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Preface

The innovation of additive manufacturing (AM) technology has disrupted the manu-
facturing industry with the unconventional advantage of achieving near-net-shape
products with complex geometries and a great allowance for customization. The
technological advances in this area of manufacturing have also given AM a giant
leap to the forefront of the precision engineering industry with the capabilities of
producing intricate microstructures with relatively good accuracy. Major efforts have
been spent on identifying new materials to be manufactured by AM technology and
optimizing process parameters to achieve industrial-grade mechanical properties
and form accuracy. However, the aspect of post-processing for AM is often briefly
mentioned without an in-depth discussion of its critical involvement in the chain of
processes to achieve high-precision quality products.

This book is dedicated to providing a comprehensive overview of the developments
in metal-based AM and the insights on post-processing techniques adopted to accom-
modate unique material characteristics and achieve precision-grade surfaces of AM
metals. These materials include aluminum-based alloys, titanium alloys, steels,
superalloys, high-entropy alloys, and others. Discussions on post-processing will
include the systematic workflow that considers a spectrum of procedures to produce
precision products, which include support structure removal, heat treatment, and
material removal processes for surface finishing. Readers can expect to learn the
material-specific challenges that hinder surface quality and the various material
removal processes to achieve precision-graded surface finishing. Case studies will
also enrich the discussion and instill critical thinking on the exemplary considerations
taken during post-processing workflow design and selection for precision manu-
facturing with AM technology. The established understanding of post-processing
procedures will lay the foundation for the development of the hybridization of multi-
material, multi-structural, and multi-functional manufacturing.

Hao Wang
National University of Singapore, Singapore
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Introduction

1.1  PRECISION MANUFACTURING

Modern-day designs of products and devices are becoming smaller and more com-
plex to accommodate the increasing demand for functionality within confined spaces
and efficient weight requirements. As these components continue to become tin-
nier, the capabilities of precision manufacturing processes become increasingly vital
to produce these more complex geometries and microstructures. The continuous
development of these components drives research in precision engineering that
encompasses both aspects of manufacturing and metrology (Pagano 2014a). The evo-
lution of either aspect cannot progress without the other. The level of precision of
manufactured parts can only be affirmed by precise measurements. On the flipside,
the precision of metrological systems is enabled by the accuracy of the manufacturing
processes to produce them. For instance, stylus tips used in contact measurements
must be true to their intended geometry (e.g., tip radius and roundness) for accurate
sizing of manufactured parts, while precision manufacturing is also required to fab-
ricate the tip to its intended geometry. Thus, the relationship, which is synonymous
with the “chicken and egg” dilemma of which came first, drives the need for con-
tinuous research and development in the field of precision engineering. This book
will cover manufacturing technologies with a specific focus on the application of
these technologies in precision post-processing for additive manufacturing (AM). It
is also important to understand the available technology and demand for precision
manufacturing.

Precision is most often differentiated into different levels. The extremities of
these technologies are defined as the ultra-precision level which can be thought of
as technological limits of each manufacturing process regardless of the material
removal mechanisms (Brinksmeier 2014). There are also other definitions of ultra-
precision that affix a value of <10 nm to the positioning accuracy and resolution of
these systems (Pagano 2014b). This differentiates the niche area of ultra-precision
from regular precision resolutions that are defined as <10 um. These values, however,
carry no meaning without an association with either the length scale of features pro-
ducible on the manufactured part or the machine tool itself.
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TABLE 1.1

Definition of Machine Tool Performance Measures

Measure Description

Accuracy Maximum deviation of the actual position from the ideal position

Repeatability Variation of the actual position from the designated position after
multiple attempts of repositioning

Resolution Smallest increment of motion along a designated axis

Precision engineering from the perspective of the machine tool is the ratio between
the performance and the travel range of the tool, which is defined within limits of 1
to 10° of these ratios (Leach and Carmignato 2020). The performance of a machine
tool is dictated by its accuracy, repeatability, and resolution as listed in Table 1.1. The
purpose of these definitions translates to the achievable accuracy of the manufactured
components. A commonality of nanoscopic features on the surface can be found on
each precision product in the form of designed sub-micrometric structures or surface
roughness. The development of these surfaces and structures with dimensions less
than 100 nm for functional performances falls under the category of nanotechnology
(Corbett et al. 2000).

1.2 MARKET FOR PRECISION MANUFACTURING

Precision engineering has been largely focused on military applications in the 1940s
and it was not till the 1970s that the concepts for precision engineering were adopted
for commercial applications such as micro-optic arrays, display panels, structured
films, and mirrors through the use of replicative molds (Evans 2012). Today, the
impeccable accuracy of products can be found across a wide range of industries
that demand performance, aesthetics, and safety requirements, largely in the semi-
conductor, medical, optics, and sensor industries. The market continues to attract
businesses and consumers with a global market valuation for precision parts projected
to soar to US$350 billion by 2027 from a 2019 valuation of US$167 billion.
Semiconductors are the largest driving force in precision engineering that has
become prevalent in daily life as semiconductors are found in most smart devices such
as computers, electric vehicles, and aircraft. However, little has been shared about the
massive hurdles faced in the manufacturing process. The most relatable product is
the smartphone where consumers await yearly hardware upgrades of “faster chips”
and “longer battery life” to existing models. The further miniaturizing of semicon-
ductor chips corresponds to an increase in physical space for other components such
as battery storage. Without diving too deeply into the circuitry of the semiconductors,
the fundamental concept of miniaturizing demands a stringent level of precision to
effectively integrate the nearly 40 billion components within the small, allotted space.
The second biggest market for precision products is in the medical industry where
improvements to the geometrical accuracy of products could determine the survival
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of patients in the form of detection devices (e.g., collimators in CT scanners, MRI
table components), implantable devices (e.g., pacemakers, coronary stents, cochlear
implants, etc.), and surgical instruments (e.g., surgical drill bits, saw guides for bone
surgery, laparoscopic staples, etc.).

The third market is in optical and sensory equipment, which are the backbone
of the industry that validate manufacturing accuracy in precision metrology. Optics
are particularly important in areas where the physical measurement of components
is impractical due to restricted areas and the miniaturization of products, especially
in integrated circuits of electronic products. Moreover, the development of sensory
equipment is a vital support to the next movement in automated manufacturing (i.e.,
manufacturing 4.0) where the positioning, maneuverability, traceability, and repeat-
ability of robotics are critical metrics for industrial internet of things (IoT). Therefore,
it is evident that the market for precision products will remain highly attractive for
the next generation of technology and the question now entails selecting the most
efficient method to produce these precision products. An overview description of
the various conventional processes and additive manufacturing technologies will be
covered in subsequent sections.

1.3 MACHINETOOLS AND PROCESSES

The precision engineering market is well diversified with machine tool suppliers
situated all over the globe but largely dominated by companies from Germany, Japan,
and the United States. These precision manufacturing machines have been designed
to meet the demands from various industries and can be classified as contact and non-
contact material removal processes, where the former mechanically removes material
by typically driving a tool with one or more cutting edges into the work material, and
the latter removes material by vaporizing work material through heat addition. The
development of these technologies has been the main support toward the evolution of
precision engineering over the past century. Thus, it is meaningful to acknowledge the
features and characteristics of these subtractive processes to gain a better appreciation
of how each may complement additive manufacturing technology.

1.3.1  MECHANICAL MACHINING

Mechanical material removal processes include turning, milling, and drilling
operations where the machine tools are typically equipped with aerostatic bearing
spindles for rotary motion, slides for linear motion, and highly rigid and sharp cutting
tools (typically made of diamonds). The simplest representation of this subtractive
manufacturing process can be found in the turning process, which uses a single
cutting edge on the tool. The tool drives into the work material along the designated
tool path and removes material via chip formation. This chip formation action occurs
across all three mechanical material removal processes despite their differences (e.g.,
number of cutting edges, direction of cutting, etc.).

The workpiece typically rotates at a constant revolution speed during turning, while
the cutting tool traverses along the length of the workpiece (in longitudinal turning)
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or the end face of the workpiece (in face turning) as illustrated in Figures 1.1(a) and
1.1(b). The single-point cutting edge can also be programmed to produce freeform
structures along the designated tool path, otherwise known as grooving, as shown in
Figure 1.1(c).

Milling and drilling differ from turning where the tool vertically rotates while
the workpiece traverses laterally on a table for positioning. Additionally, milling and
drilling tools have multiple cutting edges attached to the shank, as shown in Figure 1.2.
Drilling tools do not vary too much and normally have a chisel cutting edge to exert
the pressure into the workpiece and induce the necessary friction to steady the drilling
process (Figure 1.3). Milling tools consist of multiple types designed to cut out spe-
cific geometries on the workpiece, such as face milling cutters that have cutting edges
protruding from the side of the cutting head to solely perform horizontal cutting and
end milling cutters that have cutting edges on the end and sides of the cutter to enable
axial and lateral machining (i.e., cutting along and perpendicular to the tool rota-
tional axis).

Although milling and drilling may seem different from turning, the material
removal mechanisms can be traced back to the fundamentals derived from the single
point cutting process of turning (i.e., cutting with a single edge). Hence, fundamental
research on the mechanically based subtractive manufacturing process primarily
focuses on turning, while research in production engineering directly test the feasi-
bility of the milling and drilling tools. The cutting process is described by the shear
deformation of material to be removed in the form of a cutting chip. A complex event
of shear strain occurs in the primary deformation zone alongside frictional forces
acting on the cutting tool rake and flank faces in the secondary and tertiary deform-
ation zones, respectively (Figure 1.4).

With advances in rigidity control of machine tools, these machining processes
can achieve ultra-precision levels of manufacturing. Basic ultra-precision lathes, also
known as single-point diamond turning, typically arrive in a three-axis system config-
uration with up to 0.01 nm (linear) and 0.0000001° (rotary) programmable resolutions.
These machines operate like conventional systems but at smaller scales with greater
levels of precision. Manufacturers can supply machine tools to machine workpiece
diameters in the range of 150-1,000 mm with surface finishing of <1.25-1.5 nm
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FIGURE 1.1 Material removal operations with single-point cutting tools: (a) face turning;
(b) longitudinal turning; (c) grooving.
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FIGURE 1.2 Micro-milling tools. Reprinted with permission from Springer Nature
Figure 1.1(Aslantas and Alatrushi 2021).
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FIGURE 1.3 Dirill bit nomenclature.

Sa and form accuracy <0.1-0.125 um P-V. Micro-milling solutions available in the
market offer machinable tolerances as low as 2 pm using miniaturized tools that are
<1 mm (Chen et al. 2021) and can go down to 10 pm in diameter.

1.3.2 EiLectric DISCHARGE MACHINING

Electric discharge machining (EDM) and laser machining are common thermal-
based machining technologies adopted in precision manufacturing. EDM removes
material via a thermoelectric process that erodes material through sparks by dischar-
ging current through a dielectric fluid that flows between a tool and the workpiece
(Figure 1.5). In other words, the flow of the current through the dielectric fluid results
in spark generation that heats the workpiece and removes material by erosion and
evaporation. With the input current supplied to the system at a high frequency, work
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FIGURE 1.4 Deformation zone considerations in single point cutting. Reprinted with
permission from MDPI (Lee, Shen, and Wang 2020).
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FIGURE 1.5 Electric discharge machining (EDM) material removal mechanism.

material can be spark eroded during current flow and the debris will be washed away
by the flowing dielectric fluid when the current supply is intermittently disrupted. The
nature of this material removal technique classifies EDM as a low volume production
process due to the relatively low material removal rates.

The process necessitates both the workpiece and tool to be conductive for the
flow of current, which limits the applicability of this precision manufacturing tech-
nique. Like the mechanical machining process, EDM utilizes different types of tools
and material removal modes to perform machining. Common tool materials range
from elemental metals such as copper and steel to tungsten alloys and graphite. The
choice of material depends on the employed material removal process for EDM.
Synonymous with the mechanical machining process, EDM also has variations such
as die-sinking EDM, wire-cutting EDM, and hole-drilling EDM.
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FIGURE 1.6 [Illustration of wire-cutting EDM. Reprinted with permission from Springer
Nature (Sreenivasa Rao and Venkaiah 2017).

Die-sinking EDM and hole-drilling EDM are effectively the same type of
machining processes with the only difference being the geometry of the tool. The tool
is designed to replicate the shape of the machined surface and removes material when
the electrode tool is brought close to the workpiece for the electric current to form
sparks within the gap filled with dielectric fluid (Figure 1.5). The geometry of the
electrodes in die-sinking can be designed to imprint the final desired machined com-
ponent, as commonly adopted in the production of molds (Rajeswari and Shunmugam
2020) and turbine blade cooling holes (Liang et al. 2018; Aas 2004). While this scen-
ario is ideal in manufacturing the components without introducing mechanically
induced residual stresses and vibrations, several challenges arise from the intricate
details of the tool mold, such as the need to fabricate them with precision and the ten-
dency for wear to occur more rapidly at sharp edges (Crookall and Moncrieff 1973).
Therefore, electrode tools may also take the form of simple geometries that can be
given a prescribed tool path to produce the final geometry, similar to the process of
single-point grooving (Vidya, Wattal, and Rao 2021).

Vastly different to die-sinking, in wire-cutting EDM an electrode wire is fed from
a spool and held in tension to slice through the workpiece (Figure 1.6). The benefit
of this process is the superior precision of the machined geometry as the constant
feed of new wire through the machining region effectively cancels the possibility of
tool wear. Thus, the machined geometry would precisely correspond to the geom-
etry of the wire, which can be as thin as 15 um to achieve accuracies of 0.4 um (Zou
et al. 2021)

1.3.3 LASER MACHINING

Laser, a common term that is an acronym for “light amplification by stimulated
emission of radiation”, is the channeling of light energy into a focused beam to
remove material by melting and vaporization (Olsen and Alting 1995). Just as light
emits over different wavelengths, lasers also arrive in different wavelengths with the
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shorter wavelengths in the ultraviolet (UV) range having higher cutting efficiencies.
The wavelength is also correlated with the spot size of the beam, which translates
to achievable precision in machining. Again, shorter wavelengths typically enable
smaller spot sizes to be used in ultra-precision fiber laser cutters. There are CO, lasers
that produce light by introducing electricity into a gas-filled chamber and crystal
lasers — i.e., neodymium-doped yttrium aluminum garnet (nd:YAG) or neodymium-
doped yttrium ortho-vanadate (nd:YVO).

CO, lasers that emit high-intensity infrared light (10.6 um wavelength) were the
conventional favorites in metal cutting due to the high beam quality and output power
(Thawari et al. 2005). These lasers have a typical power range of 1-40,000 W (Ghosal,
Majumder, and Chattopadhyay 2018). However, advances in precision laser cutting
adopted the use of Nd:YAG lasers that can emit laser wavelengths that are a tenth
of the CO, lasers at 1.06 um with ultra-short laser pulses in nano and femtoseconds
(Pfeifer et al. 2010). These lasers with a slightly lower power range of 1-3,000 W
are typically used for material processing and measurements. Ultra-precision fiber
laser cutters in the market further enhance the capabilities of these lasers by offering
ultra-short pulse lasers with picosecond ablation durations and linear positioning
resolutions of 0.1 um.

