-226

chemical and petroleum applications, 383
detector signal, 211-214
eddy current testing contrasted, 216
field operation, 224-225
heat exchanger tubing, 407-408
history, 208
instrumentation, 179, 209-210
magnetic flux leakage testing contrasted, 216
management, 13
selection, 215-216
signal analysis, 217-223
signature of long and short discontinuities, 218-219
system components, 209-210
through transmission nature of, 216

remote field testing probes, 209
effect of speed, 222
for field operation, 224-225

repeatability, reference standard fabrication, 279-280
residual field testing, 231-232
residual magnetism, 337
resistivity. See conductivity and resistivity; electrical resistivity
resistivity testing. See potential drop testing
resolution, eddy current testing of wire rope, 441-442
resonance region, 298
retirement for cause, wire rope, 442
return flux technique, 440
richardson-lucy algorithm, 193-194
richardson-lucy operation, 194
rivets, magnetooptic imaging, 163
roads, ground penetrating radar, 430
robotic manipulators, for eddy current instrumentation, 187
rods

magnetic flux leakage testing, 157, 228
rotating machine to test hot steel rods and wires, 364-368
seam testing in hot steel rods, 369-372

Roop, H.D., 38
roped off areas, 20
ropes, wire, See wire rope
rotating eddy current probes, 406-407

hot rolled bars, 356-359
hot steel rods and wires, 364-368
seam testing in hot steel rods, 369-372

round billets, 360

S
SAE International, 18, 380

SAE ARP 1926, 18
SAE ARP 4402, 18
SAE ARP 4462, 18
SAE ARP 891A, 18
SAE AS 4787, 18
SAE DFT K-89AW, 18
SAE J 425, 18

safety, 20-21
increased public demand for, and nondestructive testing, 4

safety factor, 3-4
sample rate, 173
samples per second, 173
sampling, online testing of hot metal products, 374
sampling phase sensitive detector, 182, 183
Sams, James M., 38
saturable reactors, 35
saturation eddy current, 215
scanning length, 441
scattering, of microwaves, 297-299
scattering matrix, 297
scattering parameters, 297
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schlieren technique, 299
Schmidt, Thomas R., 208
schmitt trigger oscillators, 175
score marks, 13
seams, 13

in hot steel rods, 369-372
magnetic flux leakage testing, 228

seebeck coefficient, 322, 345
seebeck effect, 322, 344
seebeck voltage, 344-345
selenium

decreases copper conductivity as impurity, 329
electrical resistivity and conductivity, 53

self-demagnetization, 47
semiconductor charge carriers, in hall effect

detectors, 152
send/receive technique, 178
sensing coils, 16
sensitivity

of alternating current field measurement to small
discontinuities, 255

eddy current testing of offshore welds, 398
remote field testing, 215

sensors. See probes
service companies, 14
shaped coils, for eddy current testing of jet engines, 491
shape functions, 104-105
Sharples, Alfred R., 37
shearography, 12
sheet current induction, 160-163
sheet edges, 13
sheets

aluminum aircraft alloys cladding thickness, 466-467
hysteresis losses of steel, 34-36
thickness measurements, 13

shielded probes, 144-148
short circuit, 57
siemens per meter, 24
signal and image processing, 202

adaptive filtering, 191-192
deconvolution, 193-194
detrending, 192-193
eddy current testing of jet engines, 488
enhancement, 190-194
feature evaluation, 197-198
feature extraction, 195-197
imaging of magnetic particle indications, 237-238
microwave testing, 307-309
online testing of hot metal products, 374-375
radial basis function networks, 201-202
rotating system for hot steel rods and wires, 367-368
signal analysis in remote field testing, 217-223
wavelet shrinkage denoising filter, 190-191

signal characterization, 201-203
signal classification, 195-200
signal classification algorithm, 198-200
signal enhancement, 190-194
signal recognition, 186-187
signal restoration, 190, 192
signal-to-noise ratio, 174
silicon

decreases copper conductivity as impurity, 329
influence on aluminum conductivity as additive, 330

silver
decreases copper conductivity as impurity, 329
electrical resistivity and conductivity of tin solder, 53
influence on aluminum conductivity as additive, 330

simultaneous injection, 176
sine lookup tables, 175
single coil probes, 135-136
single-frequency eddy current testing systems, 175, 176,