1.3.4 StaTUS OF PRECISION SURFACE MANUFACTURING

These technologies are excellent options to meet the demand for precision manu-
facturing, but the extent of post-fabrication surface quality largely differs between
processes. Surface quality is often characterized by the arithmetic mean roughness,
Ra, which is defined as the average height (Z) over a measured length, L. It can be
calculated by:

L

Ra=—[[2(x)]ax (1.1)

s 0

There are other common methods for characterizing roughness, such as the equiva-
lent areal roughness, Sa, which measures the average height over an area in com-
parison to a sample line in Ra. Several researchers also prefer to use the root mean
square (RMS) measurements, Rq or Sq, which correspond to the standard deviation
of the height distribution and is calculated by:

Rq=,|— JZ (x)2 dx (1.2)

For simplicity, this book will mainly characterize the surface roughness based on the
arithmetic mean roughness and refer to the RMS value where appropriate. Table 1.2
lists a comparison of the various achievable surface quality between these precision
machining technologies.
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TABLE 1.2
Precision Machining Processes And The Achievable Surface Roughness
Surface

Process Work Material Roughness  Reference

Diamond Si 0.010 um Ra (M. Wang, Wang, and Lu 2012)
turning Al6061 0.017um Ra  (H. Wang et al. 2010)

0.007 um Ra  (S. Wang et al. 2020)
Ti-6Al-4V 0.017 um Ra  (Yip and To 2019)
CuBe 0.005 um Ra  (Sharma et al. 2020)
Cu 0.009 pm Ra  (Lucca, Klopfstein, and Riemer
2020)
KDP crystal 0.003 um Ra  (Zhang and Zong 2020)
Micro-milling  Ti-6Al-4V 0.32 um Ra (X. Luetal. 2018)
Cu 0.15 ym Ra (X. Lu et al. 2019)
Cu 0.11 ym Sa (Sorgato, Bertolini, and Bruschi
2020)
Al 0.72 um Ra (Véazquez et al. 2010)
Cu 1.33 um Ra
Zr-based bulk metallic ~ 0.31 pm Ra (Ray, Puri, and Hanumaiah 2020)
glass
Sapphire 0.004 pm Ra  (Katahira et al. 2017)
3J33 maraging steel 0.3 ym Ra (Yao et al. 2019)

Electric Ti-6Al-4V 1.05 um Ra (Ahmed, Ishfaq, et al. 2019)
discharge 1.94 ym Ra (Venkatarao and Anup Kumar
machining 2019)

Nimonic C263 alloy 10.89 um Ra  (Shastri and Mohanty 2020)
SiC 5.12 ym Ra (Qidong and Wei 2018)
Boron carbide 1.30 um Ra (Puertas and Luis 2004)
Si-SiC 1.05 um Ra (Clijsters et al. 2010)
Al6061-SiC 1.92 um Ra (Raza et al. 2018)
DSS-2205 0.1 ym Ra (Ablyaz et al. 2020)

Laser CVD diamond 0.15 pm Sa (Li et al. 2020)

machining SS304 2.18 ym Ra (Kotadiya and Pandya 2016)
Nitinol 0.2 ym Ra (Huang, Zheng, and Lim 2004)
Inconel 718 2.67 ym Ra (Ahmed, Rafaqat, et al. 2019)
Ti-6Al-4V 0.97 um Ra (Ahmed, Ahmad, et al. 2019)

Advancements in precision engineering were largely dominated by subtractive
manufacturing processes but the recent developments in additive manufacturing
(AM) technology have widened the possibilities for manufacturing. Introduced in
the 1980s, AM has revolutionized the manufacturing industry with its unconventional
method of producing near-net-shape products. This involves the layer-by-layer con-
struction of freeform three-dimensional solids from powder or liquid base materials.
Today, a wide range of materials are processed using AM technology, which include
metals, ceramics, glass, plastics, and even food.
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At a glance, AM benefits the manufacturing industry in providing cost savings
by reducing material wastage (Jiang, Xu, and Stringer 2019; Delgado Camacho
et al. 2018; Laureijs et al. 2017). The volume of raw materials in the supply chain
for additive manufacturing can be substantially lowered close to the final volume
of the product compared to traditional material removal processes that begin with
bulk stock materials. Yet, the cost per weight of raw material required by AM
machines can be higher by a multiple of ten (Bauer and Malone 2015), which may
be attributed to the considerable amount of energy required to prepare these raw
materials. Waste material from traditional machining processes can also be recycled
to promote sustainable manufacturing, which may level the overall cost comparison
between AM and traditional machining (Paris et al. 2016). Ongoing debates suggest
that there are no generic answers to the cost efficiency of adopting AM in the manu-
facturing line.

However, AM technology definitely has an exclusive advantage that has
revolutionized product design and fabrication (Rosso et al. 2021; Simons 2018).
This is the capability to disregard the assembly of parts to form the final product
where products are produced as a single part, which cannot be achieved via con-
ventional methods. The layer-by-layer construct also enables the fabrication of
unique internal features that would conventionally increase the number of required
parts for assembly. Despite the advantages of AM and its rapid development in
achieving excellent form accuracies of desired precision geometries, the tech-
nology is still unable to meet the surface quality demanded in precision and ultra-
precision engineering. This book covers the additional steps needed to produce
the desired surface quality of AM products, which is known as post-processing
for additive manufacturing. These post-processes typically utilize conventional
ultra-precision manufacturing technologies to address the geometrical and surface
requirements.

The question then arises on the need to further discuss the attributes and
developments of each precision manufacturing process to be employed for AM
post-processing. The key difference here would be the characteristics of materials
produced by AM. In conventional material processing, research efforts are poured
into studying new materials that have superior properties with the goal of pro-
moting productivity and extending product lifespan. The simplest example is the
addition of alloying elements to maintain the mechanical integrity of aircraft jet
engine parts made of metals operating at high temperatures. While the introduc-
tion of these additives influences the mechanical, thermal, and electrical conduct-
ivity performances that benefit the function of the material, the processing of these
materials during the manufacturing stage may face challenges to achieve the desired
product quality. In the same way, AM technology presents a new range of materials
that are microstructurally different while maintaining the same elemental compos-
ition, especially in additively manufactured metals. More detail on the characteristics
of AM metals will be covered in Chapter 3. These differences inevitably lead to
new considerations in the post-processes, which will form the crux of this book.
Moreover, the understanding of post-processes enhances awareness of further con-
siderations in designing the building procedure.
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1.4 ADDITIVE MANUFACTURING TECHNOLOGY

Before proceeding into the post-processing of AM production, it is good to
revisit the concepts and advances of AM technologies that can produce a wide
variety of materials. This book focuses on metal production and, therefore, the
more established metal fabrication technologies will be discussed in the following
sections.

Metal AM processes are generally categorized based on the state of the initial raw
material, which is commonly divided into powder and deposition-based processes as
illustrated in Figure 1.7. Although sheet lamination (e.g., ultrasonic consolidation) is
also recognized as a category of metal additive manufacturing involving the stacking
and lamination of thin sheets of metal, it requires subsequent major processing, such
as machining or laser cutting to produce the final shape of the product instead of pro-
ducing a near-net-shape product. This section will focus on powder-bed fusion and
direct energy deposition processes, which are more popular in the field of additive
manufacturing.

Each of these processes has its own set of advantages and disadvantages in
meeting the standards of precision engineering surface fabrication. This is on top
of the basic requirements in AM, such as porosity or density, that have a strong
influence on the final mechanical properties. The porosity of AM parts has been
the central focus of research since its inception, but the advances in each tech-
nology have enabled a shift in the focus to the applicability of AM. According to
the American Society for Testing Materials (ASTM) standard B311-17, the rela-
tive density of the part fabricated by powder-based processes can be calculated by
(ASTM 2014):

[ Powder bed fusion ] [ Directed energy deposition ]

« Laser engineered net shaping

* Directed light fabrication

* Direct metal deposition

*  Wire arc additive manufacturing

* Selective laser melting
* Direct metal laser sintering
* Electron beam melting

FIGURE 1.7 Categorization of metal AM processes by state of raw material.
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p=m — Pt (13)
m

air mliquid

where m is the mass and p is the density. However, the surface quality of these AM
technologies have only recently gained traction in the research field in view of the
feedback on the technological gaps provided by various industries.

1.4.1 Powber Bep FusioN (PBF) ProCEssEs

There are three main types of metal AM processes that build parts from a bed of
powder: (i) selective laser melting (SLM), (ii) direct metal laser sintering (DMLS),
and (iii) electron beam melting (EBM). Conceptually, these processes are similar
in utilizing a heat source (e.g., laser or electron beam) to selectively irradiate the
bed of loose powder to form the final product, as illustrated by the SLM process in
Figure 1.8. For each layer of the construction process, a layer of powder is deposited
onto the build platform and flattened by administering a roller or scraper across the
powder bed. The heat energy system subsequently irradiates the selected regions for
the construction of the part by melting the powder particles and allow it to solidify
with the bottom layer of material. This process repeats itself with laying the subse-
quent layer of powder, followed by scrapping, and irradiation until the final part is
completed. The final part remains submerged in the bed of powder particles, before
removal for post-processing.

Market leaders for SLM machines include SLM Solutions, 3D Systems, Renishaw,
EOS, Laseradd Technology, and Sculpteo. These companies offer solutions to
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FIGURE 1.8 Principle of selective laser melting (SLM). Reprinted with permission from
Elsevier (Fischer et al. 2016).
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manufacture products from various metals, such as steel and aluminum, titanium, and
nickel alloys, largely for the aerospace and medical industries. DMLS technology
has the highest growth rate — led by North America followed by the Asia-Pacific
region — with key players including 3D systems Inc., EOS GmbH Electro Optical
Systems, Farsoon Technologies, Prodways Group, and Formlabs Inc. The leaders
in EBM-based additive manufacturing technology largely targeted at processing
titanium alloys and chromium-cobalt alloys are Arcam EBM, JEOL, Freemelt, and
Sailong Metal.

There are several common process parameters used for these PBF processes, such
as the scan speed, hatch space, powder size, and layer thickness. Despite having
a very similar fabrication concept, a key difference between SLM and EBM is in
the source of the irradiation energy. In SLM, thermal energy is delivered through a
high power-density laser to melt the metal powder according to the designed cross-
sectional geometry and gradually build the final product with each layer of resolidified
material. Each layer of the building process is controlled by the displacement of the
build platform, which incrementally lowers between steps to allow the deposition of
a fresh plane of metal powders supplied from the deposition unit. Therefore, SLM
considers additional parameters such as the laser power, spot size, and pulse duration
and frequency.

Laser positioning in commercial systems is usually controlled using closed-looped
galvanometer motors to deliver quick and precise motions (Rasoanarivo, Dumur, and
Rodriguez-Ayerbe 2021; Aylward 2003). Hence, scanning speeds are often available
over a wide range of 200-1,500 mm/s (Lu et al. 2017). The precision positioning
of the laser is also critical in adhering to the scan strategy, which includes various
aspects, such as the scan direction (Wang et al. 2018) and overlapping of melt tracks
or hatch spacing (Chen et al. 2019). Contrary to the commonly depicted single laser
that irradiates the powder bed, commercial SLM systems can be equipped with up
to four lasers that operate simultaneously to increase fabrication efficiency (see
Figure 1.8).

The key parameters in DMLS (see Figure 1.9) also comprise the laser power,
scanning speed, and hatch spacing. The key difference between DMLS and SLM
is that the former does not melt the powder but rather supplies sufficient heat for
intermolecular fusion between particles (Owsinski and Niestony 2018). Because of
this, DMLS products are usually more porous compared to SLM parts. Selective
laser sintering (SLS) is also a common term in AM technologies and is effectively
identical to DMLS except that the latter is exclusively used for metals and no other
materials, such as plastics glass, and ceramics. As DMLS does not involve the
complete melting of powder, the supplied energy density is typically lower than
those in SLM processes and is achieved by either reducing laser power (<400 W)
or increasing scan speeds (>1,000 mm/s). As the hatch spacing and layer thickness
rely more on the particle size and distribution, these parameters are often relatively
similar in DMLS and SLM.

EBM differs from SLM and DMLS in that an electron beam is the main source
of thermal energy to fuse the metallic powders during fabrication. Electrons
are emitted from a tungsten filament (heated to 2,500-3,000 °C) or lanthanum
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FIGURE 1.9 Visual of the sintering process in the DMLS chamber. Reprinted with permission
from IOP Publishing (Shah and Dey 2019).
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FIGURE 1.10 Schematic of the electron beam melting operating principle. Reprinted with
permission from Elsevier (Béraud et al. 2017).

hexaboride (LaB,) cathode (heated to 1,500-1,700 °C) and accelerated through
a high voltage electron gun (60 kV) to the worktable, as shown in Figure 1.10.
The direction of the electron beam is controlled by electromagnetic lenses and
deflectors within the gun without the use of any mechanically driven components.
This indicates that the beam direction can be repositioned extremely quickly up to
10,000 m/s within the build area (Korner 2016) and beam positioning accuracies
of up to 25 um.

The electron beam voltage refers to the available energy for electron acceler-
ation and penetration into substrate surfaces while the electron current quantifies
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the number of emitted electrons, usually measured in the range of 3—17 mA. In
other scenarios, the dose or current density (A/cm?) is used as a better measure
for comparison among different machines that have different working areas in the
chamber.

Between the different energy carriers (i.e., electron and laser beams), the absorp-
tion efficiencies also largely differ and affect the conversion of energy for heating
and evaporation (Korner 2016). Absorption is an important aspect of the melting pro-
cess as it determines the complete or partial melting of the powders during the build
process. Lasers are strongly affected by the reflectivity of the material where higher
reflectivity, reduces the absorption efficiency, and can differ by 2%—60% among
metals. The electron beam is mainly influenced by the density of the material and
thus can maintain relatively higher absorption efficiencies ranging from 65% to 85%,
which boosts the energy efficiency of the manufacturing process with low power
requirements.

As electrons are the primary mode of transferring energy, the work material must
be electrically conductive, which means that EBM is exclusively for metal manufac-
turing. Vested interest has been particularly shown in the EBM of titanium alloys for
medical implants due to the relatively higher build rates in comparison to laser-based
powder bed fusion processes (Karunakaran et al. 2012). However, EBM is inferior to
SLM in the level of precision.

1.4.2 Directep ENERGY DerosiTioN (DED)

The family of DED comprises various process names including laser engineered net
shaping (LENS), directed light fabrication (DLF), direct metal deposition (DMD),
3D laser cladding, electron beam additive manufacturing (EBAM), and wire arc
additive manufacturing (WAAM) or DED-arc. Unlike PBF processes where raw
material is laid across the worktable for melting, DED processes deposit material
onto existing surfaces of the fabricated part in wire or powder form before being
melted by a focused heat energy source (e.g., laser, electron beam, and plasma arc).
Additionally, DED processes control material and energy delivery with the use of
position-controlled nozzle heads and worktables, giving great flexibility in terms of
positioning compared to PBF processes where the heat source is typically fixed and
the worktable mainly controls positioning. The nature of this additive process makes
DED useful for repair work or remanufacturing.

Multiple laser-based metal deposition systems adopt the same concept for additive
fabrication where each comprises a laser system fitted with a powder-feeding system to
melt raw material as it is deposited (i.e., a laser cladding process). LENS (Figure 1.11)
is one of the most well-known DED processes, which was conceptualized in 1997 by
Sandia National Laboratories and Pratt & Whitney. In the same year, directed light
fabrication (DLF) was developed at Los Alamos National Laboratory (Lewis et al.
1994) with a concept similar to LENS in the use of a laser to fuse gas-delivered metal
powder particles. Direct metal deposition (DMD) was developed at the University of
Michigan specializing in the use of a robotic arm to position the coaxial nozzle during
the fabrication of complex geometries.
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FIGURE 1.11 Schematic laser engineered net shaping (LENS) machine configuration.
Reprinted with permission from Elsevier (Z. L. Lu et al. 2010).
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FIGURE 1.12 Schematic laser engineered net shaping (LENS) material deposition concept.
Reprinted with permission from Springer Nature (Guddati et al. 2019).

Within the main nozzle head, the laser beam is passed through a focusing lens
and directed through the center of the nozzle while metal powders are streamed
through the sides to be melted and solidified together with the substrate
(Figure 1.12). This is otherwise known as the coaxial supply of powder. On the
other hand, there are also lateral powder supply systems that feed powder at an
angle off-axis from the laser beam. The method of powder delivery in LENS
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opens the possibility of fabricating multi-material components by simply config-
uring the proportion of powders deposited (Espafia, Balla, and Bandyopadhyay
2010). In most cases, the nozzle is also fitted with a stream of shielding gases to
direct the powder flow and create an inert environment for highly reactive metals
that tend to oxidize.

Like SLM, the laser power and scanning speed are also critical parameters that
affect the build quality, with the most influential parameter being the laser power as
with other laser-based systems. While the laser power ranges similarly in both PBF
and DED processes up to 1,000 W, the considerations for power selection are different.
As the molten powders in LENS flow freely with lesser boundary constraints, the
excessive heat energy added to the system can lead to high thermal gradients between
the highest and lowest temperatures in the melt pool. As the material cools and
shrinks, the large thermal gradient then results in the development of residual stresses
(Ngoveni et al. 2019). Thus, higher laser power can increase the input heat energy and
lead to higher residual stress between layers (Pratt et al. 2008).

Powder delivery, typically measured in g/min or cm*min, is unique to LENS
where the feeding rate can significantly affect the size of the melt pool, porosity
and the consequential surface finishing (Amano and Rohatgi 2011; Mahamood and
Akinlabi 2018). In some cases, the porosity of the fabricated parts are desirable,
such as stress shielding in the medical industry (Bandyopadhyay et al. 2010). These
powders’ size typically range 38—150 um (Long, Nand, and Ray 2021) and are taken
from the feeders and carried to the nozzle by a gas.

Generally, raw materials in powder form are preferred in DED processes but there
are also wire-fed raw materials used in wire arc additive manufacturing (WAAM).
This manufacturing technique uses the concept of arc welding where an electric arc
is used to heat and melt adjoining metals. During additive manufacturing, the feed of
molten raw material is deposited onto the work surface to form layers of weld beads
that form the final product.

Available industrial welding technology includes metal inert gas (MIG) or gas
metal arc welding (GMAW), tungsten inert gas (TIG), and plasma arc welding. In
each technology, an electric current is sent through the electrode that breaks through
the insulated air medium in the form of an arc discharge. The discharge of electric
current converts into light and heat energy that records temperatures of up to 20,000
°C. The main difference between MIG and TIG is in the way the arc is created. MIG
feeds the raw material through a gun (electrode) at a constant rate to melt and form
the weld bead, while TIG employs a non-sacrificial tungsten electrode and the raw
material is added to the arc from a separate feedstock. Between the two concepts,
TIG is generally preferred due to a higher level of precision but at the cost of lower
material deposition rates. Plasma welding also uses a tungsten electrode but is cap-
able of concentrating the arc by ionizing an inert gas to serve as the conductor for arc
discharging to the workpiece. The concentrated arc results in a denser energy output
from the electrode gun to further improve precision during melting and the additional
directional capabilities. In all three types of welding technologies, shielding gases
(e.g., argon, nitrogen, and helium) are necessarily supplied to the melt zone to prevent
contamination and oxidation during melting.
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FIGURE 1.13 Relationship between energy density and surface quality. Reprinted with
permission from MDPI (Wiist, Edelmann, and Hellmann 2020).

One advantage of WAAM over other powder-based additive manufacturing
processes is the higher material deposition rates, ranging 1-10 kg/hr (Cunningham
et al. 2018) compared to other laser and electron beam-based processes that are limited
to less than 0.6 kg/hr (Liberini et al. 2017). The downside of arc-based manufacturing
processes is the limited freedom of tool paths to produce large-sized components
(Singh and Khanna 2021).

1.5 CONCLUDING REMARKS

Having gone through the details of each process, where do we stand today in
terms of the achievable surface finishing of as-produced metal AM parts? Researchers
have found a common relationship between the input energy density and the surface
roughness (Spierings, Herres, and Levy 2011; Casalino et al. 2015; Yang et al. 2019;
Han et al. 2018). In general, the surface roughness decreases with the increase in
energy density to an optimal value before increasing again with a further increase in
energy density (Figure 1.13).

The phenomenon occurs as the increase in energy density ensures the melting of
the raw materials that then fill porous holes between powder particles. However, as the
energy density increases further, the raw material is removed by evaporation and holes
are left on the part’s surface, which would increase the surface roughness. As the surface
roughness is highly dependent on the energy density, which is affected by the combin-
ation of several key factors, each type of metal AM process and work material can result
in a wide range of surface quality, as illustrated in Figure 1.14. Several predictive surface
quality models (Reeves and Cobb 1997; Campbell, Martorelli, and Lee 2002; Ahn, Kim,
and Lee 2009; Luis Pérez, Vivancos Calvet, and Sebastian Pérez 2001; Galati et al. 2021)
have been proposed but will not be discussed in further detail in this book.
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FIGURE 1.14 Surface quality achievable in metal additive manufacturing (Yang et al. 2021;
Calignano 2018; B. Q. Li et al. 2018; Masiagutova et al. 2021; Mumtaz and Hopkinson 2009;
Guo et al. 2020; Khorasani et al. 2020; Z. Chen et al. 2018; Ali et al. 2019; Strano et al. 2013;
D. Wang et al. 2016; G. Li et al. 2022; Fathi et al. 2019; Lamikiz et al. 2007; Bhardwaj and
Shukla 2018; Morel et al. 2018; Karolewska, Ligaj, and Boronski 2020; Nicoletto et al. 2018;
Mierzejewska, Huddk, and Sidun 2019; Brezinova et al. 2016; Greitemeier et al. 2016; Safdar
et al. 2012; Galati, Minetola, and Rizza 2019; Klingvall Ek et al. 2016; Choudhary et al. 2020;
Cho, Shin, and Shim 2021; Bai, Chaudhari, and Wang 2020; Shen et al. 2021).

A comparison between the surface roughness achievable in as-built metal surfaces
across the different types of additive manufacturing processes and the conventional
machining processes presents the technological gap in additive technology toward
achieving high precision quality. The road toward that state may be achievable with
further advancements in the miniaturizing of current processes such as particle sizes
and energy source control. Yet, it is still uncertain if that advancement will be pos-
sible. Hence, post-processes are made readily available to complete the additive
manufacturing of precision engineering products, in the form of conventional preci-
sion machining methods and it is, therefore, an important discussion to account for in
additive manufacturing technologies.

Conventional manufacturing begins with large bulk materials that are cut into
the rough shape of the final product using rough cutting parameters and heavy-duty
machinery before being processed using precision/ultra-precision machining tech-
nologies. The standard procedure is typically adopted for the preservation of machine
tool precision positioning systems, the preservation of cutting tools, and the reduction
in vibrations induced during heavy mechanical loading. In the same way, additive
manufacturing also serves to produce the near-net-shape product that will require
precision finishing using these precision/ultra-precision machining technologies. The
benefits and limitations of adopting the latter strategy for precision manufacturing
are found in the advantages and disadvantages of additive manufacturing technology.
This book does not discriminate traditional methods for precision manufacturing but
discusses the attributes of precision post-processing of additively manufactured high-
quality surfaces.
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2 Unique Properties
of AM Metals

2.1 MATERIAL CHARACTERIZATION AND TESTING TECHNIQUES

The purpose of material characterization and testing techniques is to understand
the chemical composition, microstructure, mechanical performance, and the
interrelationships among each property. Characterization mainly comprises ana-
lysis and test methods on material chemical composition, microstructure, phys-
ical properties, mechanical properties, and so forth. In other words, it is used
to reveal the basic properties of the different materials that will serve as key
indicators of the material performance and subsequently aid design and fabrica-
tion considerations. Alternatively, the material composition and microstructure
may also be correspondingly modified to account for the limitations of manufac-
turing processes. By establishing the material characteristics, an optimized plan
can be developed to process the material and obtain the most economical and
reasonable design during production of high-quality, lightweight, long-lasting,
and reliable products.

Before diving into the characterization of additively manufactured metals, this
section will first provide an outlay of the different test methods that are commonly
used in material characterization. For the characterization of additive manufacturing,
the tests are categorized as:

e Chemical composition

e Microstructure and phase composition
» Physical properties

* Mechanical properties

2.1.1  CHemicAL COMPOSITION ANALYSIS

Additively manufactured metal parts generally undergo high temperatures during
fabrication. On the one hand, the high temperature in the melt pool formed during
the additive manufacturing process will cause the evaporation of some elements
(e.g., Al and Mg). On the other hand, some elements (e.g., O, C, H, and N) will be
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adsorbed into the molten pool and may undergo chemical reactions. It is known that
the change in chemical composition may highly affect the final performance of the
additively manufactured parts. The segregation of chemical elements and formation
of compounds may occur in the final parts, which needs a detailed analysis of their
composition. Therefore, chemical composition analysis is necessary in metal additive
manufacturing.

2.1.1.1 Spectroscopic Analysis
(1) Atomic Absorption Spectrometry (AAS)

AAS 1is an instrument to determine the proportion of elemental contents within
samples. Concentrations are determined based on the amount of light absorbed in the
sample that matches the ground state atom resonance of a specific element of interest
in its vapor phase. The increase in absorbed light will indicate a higher concentration
of the element under study. The technique is instrumental in determining the content
composition of the known elements within a sample.

(2) Inductively Coupled Plasma Atomic Emission Spectrometry
(ICP-AES)

ICP is used as the excitation source to analyze specific elements according to the
characteristic spectral line emitted when atoms of the target element return to the
ground state from excitation. It can perform simultaneous analysis of multiple elem-
ents and is suitable for detecting approximately 70 elements. It has high precision with
good stability (relative deviation <1%) but a low detection limit of approximately
10'~10% pg/cm™ and poor detection sensitivity for non-metallic elements.

(3) X-Ray Fluorescence Spectrometry (XFS)

XFS is a non-destructive analytical method used to perform composition analysis
on solid nanomaterial samples. There are two basic types of XFS systems: (i) wave-
length dispersive type, and (ii) energy dispersive type. Measurements are qualitative
and can detect all elements with atomic numbers greater than 3. The analytical sen-
sitivity is high, and the detection limit reaches 10°~107 g/g (or g/cm?). Additionally,
the thin film thickness can also be measured ranging from several nanometers to tens
of micrometers.

2.1.1.2 Mass Spectrometry Analysis
(1) Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

ICP-MS is an elemental mass spectroscopy method that uses ICP as an ion source to
determine the mass spectrum of elements within the sample. It has a low detection
limit (ppb-ppt level for most elements), wide linear range (up to 7 orders of magni-
tude), fast analysis speed (results for 70 elements per minute), low interference in the
spectrum to differentiate elements by 1 atomic weight, and capabilities of performing
isotopic analysis.
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(2) Time of Flight Secondary lon Mass Spectrometry (TOF-SIMS)

TOF-SIMS excites the surface of the sample with primary ions to reflect small
amounts of secondary ions, which disperse according to the mass of the target elem-
ents. It is a high-resolution measurement technique that determines the mass of an ion
by measuring the time taken for the secondary ions to reach the detector.

2.1.1.3 Energy Spectrum Analysis

(1) X-Ray Photoelectron Spectroscopy (XPS)

XPS uses X-ray irradiation to excite the atoms and molecules on the sample surface
so that electrons will be reflected and the energy distribution of the photoelectrons
can be measured to obtain the chemical composition. Advances in microelectronic
technology have also enabled XPS to target small areas with improved spatial reso-
lution, and large areas for single-scan measurements. It is a powerful surface analysis
instrument that not only detects surface element composition, but also the chemical
state of elements within several atomic layers of surface energy band structure for
depth distribution analysis of heterogenous layers, and micro-region chemical state
imaging. It is one of the most common methods employed to study the electronic and
atomic structure of the surface and interfaces of materials. It can detect all elements
except hydrogen and helium.

(2) Auger Electron Spectroscopy (AES)

AES employs the Auger effect using an electron beam (or X-ray) with designated
energy to excite the sample and obtain information about the chemical composition
and structure of the material surface by detecting the energy and intensity of the
Auger electrons reflected from the surface. Qualitative and quantitative analysis of
the surface composition of the samples in a micro-region is typically achieved in this
process.

An Auger spectrometer combined with a low-energy electron diffractometer
can analyze the surface composition and crystal structures of the sample, otherwise
known as surface probing. In addition, the combination of electron microscopy (using
an electron beam) and energy spectrum analysis (using X-rays) is an efficient method
to perform energy spectrum analysis (EDAX) within a micro-area. Further character-
ization of micro-region composition can also be obtained when used in tandem with
advanced electron microscopes (SEM, TEM).

2.1.2  MICROSTRUCTURE AND PHASE COMPOSITION

Due to the track-wise and layer-wise manufacturing method and high cooling rates,
unique microstructures are formed during metal additive manufacturing, which
include fine cellular structures, orientation-dependent epitaxial growth and process-
dependent texture. These microstructures are different from that observed in the trad-
itionally manufactured counterparts. Moreover, due to the complex thermal behavior
(i.e., in-situ tempering, local and global heat flow, etc.), multiple phases may directly
form in the as-built parts, which generally will not occur in the casting ones. It is
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widely known that microstructure determines macroscopic performance. Therefore,
microstructure analysis must be performed on the additively manufactured metals for
an in-depth understanding of the effect of process parameters and the evolution of
part performance, as well as to provide a reference for the subsequent microstructure
adjustment.

2.1.2.1 Microstructure Analysis

(1) Optical Microscopy (OM)

OM is an optical instrument that employs fundamental physics of light to magnify
and reflect or transmit optical images to microscopes that can be further digitalized
with cameras. Samples are generally opaque where light is emitted onto the object
from above, while light reflected off the sample enters the lens of the microscope
for observation. The method is most effective for solid samples and is used in most
fields of engineering. Translucent and transparent material surfaces may also be
visualized to a certain extent. These upright microscopes are also called metallo-
graphic microscopes when used for observation of material microstructure.

(2) Scanning Electron Microscopy (SEM)

SEM image surface features range from several nanometers to millimeters in size,
with a large observation field and an approximate resolution of 6 nm. Field emission
scanning electron microscopes (FE-SEM) can reach superior spatial resolutions of up
to 0.5 nm. These capabilities allow the observation of intricate features and morph-
ology of conductive material, such as the presence of defects (i.e., cracks, pits, etc.)
and nano-sized particles. With the appropriate software, the SEM can also be fitted
with elemental composition detection and phase structure analysis on the region of
interest.

(3) Transmission Electron Microscopy (TEM)

TEM operates like SEM but with a far superior spatial resolution capability and
is particularly used for the analysis of smaller regions at higher magnification.
Transmission electron microscopy is more suitable for the morphology analysis of
nano-powder samples, but the particle size should be less than 300 nm, otherwise the
electron beam cannot pass through. For the analysis of bulk samples, TEM generally
requires thinning the samples.

TEM can be used to observe the size, shape, distribution, distribution range of
particles, and calculate particle size using a statistical average method. Generally,
an electron microscope observes the size of product particles instead of grain size.
In contrast, high-resolution electron microscopy (HRTEM) can directly observe
the microcrystalline structure, especially providing an effective means for the ana-
lysis of interface atomic structure. It can also observe the solid appearance of tiny
particles. According to the crystal morphology and the corresponding diffraction
pattern, high-resolution images can be employed to study the direction of crystal
growth.
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(4) Scanning Tunneling Microscopy (STM)

STM uses a sharp conductive tip that is close to the sample surface and a voltage is
applied to both the tip and the sample such that electron tunneling will occur within
the vacuum space between the two. A tunnel current is then generated and used to
determine the surface profile and electronic structure of the sample (i.e., local density
of states). It has an atomic-level resolution (0.1 nm parallel and 0.01 nm perpen-
dicular to the surface) to achieve near-atomic imaging of the sample such that the
crystal surface can be observed alongside a three-dimensional image of the surface.
However, stringent ambient conditions are required, such as ultra-high vacuum and
extremely low operating temperatures. Additionally, it is only suitable for the analysis
of thin films and conductive materials.

2.1.2.2 Phase Analysis

(1) X-Ray Diffraction Analysis (XRD)

XRD employs X-rays to perform phase analysis based on the diffraction effect and
can be used on mono- and polycrystalline samples. Qualitative and quantitative
crystal phase, grain size, mesoporous structure, multilayer film analysis, crystalline
structure, and bonding state are common output results from XRD. Despite the many
types of results that can be obtained, XRD has low sensitivity and is only capable of
detecting elements that are >1% content in the sample. There is also a minimum size
of the sample (larger than 0.1 g) for accurate measurement. Lastly, it is ineffective for
amorphous materials.

(2) Raman Analysis

Incident light energy directed onto a sample will interact with the surface atoms and
cause scattering of photons. As some energy is absorbed by the substrate atoms, there
will be a change in the scattered light direction and frequency, which are used in
determining elemental signatures during Raman spectroscopy. Light captured with
no changes in frequency is typically defined as Rayleigh scattering, while light
that changes in both direction and frequency is defined as Raman scattering. These
changes are attributed to molecular vibrations, atomic-level interactions (e.g., elec-
tron transfer, phonon, plasma generation, etc.), and interaction with defects and
impurities. Using the concept of energy transfer between photons and molecules,
Raman spectroscopy can be used to analyze the molecular structure, physical and
chemical properties, and qualitatively identify materials, and can reveal information
about vacancies, interstitial atoms, dislocations, grain boundaries, and phase bound-
aries in materials.

(3) Infrared (IR) Analysis

Infrared spectroscopy using the Fourier transform is typically used to detect organic
functional groups. This is useful for checking chemical environment conditions and
changes, such as the bonding of metal ions and non-metal ions, and the coordination
of metal ions.
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(4) Micro-Area Electron Diffraction Analysis (Selected Area Electron
Diffraction, SAED)

Like X-rays, electron diffraction also follows Bragg’s equation to determine the
phase and orientation relationships, as well as structural defects in materials. As the
beam employed in SAED is extremely small, analysis is typically performed for
micro-regions.

2.1.3 PHysICAL PROPERTIES

2.1.3.1 Thermal Properties

(1) Thermal Capacity

Differential scanning calorimetry (DSC) is a versatile method used to measure the
heat flow that occurs when a sample is heated, cooled, or held at a constant tem-
perature. This is the measurement of specific heat capacity of the amount of heat
energy needed to change the temperature of the material. Conventional DSCs typic-
ally measure temperatures up to 700 °C while more advanced equipment is needed
for accurate measurements of the heat capacity above this temperature.

(2) Thermal Expansion

The mandrel method is a classic technique used to measure the thermal expansion
of a material, which is the change in volume or length of a material with tempera-
ture change, and uses mechanical measurement. Thermal expansion occurs with the
change in distance between atoms within a crystal lattice, which sums up to result in
volumetric differences as a function of temperature or applied heat. The expansivity is
usually defined in terms of linear expansion or volumetric expansion. In the mandrel
technique, one end of the sample is fixed on a holder while the other end is in contact
with the mandrel. Heat is applied to the setup and the differential thermal expansion
of the part is transmitted to an ejector pin where the displacement is measured. There
are many variations of the mandrel setup where samples may be positioned vertically
or horizontally. The measurement may be conducted by direct mechanical displace-
ment, and even electronic or optical observation. However, in most cases, it is chal-
lenging to achieve uniform heating conditions in the furnace for non-biased thermal
expansion measurements. Correction algorithms are typically employed to handle
these experimental flaws.