367-368
sinors (Steinmetz term vectors), 36
SI system, 22-24
skin depth

eddy current probes, 130-131
microwave penetration, 292

skin effect, 211, 214
slabs

microwave testing, 56-58
near field microwave testing, 451

smart pigs, 386
Snell’s law, 295
SNT-TC-1A. See Recommended Practice No. SNT-TC-1A
Society of Automotive Engineers, 18, 380
solenoid, 250
solid solutions, 329
solution heat treatment, 330
sorting, 13, 322

reference standards for, 274-275
thermoelectric, 344-345

spacecraft, microwave-based tracking and control, 56
space polarization, 293
S parameters, 297
spark testing, 12
special process, 17
specification requirements, 229, 271-272
spectroscopy, 12
spherical inclusion, modeling of small, 78
split core coils, for eddy current testing of jet

engines, 489-490
spread bands, 341
square billets, eddy current device for total surface

testing, 360-363
stability, eddy current instrumentation, 173
stainless steel

depth of penetration versus operating frequency, 481
heat exchanger tubing, 382, 405, 407, 409
impedance plane loci, 325
surface testing of pipe, 404

standard depth of penetration, 130
microwaves, 292

standard reference materials, 273
standards, 16, 17, 18. See also reference standards
static current monopole, 77
static dipole field, 77
static electromagnetic fields, 15-16
statistical process control, hot metal rods, 373-375
statutory life policy, wire rope, 442
steam generators, 402-403

eddy current probes, 149-151
modeling, 107-116

steel. See also magnetic flux leakage testing
automated bolt hole testing, 470
depth of penetration versus operating frequency for

high alloy, 481
eddy current detection of cracks in steel bridges,

424-429
eddy current testing of coatings on, 460, 461
electrical resistivity and conductivity (high alloy), 53
heat exchanger tubing, 382, 405
impedance plane, 327
magnetic flux leakage testing, 228
modeling of steam generators, 107-116
near field microwave testing of reinforcing bars in

concrete, 309, 451
remote field testing of water mains, 208
rotating machine to test hot steel rods and wires,

364-368
seam testing in hot steel rods, 369-372
standard reference materials for coatings over, 273
surface crack detection, 477-478
surface testing of pipe, 404

steel box girder, eddy current testing, 428-429
steel sheets, early tests for eddy current and hysteresis

losses, 34-36
steel superstructures, eddy current testing, 424
Steinmetz, Charles Proteus, 35, 36
stock ticker communication systems, 32
strain gaging, 12
stress corrosion cracking, alternating current field

measurement indications, 265
stress oriented hydrogen induced cracking, alternating

current field measurement indications, 265
strip chart recorders, 186, 217, 469-470
structures

eddy current testing of steel superstructures, 424
low frequency testing of aircraft, 481-485
microwave testing for disbonds in concrete, 302-305
near field microwave testing, 306-307, 451-452
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submethods, 13. See also alternating current field measurement; eddy current
testing; magnetic flux leakage testing; microwave testing; remote field
testing

substitutional solid solution, 329
subsurface discontinuities, 13

eddy current detection of aerospace materials, 479-480
low frequency eddy current detection of aerospace materials, 481
magnetic flux leakage testing, 49, 50
microwave testing, 302, 308

sulfide stress concentration cracking, alternating current field measurement
indications, 265

superstructures, eddy current testing of steel, 424
support plates, alternating current field measurement, 255
surface cracks. See cracks
surface current dipole distribution, 84-86
surface testing

coatings, 404
electric power components, 404
microwave testing for surface cracks, 312
square billets, 360-363