Optical measurements come in the form of telescope reading or more advanced
laser measurement. In telescopic readings, a set of binoculars are used to observe
the expansion and determine the linear expansion coefficient through calculation.
Measurement temperatures of these systems can reach up to 2,000 °C. However,
automated measurement systems based on this concept are difficult to achieve.
Therefore, laser measurements are preferred, which scan the sample and continu-
ously measure the expansion throughout the heating process. It has high accuracy
and automated control and recording. Hence, it is evident that the temperature range,
measurement accuracy, and size of the sample are important considerations to deter-
mine the measurement method.
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(3) Thermal Conduction

Thermal conductivity is another important material property that serves many engin-
eering purposes and refers to the transfer of thermal energy by conduction per unit
thickness of the material and temperature change. This property, however, does not
account for other forms of heat transfer such as convection and radiation. The inclu-
sion of these modes of heat transfer takes the form of many terms such as apparent
thermal conductivity, explicit thermal conductivity, or thermal transmissivity. The
property can be affected by other material characteristics such as porosity, multi-
layers, multi-structural components, and anisotropies. Thermal conduction is also
differentiated into different types as classified by several test standards from the
American Society for Testing and Materials (ASTM) — ASTM D5470, ASTM E1461,
and ASTM E1530.

ASTM D5470: A test method for the heat transfer characteristics of thermally con-
ductive electrical insulating materials, using the steady-state heat flow method. The
principle is to apply heat flow and pressure to the test sample of defined thickness
using a hot plate and a cold plate, while measuring the temperature difference between
the hot and cold plates to determine the conductivity. Samples using this test standard
are typically larger for observation of temperature difference.

ASTM E1461: A test method to determine the thermal diffusivity of solids using the
flash method (laser flash method). Small and thin specimens are irradiated using a
laser over a short period of time with high-energy pulses and the energy of the pulses
is absorbed by the front surface of the sample, which results in a rise in tempera-
ture on the back surface. An infrared detector is used to measure the temperature of
the rear surface, which is then used to calculate the thermal diffusivity based on the
thickness of the specimen. With the thermal diffusivity, the thermal conductivity can
then be calculated with additional information of the specific heat and density of the
test sample.

ASTM E1530: A test method for evaluating the heat transfer resistance of
materials using the heat-shielded heat flow meter technique. The test concept is
like the heat flow thermal conductivity measurement with a difference in the heater
being located around the measurement area to give an average temperature of the
sample.

2.1.3.2 Electrical Properties

Electrical conductivity refers to the resistance to electrical current flow as measured
using either the ammeter-voltmeter method, bridge method, potentiometer method, or
the DC four-terminal method. Different levels of electrical resistance will classify the
material as an insulator, semiconductor, or conductor. Examples of electrical testing
equipment include the HP4284A precision LCR tester, HP4191A RF impedance ana-
lyzer, HP4329A high impedance meter, and KEITHLTY6517A electrometer. These
devices can also be used to characterize the dielectric temperature spectrum, dielectric
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spectrum, volume resistivity, electric strength, hysteresis loop, dielectric properties
under bias electric field, and pyroelectric coefficient, among others.

2.1.3.3 Magnetic Properties

Magnetism is a measure of the susceptibility of the material to be magnetized and be
equipped with magnetic properties based on the magnetic moment per unit volume
(M=y*H) where y is the magnetic susceptibility of the medium and H is the mag-
netic field strength (A/m). The different classes of materials susceptible to mag-
netization are categorized into: (i) diamagnetic materials with negative y values,
(ii) paramagnetic that is minutely magnetizable, (iii) ferrimagnetic materials with
slightly larger y values, (iv) ferromagnetic with large  values typically the most mag-
netizable, and (v) antiferromagnetic materials that is magnetizable under the appro-
priate temperature conditions. Magnetic properties are measured using (i) the impact
method to produce the magnetization curve and hysteresis loop and (ii) induction
thermomagnetic instruments to measure the C curve.

2.1.4 MEecHANICAL PROPERTIES

2.1.4.1 Hardness

Hardness is a mechanical property that refers to the ability of a material to resist
deformation or rupture. There are over ten types of hardness testing methods that can
be divided into two categories of macroscopic compression/tension and localized com-
pression (e.g., indentation). In each of these categories, the type of load can also vary
in terms of loading rate, dynamic loading, and static loading. Ultrasonic hardness,
Shore hardness, and hammer-type Brinell hardness testing belong to the dynamic
loading category while Brinell hardness, Rockwell hardness, and Vickers hardness
are classified as static loading. Engraving tests are also used to manually evaluate the
hardness of materials with the file knife method or scratching to identify the Mohs
hardness. Each type of test method will have its range of hardness values whereas
some of the more popular test methods have tables of comparison to refer between the
different hardness scales. In other cases, such as engraving, the hardness may not be
comparable due to the different type of deformation that occurs within the material.

2.1.4.2 Tensile Strength

The strength of a material is mostly obtained through tensile testing, that is, a test
method used to determine several properties of a material under an axial tensile
load. These properties include the elastic limit, elongation, elastic modulus, propor-
tional limit, area reduction, tensile strength, yield point, yield strength, ultimate ten-
sile strength, and so forth. As the setup is relatively simple, tensile tests on metals
follow the ASTM E-8 standard to ensure comparable results between universal tensile
strength testing machines.

2.1.4.3 Compression Strength

Compression testing employs the action of an axial static pressure acting on the
entirety of a material. The maximum compressive load at which the specimen fails
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divided by the cross-sectional area of the specimen is defined as the compressive
strength limit or compressive strength. Compression testing is mainly applicable to
brittle materials, such as cast iron, bearing alloys, and building materials. For plastic
materials, the compressive strength limit cannot be accurately measured, but the
elastic modulus, proportional limit and yield strength can still be obtained. Similar
to the tensile test, a compression curve can be plotted during the course of the com-
pression test, which follows the internationally recognized ASTM E-9 standard for
metal testing.

2.1.4.4 Torsional Strength

The ability of a material to resist an applied torque is characterized by its torsional
strength, which can be measured through a torsion test. Additional properties obtained
from the test include the torsional stiffness and plastic deformation capacity. The test
follows the ASTM A938 standard with a torque applied to both ends of a sample on a
torsional test machine and is most often used for shafts and springs that are subjected
to these moments and torque during service.

2.1.4.5 Bending

Aside from the basic uniaxial tensile and compression tests to characterize material
strength, bending tests are slightly more complex at evaluating material properties
subjected to more appropriate loading conditions that resemble actual engineering
applications. During bending, the material is subjected to tension on the upper sur-
face while the lower surface is subjected to compression, which will both be used
to determine the maximum normal stresses of the material and its geometry. Three-
point bending and four-point bending tests are the most common test machine
configurations and the sample is typically round or rectangular with the length of the
beams approximately 10 times larger than the cross-sectional diameter. These tests
are typically used to evaluate the ductility of tough materials (e.g., cast iron, high-
carbon steel, tool steel, etc.) that are used as structural components. They are also
used to evaluate the bending fracture strength of brittle materials that are only able to
sustain a minute degree of deformation before failure. For consistency, bending tests
follow the ASTM E290 standard for comprehensive evaluations.

2.1.4.6 Toughness

Impact toughness refers to the ability of a material to absorb plastic deformation
work and fracture work for a given impact load. The practical significance of the
impact toughness index is to reveal the brittle tendency of the material and to reflect
the resistance of the metal material to external impact loads. It is generally expressed
by the impact toughness value (ak) and impact energy (Ak) with units of J/cm? and J,
respectively. Impact toughness testing follow the international standard ASTM E23.

2.1.4.7 Fatigue Strength

Aside from material failure based on instantaneous loading, materials may fail over
prolonged use when repeatedly subjected to cyclical plastic deformation or micro-
plastic deformation. Defects (e.g., cracks) begin to form in the material and serve as
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weak points that consequently result in the failure of the material below its typical
loading limits. Fatigue strength refers to the maximum allowable stress of a material
under repeatedly applied loads before failure, and is also called fatigue limit. The
fatigue life of a part is related to the stress and strain levels of the part, and their rela-
tionship can be represented by a stress-life curve (o-N curve) and a strain-life curve
(6-N curve). The stress-life curve and the strain-life curve are collectively referred to
as the S-N curve. Testing equipment follows ASTM E466 standards with the use of a
fatigue testing machine and a set of Vernier calipers.

2.1.4.8 Friction and Wear

Friction and wear are common phenomena in daily life where contact between two
parts exist. They can be found in rockets, airplanes, automobiles, machine tools, and
human bodies. Typical examples are shafts, bearings, gears, and joints. Any relative
motion between two components will be subjected to a certain degree of friction and
wear, which causes the loss of the surface material. The type of surface damage is
characterized by the type of wear, such as abrasive, adhesive, contact fatigue, fretting,
cavitation, and so forth. Wear tests are typically performed by repeatedly scribing a
material until failure and follow the ASTM G99 standard. Measures of wear can be
determined by surface characterization or mass loss of the sample.

2.1.4.9 Creep

Unlike fatigue testing where the material is subjected to cyclical loading conditions,
creep strength is the evaluation of a material under constant stress but over a
prolonged period of time. Materials tend to gradually fail even when subjected to
stresses below the elastic limit as long as the stress is applied over a prolonged period.
Creep deformation gradually occurs as dislocations slip and atoms diffuse into favor-
able configurations under the applied stress. The creep limit or endurance strength
limit is the result obtained from creep tests performed in accordance with the ASTM
E139 standard.

Creep limits are also typically evaluated under high temperatures, which simulate
most operating conditions of engineering materials. For these tests, creep limits are
determined based on the maximum stress that a material can withstand for specified
temperatures and loading periods. Another form of evaluating the material creep limit
is by measuring the creep elongation over the test period. The endurance strength
limit of metals is determined through high-temperature tensile endurance testing. The
test method is similar to that of determining the creep limit with a difference in that
the specimen is loaded until failure.

2.2 CHARACTERIZATION AND TESTING OF AM METALS

Having established that metal additive manufacturing is a promising process to revo-
lutionize manufacturing (see Chapter 1), it is important to now discuss the various
methods that have been employed to analyze these materials. With the differences in
heating and cooling of the metal during fabrication, the microstructure and material
properties can be expected to be different from their traditionally manufactured
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counterparts. Material characterization of these metals will serve as a reference for
further advances in scientific research and industrial applications. For AM materials,
the most common investigations include the surface topography, internal defect
morphology, chemical composition, microstructure, phase analysis, and mechan-
ical properties. Hence, this section will briefly describe factors contributing to each
material aspect and cover the various methods that have been employed to charac-
terize additively manufactured metals.

2.2.1 SURFACE MORPHOLOGY

During the metal additive manufacturing process, metal powders are melted to form
molten pools of material during construction. As the heat source moves across the
building platform to construct the part, periodic formation and solidification of the
molten pool lead to the formation of melt tracks that tend to overlap each other when
forming each layer. The molten pools, melt tracks, and overlapping layers result in
a complex interaction with each other, which consequently affect the final surface
morphology with the combination of remnant surface features arising from each
occurrence. While analyzing the surface quality of as-built metal parts is useful for
understanding the limitations of AM for direct engineering applications, the inves-
tigation is also useful for understanding the manufacturing mechanisms such as the
molten pool behavior during the SLM process that describes the flow of material
during heating and melting. Therefore, the characterization of surface morphology on
additively manufactured metals is a very attractive topic to researchers.

A large depth of field is a key factor for obtaining a clear surface image on as-built
AM metal surfaces due to the high peak-to-valley features. Most optical microscopes
should be able to observe the surface of an as-built metal but newer models that feature
ultra-depth-of-fields such as the Keyence VHX-6000 that allows for the collection of
greater details using a combination of white light interferometry (WLI) and confocal
microscopy (Bai, Zhao, Wang, et al. 2022). These advanced microscopes are capable
of not only capturing top-view 2D images but also providing the corresponding 3D-
surface topographies and calculation of surface roughness measurements. SEMs are
also commonly used to observe the surface morphologies (see Figure 2.1) and are
typically used in combination with a laser confocal microscope to profile the 3D sur-
face (Hirt et al. 2017).

As post-processing is most often needed to lower the roughness of as-built metal
parts (Maleki et al. 2021), considerations for surface profilers should also include the
range of roughness achievable on the metal surfaces after post-processing. Fortunately,
most of the modern surface analysis equipment (i.e., the SEM, WLI, laser confocal
microscope, etc.) can accommodate the wide range of surface roughness stretching
from the as-built morphology to the finished surfaces.

2.2.2 INTERNAL DEFeCTS

Internal defects are important contributors to the mechanical properties of the
material and are often characterized using 2D cross-sectional views for time and cost
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Wider track

FIGURE 2.1 SEM and 3D-surface morphologies on the top surface under different laser
power: (a, b, ¢) 100 W; (d, e, f) 160 W; (g, h, 1) 200 W (scanning speed 500 mm/s, hatch spacing
85 um, layer thickness 35 um). Reprinted with permission from Elsevier (Bai, Zhao, Wang,
et al. 2022).

efficiency. Optical microscopes and SEMs are common equipment used to reveal the
defects found on the cross-sections that are typically grinded and polished before
observation. Recent technological advances have also included in-situ X-ray imaging
to observe the dynamic formation of internal defects (e.g., holes) within the molten
pools during the AM construction process. A schematic of a laser powder bed fusion
configured with an in-situ high-speed and high-energy X-ray imaging system is shown
in Figures 2.2(a) and 2.2(b). With X-ray radiography, defects such as powder consoli-
dation (Figures 2.2(c—f)), spattering (Figure 2.2(g)), and porosity (Figure 2.2(h)) can
be clearly visualized during the AM process (Leung et al. 2018).

The distribution of internal defects can also be visualized in 3D using computed
tomography (CT) scanning, which is common in the AM field so much that the poten-
tial for CT scanning being a quality control measure for AM was proposed (Karme
et al. 2015). Advanced variations of CT technology such as micro-CT were also
shown to be effective in determining internal pore distribution, which greatly assisted
process optimization and proof of concept for quality assurance of AM parts (Du
Plessis et al. 2019). These internal defects may form in different shapes and sizes
(Figure 2.3), which can be easily observed through CT scanning (Wang et al. 2020).
The corresponding volume of defects can then be derived using integrated software
to quantify the quality of the AM part.
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FIGURE 2.2 Schematic of the experimental setup for in-situ laser powder bed fusion high-
speed high-energy X-ray imaging: (a) Schematic of the whole system. The experiments are
carried out in a vacuum chamber with refilled argon gas. The powder bed (the sample) is
mounted on a motion stage (not shown in the image) and placed on the X-ray beam path. The
laser beam is applied from the top of the powder bed and controlled by a galvanometer scanning
system. An off-axis visible light camera is placed 45° to the powder bed surface for sample
alignment. (b) Schematic of powder bed assembly. A layer of metal powder is applied on top
of the metal substrate (build plate) made of the same material as the powder. To ensure X-ray
transparency along the X-ray beam path, glassy carbon is used for the wall of the powder bed.
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FIGURE 2.2 (Continued)

Reprinted with permission from Elsevier (Guo et al. 2018); Time-series radiographs acquired
during LAM of an Invar 36 single layer melt track (MT1) under P = 209 W, v = 13 mm s™'
and LED = 16.1 J mm™: (c) The melt track morphology at three key stages of LAM. (d) The
formation of a molten pool and a denuded zone (dotted line). The laser beam causes metal
vaporization, generating a recoil pressure at the interaction zone (dark dotted arrows) while
indirectly heating up the surrounding argon gas (light dotted arrows). The molten pool/track
grows while enlarging the denuded zone by (e) molten pool wetting and (f) vapor-driven
powder entrainment (dashed circles) which can lead to the formation of (g) powder spatter
(dotted ellipse) and droplet spatter (its trajectory path is indicated by the dashed arrows). After
the laser switches off at t = 334 ms, (h) pores nucleate, coalesce and collapse, resulting in an
open pore (dotted ellipse). All scale bars = 250 um. Reprinted with permission from Springer
Nature (Leung et al. 2018).

@

= |
5

Smm 2mm 2mm
———— [r— —

FIGURE 2.3 (a) Sample fabricated with 7, = 200 A and I, = 60 A; (b) An original scan
tomogram of the boxed area in (a); (c) The reconstructed image of the boxed area in (b). For
better visualization; (d) is the image of (c) without the SSPs; (e) The image of the boxed area
in (d). Reprinted with permission from Elsevier (Wang et al. 2020).
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As one of the most undesirable defects is porosity (i.e., the presence of holes or
gaps in the material), density measurements using the Archimedes drainage method
(Spierings, Schneider, and Eggenberger 2011) is also commonly employed for AM
parts. Although it cannot provide critical information such as the size and distribution
of the internal defects, it is a quick method to quantify the presence of internal defects
by comparing with the standard density or relative density. The relative density is
measured using the Archimedes principle that compares the weight of the sample in
air and water, and is calculated as:

P, M, X Py o

R=—"-%x100% =
me me x (mcan - mHZO)

x100% (2.1)

where, p . is the density of the AM part, p  is the standard density of the conven-

tional counterpart, m_ is the weight of the sample, Pio is the density of the water,

m,, is the weight of the sample in air after wax sealing, and 7, , is the weight of

the sample in water. This method has been successfully adopted to characterize the
build quality of AM parts (Bai et al. 2017; Bai et al. 2018; Zhang et al. 2020).