T
tangential component, of eddy current signal, 128, 129
tanks

alternating current field measurement of underwater tank joints, 261
magnetic flux leakage testing of aboveground storage tank floors, 387-389

tapping, 12
techniques, 2, 13. See also alternating current field measurement; eddy

current testing; magnetic flux leakage testing; microwave testing;
remote field testing

telegraph, 32
telephone, 32, 34
telephone circuits, microwave relay stations, 56
tesla (unit), 24
test accuracy, 441
test object, 2

nondestructive testing methods classified by, 5-6
test procedures, 15
test specifications, 15-16
Thales of Miletus, 28
thermal testing, 11-12, 46
thermocouple voltage, 344
thermoelectric effect, 344-345

peltier effect, 344
seebeck effect, 344-345
thompson effect, 344

thermoelectric sorting, 344-345
thickness measurement, 13

eddy current testing of aircraft metal, 459-462
near field microwave testing, 451

thin penetration crack theory, 88-92
Thompson, William, 32
thompson coefficient, 344, 345
thompson effect, 344
threaded connections

alternating current field measurement, 249
drill pipe, 394
magnetic flux leakage testing, 239

three-dimensional models, homogeneous conducting media, 70-72
time domain multiplexing, 176-177, 184
time varying electromagnetic fields, 15-16
tin

decreases copper conductivity as impurity, 329
electrical resistivity and conductivity, 53

tin foil, electrical resistivity and conductivity, 53
titanium

automated bolt hole testing, 470
depth of penetration versus operating frequency, 481
heat exchanger tubing, 405
impedance plane loci, 325, 326
influence on aluminum conductivity as additive, 330

tool joint testing, 393-394
training database, 195
transducer, 128. See also probes
transducer imbalance noise, 173, 180
transductors, 35
transfer casks (nuclear), ferritic welds in, 418-420
translation parameter, in signal processing, 191
transmission and storage systems, 386-389
transmission technique, of microwave testing, 56-57

transverse discontinuities, 13
alternating current field measurement, 256-257
magnetic flux leakage testing, 241

transverse electromagnetic waves, 289
transverse notch reference standards, 270

fabrication, 282
traveling waves, 288
A Treatise on Electricity and Magnetism (Maxwell), 29, 93, 94
triboelectric noise, 173
tubes

ASTM standards related to, 17
balance-of-plant heat exchangers, 403
corrosion, 413
dezincification in inhibited tubing, 413-417
differential eddy current probe for inspecting from inside, 52
discontinuity mechanisms, 239-240
heat exchanger tubing, 405-410
inservice magnetic flux leakage testing, 228
magnetic flux leakage testing, 157, 228, 243
normalized impedance diagram, 52
online testing of hot products, 376
pressurized water reactor tubing, forging laps in, 411-412
process tubing, 382-385
in production testing, 13
remote field testing, 208-225
steam generators, 107-116, 402-403
transverse notches in, 270
wall thickness measurements, 13

tube support plates, remote field testing, 221, 222-223
tungsten, electrical resistivity and conductivity, 53
tunnels, eddy current testing, 424
turbine blades

dezincification in inhibited tubing, 413
surface testing, 404

turbine rotors, surface testing, 404
two band discrete wavelet transform, 196
two dimensional and axisymmetric field problems

finite difference representation, 98-100
finite element representation, 102-103

Tyndall, John, 28

U
ultrasonic testing, 2, 9

internal rotary, 383-384, 409
neural network signal classification, 200

ultraviolet radiation, 56
underground pipes, 13
unfolding model, 88
Unified Numbering System. See UNS
units of measure, 22-24
UNS A92024 wrought aluminum alloy, 466

electrical conductivity range, 332
impedance plane loci, 325

UNS A92219 wrought aluminum alloy, 475
UNS A97075 wrought aluminum alloy, 466

conductivity, 322-333
depth of penetration versus operating frequency, 481
eddy current magnetooptic imaging, 164
eddy current testing of aircraft, 459
electrical conductivity range, 332
exfoliation corrosion, 475, 476
impedance plane loci, 325