2.2.3 CHemicAL COMPOSITION AND ELEMENT DISTRIBUTION

While different melting and cooling rates employed in additive manufacturing are
expected to result in changes in material properties, the combination of these changes with
the different mix of elements within the powders and multi-materials further complicates
the material evolution process during AM. This gives rise to the importance in confirming
the element distribution and classification of material after additive manufacturing.

In the AM field, the most common method to evaluate chemical composition is the
energy dispersive spectroscopy (EDS), which is the measurement of X-rays emitted
off the sample surface that has been irradiated with electrons during SEM/TEM ana-
lysis. The EDS software is typically configured to determine the elemental compos-
ition of the scanned surface by either detailing the concentration of elements at a
designated point or location. With this information, element maps of the selected
material elements can also be plotted out across the scanned areas by color coding
the different elements detected within the scan. The information provides the element
distribution of the sample, which will also be useful in reasoning for the various
properties of AM parts. For instance, differences in corrosion can be explained to be
associated with the cellular structures of the granular precipitates that were observed
during EDS (Xie, Xue, and Ren 2020). Interfacial transition regions between multi-
materials can also be detected by EDS (Figures 2.4(a) and 2.4(b)), which follow
with element diffusion as observed in a 316LSS-C52400 copper combination (Bai,
Zhang, et al. 2020). EDS can also be used in tandem with TEM to analyze materials
at a smaller length scale (e.g., a 2 um x 2 um observation window), which enables a
higher resolution of observing the way different elements aggregate within the micro-
structure of the material (Figures 2.4(c-h)) (Godec et al. 2021).
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FIGURE 2.4 (a) EDS line scan at the C52400/316L interface, (b) EDS line scan at the 316L/
C52400 interface. Reprinted with permission from Elsevier (Bai, Zhang, et al. 2020); TEM/
EDS measurements of chemical analyses across cell boundaries, (¢c) STEM-BF image with
marked line of EDS analyses, (d) STEM-EDS concentration profile of Ti, Cr, Fe, Ni, Nb, Mo,
and STEM-EDS elemental mapping of (e) Nb, (f) Ti, (g) Mo, (h) Ni. Reprinted with permission
from Elsevier (Godec et al. 2021).

2.2.4 MICROSTRUCTURE CHARACTERIZATION

As briefly mentioned earlier, the microstructure is as important as identifying the
distribution of elements, which work together to determine the macroscopic mechan-
ical properties. Microstructure metallurgy can be studied using a range of equipment
depending on the amount of information required. Basic optical imaging of grain
boundaries is the simplest form of analysis but requires etching of the sample surface
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FIGURE 2.5 OM images of as-built additively manufactured maraging steel: (a) top surface,
(b) side surface. Reprinted with permission from Elsevier (Bai et al. 2021); (c) microstructure
of a AlSi10Mg part in front and side view by SEM Reprinted with permission from Elsevier
(Thijs et al. 2013).

prior to analysis and is limited in terms of magnification and resolution. Yet, it has
been proven capable of observing melt pool boundaries, as shown in Figures 2.5(a)
and 2.5(b) (Bai et al. 2021), and large grained materials (Donoghue et al. 2016).
SEM is also capable of observing grain boundaries with higher resolution but, like
OM, requires that the sample surface is polished first. However, high cooling rates
are involved in most AM processes, which results in the refinement of microstructure
(i.e., microscopic grains) (Kong et al. 2021). These are not easily observable by
OM, and advanced SEM equipment is required to image the grain morphology at
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this scale, such as the fine cellular—dendritic solidification structure (< 1 um in size)
and white fibrous Si particles shown in the analysis of AlSil0Mg (see Figure 2.5(c))
(Thijs et al. 2013).

Textures of AM metals may be very strong due to way the material is constructed
(i.e., bottom-up building), which causes a thermal gradient along the building dir-
ection and a local thermal gradient towards the center of the melt pool. This results
in severe element segregation and complex thermodynamic behavior, which can
create difficulties in grain identification. OM and SEM technology is unable to cap-
ture grain information due to the strong textures and require advanced equipment to
evaluate the material. Electron backscatter diffraction (EBSD) analysis can provide
rich material information of the grain texture, misorientation between grains, grain
size and shape distribution analysis, grain boundary, sub-grain, and twin boundary
property analysis. It is a popular microstructure characterization method used for
AM metal parts despite requiring more stringent sample preparation techniques
such as ion milling for very fine polishing of the target surface. It should be noted
that parameter selection for EBSD analysis such as the acceleration voltage and
scanning step is critical to obtaining accurate results. As shown in Figures 2.6(a—
f), EBSD was used to obtain the crystal features (e.g., inverse pole figures (IPF),
grain boundaries, morphology, orientation, and grain size) where unique differences
could be observed between AM scanning strategies and building directions (Zhao
et al. 2021). AM 316L stainless steel was used as an example for the large variation
in microstructure where the 0°-XY plane consisted of large quadrilateral-like col-
umnar grains arranged along the melt track, while the 90°-XY and 67.5°-XY planes
contained square-like grains surrounded by many small grains. On the 0°-XZ plane,
the scanning direction of each constructed layer was consistent with elongated col-
umnar crystals along the building direction. On the other hand, the 67.5°-XZ plane
showed very complex crystallographic orientations due to the disturbance of con-
tinuous grain growth along adjacent layers, which was induced by the different
scanning direction of each layer.

Another advanced technique for microstructure characterization is TEM, which is
the most expensive method among the listed techniques due to the high cost of sample
preparation and machine operation (typically requiring strong technical expertise).
TEM can display extremely fine sub-nano features with high resolution (<1 nm) to
reveal dislocations, nano-precipitates, and even the crystal lattice of atoms. Using
316L stainless steel again as an example, TEM demonstrates the capabilities in
observing different crystallographic textures and dislocation densities (higher density
in sample manufactured with higher laser power) (Figures 2.6(g—j)), dislocation
twinning (Figure 2.6(g-1)), stacking faults (Figure 2.6(k)), and even nano-twinning
(Figure 2.6(1)) that allows for strength and ductility (Sun et al. 2018).

2.2.5 PHASE COMPOSITION AND TRANSFORMATION

X-ray diffraction (XRD) is the most common method used to obtain phase compos-
ition. Not only can it easily and quickly determine the types of phases in the
material but it can also calculate the proportion of each phase. Within the XRD
plots, the broadness of the peak intensities representing the different elements
(e.g., the Si(111) and AI(111) peaks in AlSilOMg in Figures 2.7(a) and 2.7(b))
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FIGURE 2.6 EBSD-IPF images with grain boundaries: (a, d) XY and XZ planes with 0°
rotation, (b, e) XY and XZ planes with 67.5° rotation and (c, f) XY and XZ planes with 90°
rotation. Reprinted with permission from Elsevier (Zhao et al. 2021); (g) TEM image showing
two adjacent grains with <001> and <321> orientations in the deformed 380 W sample. The
grain boundary (GB) is indicated. The right three arrows point to the single-twin lamellae.
(h) TEM image showing dislocations and stacking faults between two single-twin lamellae in
the deformed 380 W sample. (i) Enlarged TEM image of the enclosed region in b showing a
nano-twin and surrounding stacking faults (SFs) along the <011> zone axis. (j) TEM image
showing a large number of multiple twins indicated by arrows in the deformed 950 W sample
along the <011> zone axis. (k) TEM image showing the multiple nano-twins in the deformed
950 W sample. (1) HRTEM image of the enclosed region in (k) showing the nano-twin lamellae
with twin boundaries (TBs) and SFs. Scale bars for (g), (h), (j) are 200 nm, for (i), (k) 50 nm,
and for f 5 nm. Reprinted with permission from Springer Nature (Sun et al. 2018).
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FIGURE 2.7 (a) XRD phase pattern comparison of the as-built AISi10Mg sample for the

top and bottom surfaces and (b) XRD phase pattern of the A1Si10Mg sample under different
solution heat treatment conditions. Reprinted with permission from Elsevier (Maamoun
et al. 2018); Thermal expansion curves of the as-built maraging steel sample along (c) OX
direction (horizontal) and (e) OZ direction (vertical), and the corresponding CTE as a function
of temperature along (d) OX direction and (f) OZ direction. Reprinted with permission from
Elsevier (Bai, Zhao, Zhang, et al. 2022).

can be indicative of the crystal size, which may differ between the top and bottom
surface of the AM metal (Maamoun et al. 2018). The change in concentration of
precipitates (e.g., Mg,Si in AISi10Mg) with the change in temperatures can also be
measured using XRD. Unfortunately, the measurement is only limited to constant
temperatures and is unable to perform in-situ measurements with the change in
sample temperature.
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To understand dynamic phase transformation behavior, thermal expansion curves
(Figures 2.7(c) and 2.7(e)) are used to record the volumetric change caused by the
phase transformation (Bai, Zhao, Zhang, et al. 2022). In an example of maraging
steel, two phase transitions can be found (Figures 2.7(d) and 2.7(f)), which show the
change in coefficient of thermal expansion during heating. The first change in tem-
perature (481-580 °C) represents the precipitation of fine particles, while the second
change in temperature (600-845 °C) corresponds to the transformation from mar-
tensite to austenite.

2.2.6  MEecHANICAL PROPERTIES

Mechanical properties are important indicators for evaluating the structural integ-
rity of these materials to be used in machinery, transportation, aerospace, and con-
struction, among others. Due to the bottom-up building process in AM, anisotropy
in mechanical properties can be significantly found in most AM metal parts, which
include hardness, tensile strength, compressive strength, bending property, fracture
toughness, fatigue property, and friction and wear properties. Importantly, the anisot-
ropy can result in regions and directions with properties that are lower than expected
and could compromise the structural integrity of the material to be used during ser-
vice. This, however, remains a topic for further discussion.

In an example of Ti6Al4V manufactured by SLM, the hardness on the XY plane
was lower than those on the YZ and ZX planes by approximately 20% (Chen et al.
2017). Compressive yield strengths also differed by approximately 10% when loading
Ti6Al4V in a universal testing machine and a split Hopkinson pressure bar to evaluate
the quasi-static and dynamic compression properties as illustrated in Figures 2.8(a—
¢) (Zheng et al. 2022). The material strength was also found to be proportional to
the strain rate during quasi-static and dynamic tensile testing (Figures 2.8(d—f)). On
the other hand, heat treatment lowered the strength and enhanced ductility (Yang
et al. 2019). Anisotropy will also be found in the fracture toughness and fatigue crack
growth behavior (Seifi et al. 2017).

In another example on the anisotropy of AM maraging steel, higher tensile
strengths were reported when loaded perpendicular to the build direction while higher
elongation (indicator of ductility) was observed during tension along 45° to the build
direction (Bai, Lee, et al. 2020). Friction and wear behavior of M50 steel were also
found to be correlated to the coral-like microstructure that promoted the formation of
graphene for surface lubrication (Liu et al. 2018).

The layer-by-layer method of manufacturing will also give heterogeneity (in the
form of variant melt pool shapes and dissymmetry) to the material due to differences
between the boundary and center of the melt track as observed (in Figures 2.9(a)
and 2.9(b)) by the combination of “interpool” and “intrapool” fracture modes in
AlSi10Mg (Laurencon et al. 2019). Different microstructures are also expected due
to the high cooling rates, such as the formation of fine cellular structures in 316L
stainless steel that contain a high density of dislocations (Wang et al. 2018). For this
case, the cellular structures allowed for more uniform deformation due to the pinning
and twinning of dislocations that result in higher yield strength of the material while
still maintaining ductility with high elongation (Figures 2.9(c) and 2.9(d)).
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2.3 CONCLUDING REMARKS

Due to the bottom-up and layer-by-layer manufacturing method and high cooling
rates in metal additive manufacturing (with reference to PBF and DED), some unique
characteristics that are different from the conventionally fabricated counterparts are
observed, including melt track morphology, step stairs, powder adhesion, internal
defects, strong texture, anisotropy in mechanical properties, microscopic composition
segregation, fine cellular structure, high strength, in-situ heat treatment
outcomes, and so forth. A deep understanding of the above characteristics can not
only establish a foundation for building the process-microstructure-property relation-
ship and optimizing the performance of the additively manufactured components,
but also provide a reference for the corresponding post-processing procedures
(i.e., machining, polishing, heat treatment, etc.). Fortunately, a large number of
well-established characterization methods can be used to complete the characteriza-
tion, which is summarized in Figure 2.10. For example, OM, SEM, and TEM
are still effective ways to observe the microstructure, and XRD is useful for deter-
mining phase composition. In the future, new characterization and testing methods
whould be developed based on the metal additive manufacturing process features.
To date, there have been a few interesting methods. Examples include the high-speed
high-energy X-ray used to monitor the printing process by revealing the melt pool
behavior and formation mechanism of the keyhole, and computed tomography (CT)
scanning used to observe the distribution of internal defects.
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3 Manufacturing Workflow

3.1  MANUFACTURING PROCESS CHAIN

Before going into detailed discussions on the post-processes, it is important to under-
stand the sequence of procedures that lead to those stages. The additive manufac-
turing (AM) process chain comprises five main sequential procedures (Figure 3.1):

Three-dimensional (3D) model rendering
Machine setup

Building

Part removal

Post-processing

I

As it is with other manufacturing processes, the requirements and design of a part
must be provided as a starting point, which include the geometrical tolerances, sur-
face quality, and material selection. Several planning procedures will follow such
as the digital model generation of the part using computer-aided drawing (CAD)
software for the rendering of build orientation and support structures, raw material
preparation processes, and AM parameter selection. The AM procedure is followed
by the removal of the part from the powder bed and the corresponding support
structures. Secondary post-processes will then perform the finishing touches to
meet the specified requirements of the part. These typically involve conventional
material removal processes to achieve the desired surface finishing and geometrical
precision.

3.1.1 3D MobDEeL CREATION

Like traditional manufacturing, AM parts are first designed and drawn to meet the
specific requirements of the product, which is normally performed using modern
CAD compared to predecessor manual engineering drawings portrayed via various
projection styles (e.g., isometric, oblique, perspective, section views, etc.). The most
common multiview projection style provides engineers with sufficient information on
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FIGURE 3.1 Workflow in additive manufacturing.

FIGURE 3.2 Concept of tessellation in a cubic space to form twelve triangle surfaces.

a two-dimensional (2D) source (i.e., printed drawings) to understand the final form
of the product and plan for the most efficient manufacturing parameters (e.g., tool
path, cutting parameters, tool specifications). AM has also promoted the replication
of existing parts such as the geometries of unique human body parts, which may be
obtained by performing CT or MRI scans. These scans are subsequently processed
in a CAD model as the 3D part design. The rapid advancements in digitization for
product design enable the simple import of data from the 3D rendered model into the
AM machine for analysis, format conversion, and determining the construction pro-
cess through optimization of the scanning path.

The data is mostly stored in the STL file format, which stands for standard
tessellation language or standard triangle language, utilizing a series of triangles to
map out the surface geometry of the designed model. Oddly, the abbreviation STL is
also widely used to represent the stereolithographic printing process. The function of
the STL file is to tile the 3D surface of the model with 2D triangles without overlap-
ping or any missing gaps. A simple example is that of a cube with six square surfaces,
which can be tessellated with triangle facets totaling twelve equally dimensioned tri-
angle surfaces (Figure 3.2). In this example, the facets have the same dimensions, but
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these facets need not be designed with the same dimension for complex geometries
with different surface dimensions and can be adjusted accordingly to fit the com-
plexity of the designed surface with the final goal of rendering the 3D model surface
with triangles without any overlaps or gaps.

Complex geometries will result in more triangles that are sized according to the
intricate features and consequently larger file sizes. As the triangle facet is used to
map the surface, the intersection of two surfaces (both surface-to-surface and surface-
to-gaps) is dependent on the graphical software to accurately render these edges. The
CAD design can also be difficult to modify using the STL file, which is a challenge
when correcting design errors discovered during the later stage of the manufacturing
process chain. Another less important limitation of the STL file format is the lack of
final product information such as internal texture, color, and material information that
can be provided using other file formats such as VMRL, OBJ, and PLY. The use of the
latter file formats has been increasing in recent years due to the efficient use of disk
space compared to STL that is currently ranked the highest in file storage. Figure 3.3
illustrates the various types of file formats used in additive manufacturing and the
approximate comparison between file storage space usage.

3.1.2 RAw MATERIAL PREPARATION

Most AM processes for metal production begin with raw material in powder form
with some exceptions of filament-based processes (i.e., fused deposit modeling),
which are typically intended for prototyping purposes. Powder preparation is crucial
for the final build quality, which involves powder spreading method, powder particle
size and size distribution (Yang et al. 2020), and the thermal, optical, and chemical
properties of individual powder particles (Meier et al. 2019).

The major processes for manufacturing AM powders are listed in Table 3.1, which
typically produce spherical powders (Sun et al. 2016). Fundamentally, each process
requires the metal to be melted before going through an atomization procedure and
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TABLE 3.1
Additive Manufacturing Powder Preparation Processes
Fabrication
process Description Advantages Disadvantages
Gas Free fall of molten metal ¢ Low cost » Large variation in
atomization  in a high-pressure ¢ High powder flow rate quality between
(GA) gas stream through a * Modifiable alloy suppliers
tower to solidify before ~ compositions
collection e Controllable
metallurgical properties
Induction A metal bar is melted * Capable of producing ¢ High-quality stock
melted bar in an induction coil Ti6Al4V powders bar required
atomization  and the molten stream ¢ High powder flow rate  * Limited alloy
(EIGA) forms to be atomized ¢ High production rates selection
in high-pressure gas
Plasma Using plasma torches e Extremely high * Limited suppliers
atomized to melt metal wires flow rates * Require stock
wire (PAW)  that flow through e Suitable for high material in
a gas stream for melting point metals wire-form
solidification and e High costs
collection
Plasma Plasma torch melting of ¢ Very high flow rates e Limited suppliers
rotating a bar rotating at a high ¢ Near-perfect spherical ¢ Require high-
electrode revolution speed such particles quality stock
process that the molten metal ¢ Suitable for high material
(PREP) is formed and solidifies melting point metals * High costs
radially due to the
centrifugal force
Water Disintegration of molten ¢ Low cost * Poor metallurgical
atomization  metal droplets using e Scalable quality
(WA) high-pressure water
to quickly cool and
solidify

finally solidification. Each process has its own merits and downsides (Table 3.1) that
determine the ability to produce the desirable powder quality.

Powder specifications are typically determined based on several factors such as
the particle size distribution (PSD), apparent density, packing density, and hall flow
rate. The PSD is used to describe the percentage of particles that are of a particular
size, which enables manufacturers to gauge the average size of the powders within
a particular batch of raw material. SLM systems often employ powder sizes ranging
15-60 pm (Nguyen et al. 2017), while EBM systems typically range 50-150 pm
(Vock et al. 2019).
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FIGURE 3.4 Combination and relationship between powder particle size and packing density.

The apparent density (AD) is a measure of loosely packed powder where the
collected powder naturally flows under gravity. Packing density is the measure of
rearranged powder particles for the minimization of the volume and the increase
in density by compacting or tapping. Generally, higher homogeneity in the particle
distribution and evenness leads to higher packing density, which supposedly
translates to superior quality of the manufactured part. However, there are also
instances where the mix of large and fine particles can lead to higher packing dens-
ities, as illustrated in Figure 3.4. The illustrated low packing density with smaller
particles can be mitigated by proper powder spreading that prepares the powder bed
for irradiation.

The hall flow rate is a measure of the flowability for the powder particles, which
is critical in AM for unrestricted flow during powder spreading. Powder spreading
is affected by the particle adhesion and friction effects (Wang et al. 2020). In some
cases, finer particles could achieve higher densities such as that in steel, but may not
always immediately affect the mechanical properties of the parts (Li et al. 2020).

While metal filament feed stocks employed in fused filament fabrication (FFF)
appear in wire form to be spooled through an AM machine, the metal in these
filaments comprise powder particles bounded together with organic binder polymers
that are to be dissolved by catalytic depolymerization or thermally decomposed by
sintering after fabrication of the component (Wagner et al. 2022). The mix of these
constitutive materials is typically extruded to form the spools of filaments for storage
and direct feeding to the AM machine. Appropriate combinations of the powder and
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filament preparation parameters are necessary for the efficient production of high-
quality AM components.

3.1.3 AM PARAMETER SELECTION

A standard series of process parameters are often decided on the AM machine itself
such as the scan speed, hatch space, layer thickness, and other process-specific
parameters (e.g., laser power, spot size, and pulse duration and frequency). Figure 3.5
illustrates an overview of the various process parameters to consider in a PBF process.
Layer thickness is the measure of height between each successive addition of powder
onto the existing powder bed for the subsequent step of irradiation. Hatch spacing is
defined as the distance between the center of the laser beam along one scanning line
to the adjacent. The scan velocity is the speed at which the heat source traverses the
powder bed. This section will not go into significant detail discussing the influence of
each process parameter on the build quality, but rather give a general outline for the
various process parameters and considerations to be made during the AM procedure.

The laser spot size determines the coverage of powder irradiated using an adequate
energy density. In some cases, it is also necessary to be comparably small to precisely
produce the intricate details of the fabricated part. Typical spot sizes are in the range
of 50-80 um (Attar et al. 2014; Wang et al. 2013) for standard SLM operations, while
precision microfabrication spot sizes can be as small as 15 um (Chen, Wang, and Zuo
2003). As laser beams emit with a Gaussian profile, the laser spot size is determined
by the focal length (Equation 3.1). The focal length physically represents the distance
between the laser and the irradiated object. While this does not immediately affect the

Laser Beam
Power (P)

F-Theta
Lens

FIGURE 3.5 Illustration of the process parameters involved in a SLM process. Reprinted
with permission from Elsevier (Shipley et al. 2018).
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reachability of the laser to the powder bed in the SLM process, the change in focal
position may cause disruptions to gas flow within the chamber (Bean et al. 2018).

2
g A G.1)
D

where d is the spot size, fis the focal length, A is the laser wavelength, M is the beam
quality, and D is the laser beam diameter.

Standard SLM solutions are equipped with 400 W lasers with the option for
additional high-power lasers (700-1,000 W). High-power lasers are important to
effectively process metals, particularly those with high reflectivity and thermal con-
ductivities such as aluminum, which requires a minimum of 150 W with 50 mm/s
scanning speed for adequate build quality (Buchbinder et al. 2011). Scanning speeds
can also be increased with higher energy added to quicken the melting of the powder,
which effectively shortens the overall build time. However, an excessively powerful
laser (21 kW) would lead to the equivalent of laser machining where the work material
ends up being vaporized. Thus, lasers in commercial solutions are rarely equipped
with lasers with power above 1 kW. On the other hand, EBM machines are equipped
with electron guns that administer a beam of high-energy electrons at high velocity
to melt the target. Acceleration voltages are typically kept constant while the beam
power is determined by the variable beam current in the range of 1-50 mA.

It is easy to understand that a thicker layer would reduce the production time
due to the reduction in time spent on spreading new layers of powder onto the bed.
However, each new layer of melted powder should also adhere to the previous layer
to construct the solid part, which requires the applied thermal energy to reach the
interface between layers and limits the maximum allowable layer thickness. Typical
thicknesses used in conventional SLM systems are in the range of 60—150 pm, while
precision AM machines are in the 20—-60 pm range to meet the density demands of the
intricate features and surface quality in microfabrication (Shi et al. 2020).

Undoubtedly, an appropriate combination of parameters is needed to achieve desir-
able build quality. For instance, the inappropriate combination of a small laser spot
size and large powder particle size would be expected to diminish the build quality.
Another example is where a high-frequency pulse and high-scanning speed would
reduce the effective irradiation period. Thus, a simple metric to best predict the part
quality is defined by the energy density as (Thijs et al. 2010):

E=— 3.2)
vht

where P is the laser power (J/s), v is the scanning velocity (mm/s), A is the hatch spa-
cing (mm), and ¢ is the layer thickness.

Despite the energy density being one of the most used metrics to predict the build
quality, there is no definite relationship between the energy density and porosity of
the fabricated parts. Densification of the parts also depends on other factors such as
the chemical composition of the material — e.g., lower energy density required for
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steels with higher carbon content (Nakamoto et al. 2009). Beyond using the energy
density as a predictive gauge for porosity, the energy density was also shown to influ-
ence the microstructure of the metals such as the increase in refined grains with lower
energy densities in Inconel 718 (Liu et al. 2020).

The final consideration for PBF-AM is the building orientation and scanning
sequence, which would inevitably affect the microstructure (Yan et al. 2021), residual
stresses (Ali, Ghadbeigi, and Mumtaz 2018), and surface roughness (Xie et al. 2020)
of the constructed part. Building sequence can vary through a combination of scanning
direction (Figure 3.6) and building angles (Figure 3.7). These figures show a basic
flat surface in rudimentary studies on the influence of building sequence as a stepping
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FIGURE 3.6 Example of scanning strategies. Reprinted with permission from Elsevier
(Cheng, Shrestha, and Chou 2016).
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FIGURE 3.7 An example study on polishing of additively manufactured 316L steel:
(a) illustration of the polishing surface relative to the build direction; (b) steel test samples
constructed at different build angles by SLM. Reprinted with permission from Elsevier
(Zhang, Chaudhari, and Wang 2019).

stone for more complex structures. The influence of build orientation on mechanical
properties may be apparent for certain materials such as Ti6Al4V but was reported to
be negligible for others such as AlSi10Mg (Maconachie et al. 2020).

DED processes also have similar process parameters such as laser power, scanning
speed, and hatch spacing, which are sufficient to determine the energy density for
DED as given by Equation 3.3. Due to the nature of the process, additional parameters
are also available such as the powder feed rate typically ranging 3—15 g/min. In DED,
the variation of powder feed rate was reported to be more influential on defect forma-
tion at interfaces of repair works (Kim and Shim 2021) and has a substantial impact
on the final surface quality in terms of bead height (Lee et al. 2017).

=t (3.3)
vD

where P is the laser power (J/s), v is the scanning velocity (mm/s), and D is the laser
spot size.

Upon completion of the AM process, the support structures and manufactured part
will be removed from the building platform before further processing of the part, such
as heat treatment and surface treatment. The importance of considering support struc-
ture removal and the influence of heat treatment will be discussed in the subsequent
sub-sections before moving on into further detail on the various material removal
processes available for implementation to achieve the desirable surface quality of the
final part.

3.2 SUPPORT STRUCTURE REMOVAL

Support structures are essential components of the metal additive manufacturing pro-
cess, particularly when fabricating complex geometries in laser powder bed fusion.
The reason for this is that the soft bed of discrete powder particles that are allowed
to freely move is unable to support the weight of the part that is being constructed.
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Further details on the role of the support structures will be discussed in this section.
As these support structures will end up connected to the actual product, solutions
must be identified to remove them after the additive fabrication is complete. However,
it is the complexity of additively manufactured components that create issues for
support structure removal during post-processing (Gibson et al. 2021).

3.2.1 ROLE OF THE SUPPORT STRUCTURE

There are two purposes for support structures to aid the additive manufacturing pro-
cess: (1) a support base for parts with overhanging structures to ensure fabrication
accuracy, and (2) paths for heat dissipation to prevent excessive heat accumulation
that affects thermal-induced residual stresses and shape distortion. In most cases,
the support structure is primarily used for the first purpose, while the second is more
important for metals with low thermal conductivity. A combination of these two
roles has also been reported to benefit the precise fabrication of metal parts (Hintze
et al. 2020). Figure 3.8 presents the importance of support structures in the manu-
facturing of metal parts. As an example, the inclined features that tend to overhang
more (with inclination angles lesser than 30° in Figure 3.8(a)) show the deterioration
of down-skin surface quality. On the other hand, the fabrication of complex geom-
etries can be successfully achieved with the presence of support structures, as shown
in Figure 3.8(b).

While the most obvious benefit of support structures is in providing a structural
base for the building of parts with overhanging structures (Calignano 2014), this
very support affects a multitude of other properties of the fabricated part. Micro-
hardness, microstructure, and compressive stress distributions can be different near
the part-support contact locations (Zhang, et al. 2020). These occurrences are poten-
tially due to the complex thermal behavior of the additive manufacturing process that
could result in vertical deformation of the part (Pellens et al. 2020). Contact-free heat
supports can also be used to change this thermomechanical behavior of overhanging

(b)

Support
structure

A

FIGURE 3.8 Additively manufactured (a) inclined features without support structures.
Reprinted with permission from Springer Nature (Meng et al. 2020). (b) complex metal part
with support structures. Reprinted with permission from Elsevier (Emmelmann, Herzog, and
Kranz 2017).
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structures to lower thermal residual stresses and distortion (Cooper et al. 2018).
Enhanced thermal properties of the support structures can also be optimized through
the development of algorithms that maximize heat conduction while still preserving
the structural stiffness of the support (Wang et al. 2018).

3.2.2 MEeTHODS OF REMOVING SUPPORT STRUCTURES

After fabrication is complete, the support structures are no longer needed and will
be removed manually or by machining. Conventional manual removal of support
structures involves operators physically removing these features with hand-held
tools such as scissors, pliers, files, tweezers, and other small hand-held power tools
(Bibb, Eggbeer, and Williams 2006). For example, it is common to manually remove
a support structure using a pair of pliers. While the process seems simple, the quality
of support structure removal is difficult to control and inconsistent as it is subject to
operator workmanship. The geometry of fabricated parts remains a challenge even for
operators during support structure removal. For instance, a webbed support structure
is easier to remove by hand compared to tube support structures (Jarvinen et al. 2014).
The only benefit of this manual operation is the flexibility involved where operators
can change operating configurations according to the part geometry. However, this
does not outweigh the downside where low efficiency and high labor costs are
involved.

As manual removal of support structures is labor intensive, it is unsuitable for
integration in commercial production lines where standardization, precision, and
automation are generally preferred for cost-savings and quality assurance. Hence,
most support structure removal procedures turn to mechanical removal processes
that can significantly improve production efficiency. At the same time, mechanical
machining is widely accepted as a process to obtain high-quality and consistent sur-
face finishing to support industrial requirements of standardizing, industrializing,
and automating. Meanwhile, several downsides of mechanical machining remain
prevalent in the context of AM support structure removal. Intricate and complex
geometries of the fabricated part will inevitably involve machining tool paths that
follow the curvatures of the part during support removal. This will require specially
designed cutting tools and tool path algorithms to avoid accidental interference with
the desired part.

While it may seem relatively straightforward like normal mechanical machining
processes, the machining of support structures involves additional challenges. Supports
are typically constructed using many individual columns to minimize material wastage
and maximize time savings during the building phase. These structures are designed
to maximize weight-bearing capabilities vertically. However, efficient mechanical
material removal of these structures often involves cutting directions perpendicular
to the support columns where the mechanical strength is theoretically weaker. Within
this issue, different support geometries also show different structural integrities such
as the reported cone supports that easily collapse during machining as compared
to block supports, as shown in Figure 3.9. The advent of support collapse simply
indicates poor machinability and is typically accompanied by higher cutting forces
and severe tool wear (Cao et al. 2020; Zhang, Cao, and Lu 2022). Other support
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FIGURE 3.9 Machined surface morphology and corresponding simulation of cutting
(a) cone support and (b) block support structures. Reprinted with permission from Elsevier
(Cao et al. 2020).

structure geometries can also be employed such as hollow squarish columns and bent
solid columns rather than solid structures (Hintze et al. 2020).

To mitigate the problem of support structure poor machinability, alternative
processes such as wire electric discharge machining (EDM) have been tested in com-
parison to mechanical machining (Ameen et al. 2022). Surface finishing by mechan-
ical machining is likely inferior due to the remnants of teeth-like features that give
a roughness of 27.25 pm Ra compared to superior 4.01 um Ra surfaces producible
by wire EDM. However, heat-affected surfaces can be expected from wire EDM
processes due to the high temperatures involved during the vaporization process,
which changes the final processed surface properties. Moreover, material removal
rates in mechanical machining far exceed that of wire EDM.

Innovative solutions have also been proposed to resolve the poor lateral mech-
anical integrity of support structures such as the addition of epoxy resin to fill gaps
between the supports (Cao et al. 2021). This created a much stiffer composite struc-
ture that helped improve the machinability of the supports by reducing the vibrations
induced during milling and, consequently, reducing cutting energy and tool wear
by up to 22.6%. Effective support structure removal for thin-walled parts, without
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severely deforming the thin walls, was also achievable with the implementation of
epoxy resin to create the rigid composite structure (Cao et al. 2022).

3.2.3 BALANCE OF SUPPORT STRUCTURES

While considering the machinability of support structures, primary considerations
for support structure design currently do not include the aspect of machinability but
only the optimization of part orientation to reduce material usage. These methods
are used in topology optimization where minimal material usage designs can be
achieved, such as the addition of a crossbeam to achieve support-free conditions (Li
et al. 2017) or avoiding orientations where thin features are constructed in an over-
hung position (Zhang, Cheng, and Xu 2019). An example of topology optimization
is given in Figure 3.10 where iterations of the overhang angle parameter were mod-
elled to optimize the part structure that allowed larger self-support angles along the
build direction, which eliminated the need for external support structures (Gaynor
and Guest 2016). Another simple way of optimizing support structure design is to
identify the most cost-efficient orientation of the part relative to the build direction
through mathematical modeling that will employ the least volume of support struc-
ture material (Das et al. 2015).

Although support structures play an important role in additive manufacturing
of complex functional metal parts, their effective removal during post-processing
remains a difficult task. Therefore, when designing the support structures, it is neces-
sary to balance AM efficacy and the support removal (cost for post-processing).