UNS A91100 wrought aluminum alloy, electrical conductivity range, 332
UNS A92019 wrought aluminum alloy, electrical conductivity range, 332
UNS A93003 wrought aluminum alloy, electrical conductivity range, 332
UNS A96061 wrought aluminum alloy, electrical conductivity range, 332
UNS A97178 wrought aluminum alloy, electrical conductivity range, 332
UNS G10150 carbon steel, 339-340
UNS G10260 carbon steel, 280
UNS G43400 nickel chrome molybdenum alloy steel

impedance plane loci, 326
surface crack detection, 477-478

UNS J91422 alloy steel casting, impedance plane loci, 326
UNS N06600 nickel chromium alloy, 109-111, 113-114

eddy current probes, 136, 140, 145, 148
steam generator tubes, 109-111, 113-114, 402

UNS N08800 nickel chromium alloy, 111-112
steam generator tubes, 402

UNS N06690 nickel chromium alloy, steam generator tubes, 402
UNS R56401 titanium alloy, 325
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UNS S30400 austenitic chromium nickel stainless steel, 481
impedance plane loci, 325

UNS S44627 ferritic chromium molybdenum stainless steel, 407, 409
UNS S44736 ferritic chromium molybdenum stainless steel, 407, 409
UNS S31803 nickel copper alloy, 407
utilities. See electric power applications

V
vanadium, influence on aluminum conductivity as additive, 330
Van Buren Road Bridge deck, ground penetrating radar, 432-435
vector network analyzer, 58
vectors (Steinmetz term, later called sinors), 36
vertical deviation, 172
vessels

alternating current field measurement of underwater tanks, 261
pressure, 385

vibration analysis, 12
visible light, 56
visual testing, 8

wire rope, 443
voids

ground penetrating radar of bridge decks, 435
near field microwave testing, 451

voltage plane polar plot displays, 219-220
von Helmholtz, Hermann L., 32

W
wall thinning, 473-474

detection using nondestructive testing, 2
detection using remote field testing, 220-221
drill pipe, 390-394
heat exchangers, 403, 405-409

water-to-cement ratio, 451
wave field backpropagation, 433, 435
waveguides, for microwaves, 300-301, 306
wavelet basis function networks, 202, 203
wavelet shrinkage denoising filter, 190-191
wear

heat exchanger tubing, 405
magnetic flux leakage testing, 229
wire rope, 445

weber (unit), 24
welded steel tubes, 376-377
welds

alternating current field measurement indications, 264, 265
differential hall effect detectors, 156
eddy current testing of ferritic, in nuclear transfer casks, 418-420
eddy current testing of offshore, 396-398
eddy current testing of, in steel bridges, 424, 428
in production testing, 13
surface testing, 404

well casing
magnetic flux leakage testing, 239, 242
remote field testing, 208

wet testing, magnetic particle testing, 237
wide field probes, for eddy current testing of jet engines, 490-491
wiener filtering, 193
winch ropes, 446-447
wing skin fastener holes, eddy current testing for exfoliation corrosion,

476-477
wire rope

balance ropes, 448
damage, 444-446
inservice magnetic flux leakage testing, 228
magnetic flux leakage testing, 157, 228, 239, 242, 437-450
mooring ropes, 450
multistrand ropes, 447, 448-450
testing and retirement, 442-444
winch ropes, 446-447

wires, rotating machine to test hot steel rods and wires, 364-368
written practice, 18
wrought aluminum alloys. See under UNS designations, for example UNS

A97075 wrought aluminum alloy

X
X-rays, 56

Y
Yensen, Trigvie, 35

Z
Z8005100 (Chinese standard), 18
zero liftoff impedance, 130
zero phase, 174
zinc

decreases copper conductivity as impurity, 329
dezincification in inhibited tubing, 413-417
electrical resistivity and conductivity of commercial rolled, 53
influence on aluminum conductivity as additive, 330

zircaloy 2, 271
Zuschlag, Theodore W., 37

523Index



Chapter 1.  Introduction to Electromagnetic
Testing
Figure 3b — Zetec, Incorporated, Issaquah, WA.