Optimizing the support structures through new designs is another effective way
to ease the removal process. Vaidya and Anand (2016) set an example for support
structure design while considering the support role during additive manufacturing

a Initial Distribution b Iteration 25
p————
c Iteration 50 d Iteration 100
Py PR
e Iteration 200 f Iteration 300
Lt T R e, | e T |
g Iteration 400 h Iteration 500

FIGURE 3.10 Design evolution of typical Messerschmidt-Bélkow-Blohm beam with 63.4-
degree self-supporting angle and more aggressive algorithmic parameters. Reprinted with
permission from Springer Nature (Gaynor and Guest 2016).
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FIGURE 3.11 Support structure type: (a) fully solid support, (b) support with hollow unit
cells at the interface. Reprinted with permission from Elsevier (Vaidya and Anand 2016).

and removal during post-processing. They minimized support structure usage through
space-filling honeycomb structures and Dijkstra’s shortest path algorithm. Meanwhile,
support structure accessibility from the external surface was also made possible in the
support design. Figure 3.11(a) shows the full solid support structure, which contains
large volumes of materials and large contact areas between the support structures and
the solid part. An improvement to the support structure design would involve unit cell
voxels to build the main body of the support structure and hollow cellular unit cells
at the interface between the support and the actual part, as shown in Figure 3.11(b).
This configuration greatly reduced the contact area of the support structures, which
would result in better surface finishing of the machined part during support structure
removal. Other examples of innovative support structure designs include lattice
support structures that reduce build time and support structure materials (Hussein
et al. 2013) and biomimetic structures inspired by trees to reduce support structure
materials by 40% and the post-processing time (Zhang et al. 2020).

3.3 MICROSTRUCTURE MODIFICATION

The process of additive manufacturing metal parts brings about unique microstructures
and mechanical properties due to high cooling rates and layer-by-layer fabricating
methods. It is widely known that post-processing is affected by material performance.
The microstructure heterogeneity of as-built additively manufactured metal parts
can influence the post-processing efficiency where surface quality and dimensional
accuracy can be affected. Therefore, this section will cover one of the main processes
to modulate microstructures which is the heat treatment. There are other methods to
alter the microstructures such as process parameter selection during AM and surface
mechanical treatment. However, changing process parameters during AM may cause
other issues related to the build integrity and mechanical treatments only alter the
surface properties instead of the bulk material. Hence, these alternatives will not be
discussed in this chapter.

3.3.1 CoNVENTIONAL HEAT TREATMENT

In metal additive manufacturing, the purpose of conventional heat treatment is to
relieve residual stresses, enable microstructure homogenization, and perform aging
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TABLE 3.2
Main Chemical Compositions (Mass %) of 316L Stainless Steel and
Maraging Steel

Material Fe Ni Cr Co Mo Si Mn C Ti Al
316L Bal. 10.00-13.00 16.50-18.50 - 2.00-2.50 <=1.00 <=2.00 <=0.03 - -
18Ni300 Bal. 18.50 - 9.00 4.80 <=0.10 - <=0.03 0.60 0.10

strengthening. Different types of metal alloys react differently to the heat treatment
processes, which will be subsequently discussed for each type of metal (Note: for
simplicity, only some representative materials are discussed in this section).

1) Iron-Based Material

The main chemical composition of 316L stainless steel and maraging steel is given in
Table 3.2. 316L stainless steel is the most widely used iron-based engineering metal.
Heat treatment of additively manufactured 316L stainless steels has been shown
to attenuate residual stresses and microstructures at different temperatures, which
thereby alter mechanical properties and corrosion resistance. Melt pool boundaries
remain visible after heat treatment at 600 °C (Tascioglu, Karabulut, and Kaynak 2020)
with negligible changes to the microstructure but the temperature allows for the par-
tial release of residual stresses (Chao et al. 2021). As temperatures rise above 850
°C, polygon grains (austenite) begin to appear with clear grain boundaries as a sign
of recrystallization. This variation of microstructure lowers the microhardness of the
material but increases its wear resistance.

Maraging steel differs from 316L stainless steel which can be further strengthened
by aging heat treatment (i.e., keep at room temperature or slightly above room tem-
perature for a long time to improve part strength) to specifically promote precipita-
tion. Figure 3.12(a) shows the evolution of microstructure in additively manufactured
18Ni300 maraging steel (Table 3.2) over different heat treatment procedures. Melt
pool boundaries seen in as-built surfaces disappear after heat treatment at 900 °C
for 1 h to be filled with fine lath martensitic grains (Bai et al. 2019; Bai et al. 2021).
Aging treatment at both 440 °C and 560 °C over 6 h show negligible changes in grain
morphology, but nano-scale precipitate particles (Ni,(Ti, Al, Mo)) will form during
aging treatment to cause the sharp improvement of hardness and strength (Tan et al.
2017), as shown in Figure 3.12(b). In addition, the micrometric cellular structure that
is unique to additively manufactured metal alloys resulting from the thermal gradient
and solidification velocity (Bai et al. 2022) can be eliminated with high-temperature
heat treatment (Wang et al. 2022).

2) Titanium-Based Material

Titanium alloys have high melting points and low densities, which make them widely
used in the aerospace field. Ti6Al4V alloy is the representative titanium alloy material
that has been successfully produced by additive manufacturing. Ti6Al4V typically
contains a dual-phase microstructure (i.e., oo and  phases) when conventionally
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FIGURE 3.12 Maraging steel with heat treatment at different temperatures: (a)
microstructure of the as-built sample, solution-treated sample at 900 °C, aging-treated sample
at 440 °C after solution and aging-treated sample at 560 °C after solution. Reprinted with
permission from Elsevier (Bai et al. 2019; Bai et al. 2021). (b) Dislocation and nanoparticles
in the aging-treated samples, and stress—strain curves of the as-built, solution-treated, direct-

aging-treated and solution+ageing-treated samples. Reprinted with permission from Elsevier
(Tan et al. 2017).
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produced. However, due to the high cooling rates during additive manufacturing, the
as-built Ti6Al4V alloy displays o' martensitic phase instead. Figure 3.13(a) shows
the microstructure of an as-built Ti6Al4V material containing a full distribution of o’
martensitic phase characterized by the number of clearly defined o’ phase colonies
(Liang et al. 2019). These boundaries are from prior 3 phase grains, which are large
and elongated along the direction of the thermal gradient caused by the bottom-up
manufacturing method. In some cases, epitaxial growth of the [ phase grains can
evolve into several millimeters in length (Vrancken et al. 2012).

FIGURE 3.13 The microstructure on horizontal planes of as-fabricated samples and heat-
treated samples. (a) as fabricated; (b) 600 °C/4 h/air cooling; (c) 800 °C/4 h/ air cooling;
(d) 850 °C/4 h/ air cooling; (e) 900 °C/4 h/ air cooling; (f) 950 °C/2 h/water cooling+540 °C/4
h/air cooling. Reprinted with permission from Elsevier (Liang et al. 2019).
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Annealing heat treatment to 600 °C over 4 h will show insignificant changes to
the microstructure (Figure 3.13(b)) as temperatures for the formation of the o and 8
phases exist above 760 °C. Raising the temperature to 800 °C will cause the decom-
position of the acicular o' phase and the formation of lamellar o and irregular 3
phases (Figure 3.13(c)). These grains will continue to grow and form more o phase
with further increase in temperature. Quenching followed by aging heat treatment
of the alloy produces a mixture of lamellar a, acicular o’ and spheroidal f precipi-
tation phases. This heat treatment is performed by holding temperatures at 950 °C
for 2 h followed by water quenching, and subsequently reheating to 540 °C for
4 h and air cooled. In general, high-temperature annealing treatment will reduce
the strength and enhance the ductility of the alloy. Quench-ageing treatment will
increase the strength above an annealed alloy but will remain lower than the as-built
counterpart.

3) Aluminum-Based Material

AlSil0Mg alloy is one of the most widely researched aluminum alloys in addi-
tive manufacturing due to its good printability and excellent mechanical perform-
ance. The alloy may be annealed, solution treated, and age treated. Annealing is
performed by heating the alloy to temperatures in the range of 300-500 °C followed
by furnace cooling (Butler et al. 2021). Solution treatment is performed by heating at
temperatures in the range of 450-550 °C for 2 h followed by water cooling (Li et al.
2016). Artificial age treatment occurs at 180 °C for 12 h of heating followed by water
cooling. The evolution of microstructures for the different heat treatments are given
in Figure 3.14.

The as-built AISilOMg material is composed of fine cellular structures
(Figure 3.14(a—c)). These structures are broken into fine Si particles and Al-Si solid
solution after heat treatment at 450 °C. Further increases in temperatures result in
the merging of Si particles to form larger particles. Artificial age treatment also
promotes the growth of Si particles but is known to involve additional precipi-
tation of Mg,Si particles. Annealing also breaks the cellular structure of the Si
particles and promotes grain growth. However, the temperature in annealing heat
treatment is lower. Therefore, the formed Si particles are much smaller (<1 pm).
Due to the much higher temperature in solution treatment, Si particles grow quickly
and can be up to > 5 pm. This heat treatment results in sharp reductions of tensile
strength from 434.3 MPa to 168.1 MPa while elongation increases from 5.3% to
23.7%. This sharp reduction in strength is due to the disappearance of fine grain
strengthening effect caused by the breakage of fine cellular structure and growth
of Si particles. The increase in elongation is due to the elimination of residual
stress and the reduction of localized stress during stretching. While aging treatment
promotes the formation of Mg,Si particles, reports have shown that the presence
of these precipitates has negligible impact on the strength of the Al1Sil10Mg alloy
in comparison to the as-built state, which may be that the aging treatment not only
results in the precipitation of Mg,Si particles but also causes part of the silicon to
break away from the fine cellular structure and reduce the residual stress (Park et al.
2021; Aboulkhair et al. 2016).



Manufacturing Workflow 75
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FIGURE 3.14 Microstructure of as-built and heat-treated AlSi10Mg alloy: (a) single melt
track with three distinctive regions; (b) boundary of melt track with coarse cellular region and
transition region; (c) interior of melt pool with fine cellular microstructure. SEM images of
the eutectic microstructures of AlSi10Mg after different heat treatment conditions: (d) 450 °C
for 2 h; (e) 500 °C for 2 h; (f) 550 °C for 2 h; (g) 450 °C for 2 h+180 °C for 12 h; (h) 500 °C
for 2 h+180 °C for 12 h; and (i) 550 °C for 2 h+180 °C for 12 h. X-axis is the laser scanning
direction and the light grey areas are Si particles. Reprinted with permission from Elsevier (Li
et al. 2016).

3.3.2 Hor IsostATIC PRESSING

Hot isostatic pressing (HIP) is another heat treatment process employed for additively
manufactured metal parts. The schematic and workflow of the process are displayed
in Figure 3.15. The high temperatures and pressures involved in the process can not
only modify the microstructure but also eliminate internal defects, such as micro-
cracks, and pores. Therefore, it is widely applicable for additive manufacturing where
these defects form easily during construction of metal parts.

There are several examples of HIP tackling the defect problem for additively
manufactured metals. Figure 3.16 shows the microstructure evolution of four
additively manufactured AlSi10Mg samples before and after HIP. Each sample had
different relative densities (Figure 3.16(b)) corresponding to the presence of internal
defects formed during building. HIP was performed with a pressure of 100 MPa and
temperature of 500 °C for 2 h and demonstrated the effectiveness of the technique to
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FIGURE 3.15 (a) Schematic of the hot isostatic pressuring machine and (b) the corresponding
workflow. Reprinted with permission from Elsevier (Torralba 2014).

FIGURE 3.16 X-ray computed tomography scan (a) and microstructural (b, c) images of
AlSi10Mg alloys: (b) before HIP and (a, c) after HIP treatment. Reprinted with permission
from Elsevier (Hirata, Kimura, and Nakamoto 2020).
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eliminate pores (Hirata, Kimura, and Nakamoto 2020). With the high treatment tem-
perature, the cellular microstructure transformed into the Al matrix filled with large
Si particles just as how it can be observed by normal heat treatment.

A similar increase in relative density will also be found for IN718 titanium alloy. It
is also interesting that the unique microstructure composed of fine cellular structures
containing Laves phase disappears after HIP and is replaced by the coarse polygonal
v phase (FCC) (Tillmann et al. 2017). HIP of Ti6Al4V with pressures of 100 MPa and
2 h of heating at 920 °C showcased a basket-like microstructure composing o and 3
phases, similar to normal heat treatment at 920 °C for 2 h without the applied pressure
(Yu et al. 2019). While the mechanical properties between the two remain unchanged,
there will be a slight increase in the width of the o phase under HIP.

HIP on 316L stainless steel requires a slightly higher temperature of 1,150 °C and
pressure of 150 MPa over 3 h to effect changes to relative density and microstructure
(Rottger et al. 2016). Under these conditions, grain coarsening due to recrystalliza-
tion at high heating temperatures and the reduction in mechanical strength are to be
expected.

HIP would produce microstructures that are like normal heat treatment conditions,
but it is important to understand that the benefit of HIP is in enhancing the rela-
tive density of the fabricated parts. However, it should be mentioned that HIP has
a negligible effect on densification when large internal voids are involved (Rottger
et al. 2016).

3.4 CONCLUDING REMARKS

This chapter took the reader through the manufacturing process work flow that
incorporates additive manufacturing technology beginning from part design consid-
erations to the post-process step for refinement of the part properties. As the common
notion for post-processes often encompass material removal processes for accurate
surface and geometrical finishing, the chapter shed light on other aspects of the post-
processing, which include support structure removal and microstructure modulation
by heat treatment. Considerations for support structures extend beyond the function
of supporting the part during additive manufacturing to the design and positioning
of support structures for effective removal. Heat treatment procedures for common
metals were also discussed, which would set the foundation to understand influence
of microstructure on machinability in Chapter 4.
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4 Machinability of
AM Metals

4.1 ALUMINUM-BASED ALLOYS

Aluminum alloys commonly used in additive manufacturing include AlSilOMg,
Al6061, and AlISiMg0.75 (Vimal, Naveen Srinivas, and Rajak 2019; Bai et al. 2018;
Bai et al. 2020). Most of them contain a large proportion of silicon elements as the
addition of silicon can reduce the eutectic temperature, improve fluidity, and reduce
the solidification range and thermal expansion coefficient, thereby reducing crack
defects. Generally, due to the high conductivity, low hardness, and low strength, con-
ventional aluminum alloys can be easy to cut with low cutting force and tool wear.
Although the hardness and strength of additively manufacture aluminum alloys are
higher than the conventional ones, the cutting force does not increase significantly
(Zimmermann et al. 2021).

For aluminum alloys, defects, such as pores and unmelted particles caused
by the high conductivity and high reflectivity of infrared lasers, are common in
additively manufactured parts, and are also called laser-sintered alloys. These
defects are generally not found in casted and wrought counterparts, and the diffe-
rence results in burr and breach formations on the turned surface (Struzikiewicz,
Zebala, and Stodki 2019). Only tool marks are observed on the turned surface of
casted AISi10Mg parts. The formation of burrs and breaches is due to the weak
bonding of material in the defect regions, which tend to get pulled out from the
workpiece during cutting (Aldwell et al. 2017). Even though the defects result in
cutting forces comparable to the casted part and a reduction in surface roughness
value can still be obtained, the existence of defects in the sample hinders the stable
performance of the part. Fortunately, increasing laser energy density by reducing
scanning speed can significantly reduce the pores and unmelted particles, which
effectively stops the formation of burrs and breaches on the machined surface. The
surface roughness of the additively manufactured metal can then be reduced by
more than 20 times after milling (Matras 2019). Increasing the cutting speed and
cutting tool nose radius can also have a positive impact on the machined surface
roughness (i.e., a smoother surface with lower roughness). However, the increase
in feed rate and cutting depths will result in poorer machined surface quality
(Struzikiewicz and Sioma 2020).
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FIGURE 4.1 (a) Resultant forces for different manufacturing methods of the specimens,
cutting conditions, and directions of feed motion of the tool relative to the build direction of
the workpiece; (b) surface roughness according to the manufacturing method of the material
and the cutting condition used during milling. Reprinted with permission from Springer Nature
(Zimmermann et al. 2021).

The layer thickness and building direction in additive manufacturing can also
affect the machinability of aluminum alloys as shown by the different cutting forces
and machined surface roughness for AlSilOMg in Figure 4.1 (Zimmermann et al.
2021). L-PBF1 had a layer thickness of 60 um while L-PBF2 had a layer thickness
of 30 um. Cutting forces during milling the top surface (cutting perpendicular to
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the build direction) were higher than the side surface for a thinner layer thickness.
However, higher layer thicknesses showed insignificant differences between the top
and side surfaces, as shown by L-PBF1.

Milling forces tend to be greater along the build direction due to the larger number
of melt pool boundaries. However, superior surface finishing can be obtained along
these surfaces. Cutting chips tend to form more continuously in long spirals as
compared to the discontinuous chips produced when milling the casted form. When
compared to milling of the casted form, the machined surface quality of the addi-
tive manufactured alloy can be smoother with a roughness of approximately 1.28
pum Ra compared to the rougher surface (2.24 pm Ra) on the casted metal. The
poorer machined surface quality is attributed to the formation of flaky structures with
fragmented protrusions on the machined top surface. However, it is interesting to find
that burrs are unlikely to form on the edges of the milled workpiece due to the fine
microstructure containing Si-rich cellular structure and low ductility when compared
with a casted alloy. Overall, it is understood that the machinability of a defect-free
AlSi10Mg alloy is higher with low cutting force and high machined surface quality
under suitable milling parameters and pre-cut surface conditions.