Chapter 2.  History of Electromagnetic Testing
Figure 1 — Stanford University, Palo Alto, CA.
Figures 2a, 3a, 4 — Burndy Library, Cambridge, MA.
Figure 6 — General Electric Research and Development Center,

Schenectady, NY.
Figure 8 — LTV Steel, Cleveland, OH.

Chapter 5.  Probes for Electromagnetic Testing
Figures 3-10 — Plenum Press, New York, NY.
Figure 38 —  Honeywell, Microswitch Division, Richardson, TX.

Chapter 13.  Electromagnetic Techniques for
Material Identification
Figures 7-8 — Boeing Company, Long Beach, CA.
Figure 15 — NDT Instruments, Huntington Beach, CA.
Figures 16-17, 20-22 — ASM International, Materials Park, OH.
Figures 18-19 — Institut Dr. Förster, Reutlingen, Germany.
Figure 23 — Sensor Corporation, Scottdale, NY.
Figure 24 — John Wiley and Sons, New York, NY.
Figures 27-32 — Jentek Sensors, Waltham, MA.

Chapter 18.  Aerospace Applications of Eddy
Current Testing
Figures 1, 3-16, 18-30, 32-36 — Boeing Company, Long Beach, CA.
Figure 31 — Hocking NDT Limited, Saint Albans, United Kingdom.
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Society for Nondestructive Testing, Columbus, OH.
Movie. Radian of circle — Zetec, Incorporated,

Issaquah, WA.

Chapter 2
Movie. Electromagnetic induction — Charles J. Hellier,
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Incorporated, Issaquah, WA.
Movie. Cup core probe — Zetec, Incorporated,
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Movie. Shielded probe — Zetec, Incorporated,

Issaquah, WA.
Movie. Shielding — Zetec, Incorporated, Issaquah, WA.
Movie. Encircling probe — Zetec, Incorporated,

Issaquah, WA.

Chapter 10
Movie. Testing of threads — TSC Inspection Systems,

Milton Keynes, United Kingdom.
Movie. Testing through coatings — TSC Inspection

Systems, Milton Keynes, United Kingdom.

Chapter 13
Movie. Metal sorting — Charles J. Hellier, Old Lyme, CT.

Chapter 14
Movie. Magnetic saturation — Zetec, Incorporated,

Issaquah, WA.
Movie. End effect — Zetec, Incorporated, Issaquah, WA.

Chapter 15
Movie. Bobbin coil probe — Zetec, Incorporated,

Issaquah, WA.
Movie. Pig tool — American Society for Nondestructive

Testing, Columbus, OH.

Chapter 16
Movie. Eddy current test of tubing — Charles J. Hellier,

Old Lyme, CT.
Movie. Calibration reference standard tube —

Charles J. Hellier, Old Lyme, CT.
Movie. Test of ferromagnetic tube — Charles J. Hellier,

Old Lyme, CT.
Movie. Heat exchanger tube indications —

Charles J. Hellier, Old Lyme, CT.
Movie. Strip chart indications — Charles J. Hellier, Old

Lyme, CT.

Chapter 18
Movie. Edge effect — Zetec, Incorporated, Issaquah, WA.
Movie. Bolt hole probe — Zetec, Incorporated,

Issaquah, WA.

Chapter 19
Movie. Mutual inductance — Zetec, Incorporated,

Issaquah, WA.
Movie. Self-inductance — Zetec, Incorporated,
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