However, there are still challenges in machining additively manufactured alu-
minum alloy due to the existence of hard particles, such as oxide inclusions and
silicon particles. These particles are particularly found in newly developed aluminum
matrix composites fabricated by additive manufacturing. Hard particles will act as
defect sources during machining that tend to get abraded through the relatively softer
aluminum matrix. More details on this problem and the solutions identified to resolve
them during the manufacturing of optical surfaces will be covered in Chapter 10.

4.2 IRON-BASED ALLOYS

Compared to aluminum alloys, iron-based materials such as 316L stainless steel,
maraging steel, ASTM Al131 steel, 17-4 stainless steel, duplex stainless steel,
high-strength low-alloy steel, among others, are more difficult to cut. Additively
manufactured iron-based alloys generally have higher yield strength due to the strong
hindrance of dislocation movement through the fine cellular structures caused by the
high cooling rate (Liu et al. 2018). These alloys can be divided into two categories
that depend on the occurrence of phase changes during additive manufacturing:
(1) no phase change after solidification (e.g., 316L stainless steel), and (2) phase
change after solidification (e.g., maraging steel). Different material types will have
different machinability when compared to the casted/wrought counterparts and
considering the effect of building direction.

One of the most commonly used metals in AM is 316L stainless steel (austenite
stainless steel). However, its high hardening rate, low thermal conductivity, and
highly plastic properties make it a difficult-to-machine material. Although additively
manufactured 316L stainless steel has a fine cellular microstructure that differs
from the coarse polygonal grains in conventional counterparts, the machinability of
the metal continues to remain poor as the strong epitaxial growth characteristic of
the additively manufactured steel forms a strong texture in the part and results in the
difference in machinability (Guo et al. 2017).
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On the one hand, the surface parallel to the building direction has a uniform micro-
structure, higher hardness, and higher tensile strength, which leads to higher cutting
forces, more severe tool wear, and high machined-surface roughness. On the other
hand, the surface perpendicular to the building direction has a number of large den-
dritic grains generated by epitaxial nucleation that are relatively easier to machine.

Aside from the commonly reported differences in machinability of build directions,
there are also differences in the machinability of skin layers compared to bulk layers.
Skin layers of 316L stainless steel tend to be easier to machine and allow longer tool
life (Tapoglou and Clulow 2021). This may be due to the relatively high brittleness
caused by the higher cooling rates during the building of skin layers. Down milling is
also more suitable for AM 316 stainless steel compared to up milling, with results of
superior surface quality and tool life extended by 330%.

Maraging steel is another commonly used material in metal additive manufac-
turing and undergoes a solid-state phase transition from austenite to martensite during
fabrication. Moreover, the high cooling rate will lead to a fine microstructure mainly
composed of the martensitic phase and high residual tensile stress, which results in
differences to machinability when compared with a wrought counterpart (Du, Bai,
and Zhang 2018). As-built samples have higher microhardness compared to wrought
parts, which results in higher cutting forces (up to 30%). However, the machined sur-
face roughness of the additively manufactured part is lower than the wrought part.
The high hardness and relatively low plasticity reduces lateral plastic flow during
milling to enable quality surface finishing.

In addition, the compressive stresses typically generated during machining would
not be found on the AM metal due to the formation of residual tensile stresses near
the surface during the additive manufacturing process. This, however, is only the
case for low feed rates. The increase in feed rates will lead to higher magnitudes of
compressive stresses according to the relationship between the increase in cutting
forces with feed rate. The higher compressive stresses then lead to heavier plastic
deformation in the tertiary deformation zone (i.e., on the machined surface). The
analysis of residual stresses found on AM metals can also affect the machinability of
thin walls due to potential part vibration and deformation during machining (Heigel
et al. 2018).

Like 316L stainless steel, the surface parallel to the building direction (ABT) has
poorer machinability than the surface perpendicular to the building direction (ABS)
(Figure 4.2). However, the underlying mechanism is not the same as there are no
large-sized epitaxially grown crystals that form in maraging steel due to the phase
transition from austenite to martensite. Instead, the difference in machinability is
attributed to the difference where the feed direction is more parallel to the melt tracks
when milling the ABT sample as compared to milling the ABS sample (Bai, Zhao,
Yang, et al. 2021). These melt tracks strengthen the material and increase the induced
cutting forces and tool wear during ABT milling. The machinability of the AM mar-
aging steel after heat treatment is illustrated in Figure 4.2. The sharp increase in
strength due to the formation of nanosized particles during ageing treatment causes
the tool cutting force and tool wear to sharply increase. Solution treatment (homogen-
ization) alone will not lead to poor machinability but will minorly increase the
machined surface roughness, which may be caused by the lateral flow of material
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FIGURE 4.2 Machining maraging steel fabricated by SLM and under different heat
treatments: (a-c) cutting force, (d) tool wear, and (e) surface roughness. Reprinted with
permission from Elsevier (Bai, Zhao, Yang, et al. 2021). (ABT: surface perpendicular to the
building direction, ABS: surface parallel to the building direction, 480 °C for 6 h (HT1), 520 °C
for 1 h (HT2), 520 °C for 6 h (HT3), 520 °C for 12 h (HT4), 900 °C for 1 h (HTS5), and 520 °C
for 6 h following the treatment at 900 °C for 1 h (HT6).

during milling. In general, the surface roughness (Ra) of additively manufactured
maraging steel can be reduced from ~ 10 to <0.4 um after milling.

However, the effect of building direction on the machinability of AM metals may
depend on the material types. In milling of directed energy deposited ASTM A131
steel, cutting forces on the surface parallel to the building direction is larger than that
perpendicular to the building direction (Bai, Chaudhari, and Wang 2020). By com-
paring the forces with AM aluminum alloy in Figure 4.1, it reveals that the cutting
force is much more influenced by the melt pool boundaries when the workpiece has
low hardness (soft). It can be explained that small equiaxed crystals that form at the
boundary of the relatively soft workpiece will contribute to the deformation resistance
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during machining. The fine-grain strengthening effect has a dominant influence in
this scenario.

Occasionally, the solid phase transition during AM is helpful to improve machin-
ability due to the formation of a machinable phase. An example is the machining
of duplex stainless steel (SAF 2507) (Davidson, Littlefair, and Singamneni 2021),
which normally consists of austenite and ferrite phases. Duplex stainless steels are
considered to have poor machinability due to the high work hardening rates (mainly
caused by the austenite phase), high fracture toughness, and low thermal conduct-
ivity. At high cooling rates, a predominantly ferritic microstructure forms in selective
laser melted duplex stainless steel. It is known that the ferritic phase has higher
machinability due to its relatively lower strength, work hardening, and tool wear
characteristics as compared to duplex stainless steel. For example, when drilling
wrought duplex stainless steels, work-hardening can cause periodic compression in
microstructures at almost 30 pm depth from the free surface. These features would
not be observed in ferritic-structured duplex stainless steels. In addition, discon-
tinuous chips are typically obtained during the drilling of the AM duplex stainless
steel due to its low ductility, which may contribute to the low cutting temperature
and cutting force. The low ductility would also indicate greater tendency for built-up
edge formation, resulting in increased tool damage especially when employing high
cutting speeds.

4.3 TITANIUM ALLOYS

Titanium alloy is widely used in the biomedical and aerospace industries, where
there are multiple parts with unique geometries. Hence, additive manufacturing is
an attractive choice when it comes to fabricating titanium alloy parts (Zhang et al.
2018). However, titanium alloys are also difficult-to-machine materials due to their
high thermal reactivity, low thermal conductivity, and high hardness. In most studies
on the machinability of AM titanium alloy parts, Ti6Al4V has been the main material
used in various metal additive manufacturing techniques. The machinability of the
AM titanium alloy is quite different from wrought counterparts as solid phase tran-
sition occurs with a small difference in pre-heating temperature and cooling rates
during electron beam melting (EBM), selective laser melting (SLM), and directed
energy deposition (DED).

As shown in Figure 4.3, Ti6Al4V alloy parts fabricated by EBM, DMLS (also
known as SLM), heat-treated, and wrought variations have different microstructures
(Sartori et al. 2016). The alloy fabricated by EBM has a fine acicular microstructure
composed of o phase and a fine lamella with 7% of 3 phase at the grain boundaries due
to the high pre-heating temperature. The alloy fabricated by DMLS is characterized
by a martensitic microstructure consisting of a phase and acicular o’ phase with
lattice parameters similar to the HCP crystal due to the high cooling rate without high
pre-heating temperature. Heat-treatment of the alloy fabricated by DMLS will form
o + P lamellar structure due to the solid phase transition during heat treatment. The
microstructure of the wrought sample is composed of equiaxed o grains with 8% of 3
grains. The alloy produced by DMLS will have the highest strength, highest hardness,
and lowest thermal conductivity compared to the other three. These properties lead
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FIGURE 4.3 Microstructures of the Ti6Al4V alloys produced by: (a) EBM, (b) DMLS,
(c) heat-treated and (d) wrought. Reprinted with permission from Elsevier (Sartori et al. 2016).

to the most severe tool wear during dry turning. In comparison, the alloy produced
by EBM will result in lower tool wear although the wear issue cannot be entirely
avoided.

Although the Ti6Al4V alloy produced by SLM has higher strength (approximately
16% higher in hardness) than a conventionally counterpart, the cutting force is 9.3%
lower during micromilling (De Oliveira Campos Et Al. 2020). In addition, the for-
mation of burr is lower along with the reduction in machined surface roughness for
the SLM part. These are due to the formation of the acicular o' phase, which causes
the reduction in ductility of the SLM part compared to the conventional material
with equiaxed a + B grains. This prominent brittle behavior makes chip removal
easier and reduces material accumulation in the cutting zone due to the heavy plastic
deformation of the work material. In addition, the fine @’ + o grains have similar
grain morphologies throughout the whole part compared to the o + p grains in the
conventional material. Grains with similar morphology make it more conducive for
dislocation movement and results in comparatively lower work hardening. Therefore,
the cutting force of the alloy fabricated by SLM would be lower than that by EBM
(Milton et al. 2021). It should be mentioned that the cutting force in micromilling of
the Ti6Al4V alloy produced by DED is also lower than the conventional parts for the
same reasons associated with the microstructure (Bonaiti et al. 2017).

The effect of building direction on machinability can also be observed in
machining the additively manufactured Ti6Al4V alloy parts (Ni et al. 2020). In dry
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ultra-precision turning (micromachining) of the alloy produced by SLM, average
cutting forces and force fluctuations on the front surfaces (i.e., surfaces parallel
to the building direction) will be greater than those generated on the top surfaces
(i.e., perpendicular to the building direction). The machined surface roughness
(Ra) on the front surfaces will also be larger than the front surfaces by 21%-76%,
depending on the scanning strategy (Ni et al. 2020). Similar results on the aniso-
tropic cutting forces will also be observed in milling of the alloy fabricated by EBM
(Milton et al. 2021).

Cutting force trends in machining titanium alloys differ from aluminum and iron-
based alloys where the other materials are largely affected by the melt pool bound-
aries. There are no observable melt pool boundaries in as-built titanium alloy parts
due to extremely strong epitaxial growth of the primary § phase along the building
direction and subsequent martensitic transformation. However, the reconstructed
primary P phase inverse pole figure has a strong texture, which will constrain the
subsequent martensitic transformation and its orientation distribution relative to
the building direction. This leads to the difference in microstructure and texture
between the front and top surfaces and is the most probable cause for the anisotropy
in cutting force.

Although there is a difference in the machinability between the AM and conven-
tional Ti6Al4V alloy parts, both types of alloys are still categorized as difficult-to-
machine materials. Therefore, the methods employed to improve the machinability
of conventional materials can also be applied to AM parts. For instance, cryogenic
machining can be used to overcome the low thermal conductivity and improve
machinability. The use of liquid nitrogen during machining of the titanium alloy
fabricated by DMLS can reduce the crater wear depth in the cutting tool by 58%
(Sartori et al. 2016).

Minimum quantity lubrication (MQL) has been shown to reduce the friction
between the flank face and the machined surface to reduce flank wear and improve
surface quality by 26.2% and 55%, respectively (Khaliq et al. 2020). Flood coolants
are also helpful to improve surface quality, but the final result will still depend on the
machining parameters (Bertolini et al. 2019).

4.4 SUPERALLOYS

A superalloy has the ability to operate at a high fraction of its melting point, which
can be divided into three categories — iron-based, nickel-based, and cobalt-based.
Among these materials, nickel-based superalloys are widely studied in additive manu-
facturing, such as IN 718, IN 625, and 939 (Pratheesh Kumar et al. 2021). A super-
alloy is also difficult-to-machine (more difficult than austenite stainless steel). Like
most other materials, the as-built surface roughness of a superalloy is far from com-
mercially acceptable conditions but a reduction by more than 90% in roughness can
be achieved by post-process machining (Kaynak and Tascioglu 2020; Kaynak and
Tascioglu 2018).

Generally, AM metals will have high hardness and strength derived from the high
cooling rates that form fine microstructures. However, in most cases of AM superalloys,
the hardness is slightly lower than the wrought counterpart (Chen et al. 2021). This is
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due to the low density (Moussaoui et al. 2018) and formation of Laves phase (Zhao
et al. 2020), that is the absence of ¥’ and y’ precipitated phase particles essential for
hardening. The low hardness is desirable during machining of the AM Inconel alloys
due to the lower cutting forces (by ~10%), cutting temperatures (by ~6%), and cutting
vibration (by ~17%) compared to the wrought counterpart. Moreover, the absence
of hard particles in AM IN 718 alloy results in lower tool wear compared to the
wrought one. Higher surface quality with lower surface roughness can also obtained
on the machined additively manufactured part, as shown in Figure 4.4(a) (Ji et al.
2021). However, heat treatment would not further improve the machinability of the
AM Inconel alloy due to the formation of precipitation particles (Careri et al. 2021).
Due to the strong epitaxial growth, IN 718 alloy fabricated by SLM has large col-
umnar dendritic grains and a strong <100> fiber texture along the building direc-
tion compared to a wrought sample with fine equiaxed crystals and weak texture
(Figure 4.4(b)). In addition, the AM sample will present slight grain coarsening and
texture weakening due to recrystallization caused by heat generated during cutting.
The strong texture and columnar crystals along the building direction formed
in the additively manufactured parts imply anisotropy in the mechanical properties
and machinability. Cutting forces on the side surface (parallel to the building direc-
tion) will be larger than that on the top surface (perpendicular to the building direc-
tion) (Pérez-Ruiz et al. 2021), which is similar to the observation in machining AM
Ti6Al4V alloys. This is due to the major axis of the columnar grains being nearly
parallel to the milling tool axis while milling the side surface. In addition, the grains
engaged by the cutting tool during machining will be parallel to each other and will
facilitate grain boundary sliding during material deformation (Pérez-Ruiz et al. 2021).
The machined surface quality of the side surface will be slightly inferior compared
to the top surface as observed during milling of AM IN 939 alloy (Sen et al. 2020).
This can also be observed for alloys fabricated by DED, which will exhibit larger
melt pools compared to SLM (Alonso et al. 2021). This would suggest that a change
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FIGURE 4.4 (a) Machined surface roughness and (b) grain scale microstructure of affected
and unaffected zones in the SLM fabricated and wrought samples. Reprinted with permission
from Elsevier (Ji et al. 2021). (Affected zone refers to the regions affected by the milling
process).
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in the size of the melt pool will have little effect on the anisotropy during machining
of the Inconel alloys.

Scanning strategies will influence the anisotropy in cutting force as it will change
the microstructural morphology and texture intensity of the AM workpiece (Fei et al.
2019). In general, scanning strategies that favor weakened textures and epitaxial
growth can reduce the effect of building direction on machinability.

Although the machinability of as-built Inconel alloys have higher machinability
than wrought counterparts, it is still a difficult-to-machine material (Fei et al. 2020).
Conventional methods to improve the machinability of the material include emulsion
(that is machining under a wet environment) and the use of MQL. Energy consump-
tion during machining can be reduced by approximately 38% with emulsion (Periane
et al. 2020), and superior surface quality (achievable roughness of <0.15 um) can be
obtained with MQL.

4.5 HIGH-ENTROPY ALLOYS

High-entropy alloys are formed using five or more metals in equal or approximately
equal proportions. Compared to traditional alloys, these alloys have much better spe-
cific strength, fracture resistance, tensile strength, corrosion resistance, and oxida-
tion resistance. These properties drive the interest in exploring the manufacturing of
high-entropy alloys using additive manufacturing (Ostovari Moghaddam et al. 2021).
However, the available understanding on the machinability of AM high-entropy
alloys remains limited.

It is interesting that the superior mechanical properties of the high-entropy alloys
do not affirm notions that it would be as difficult to machine as conventional alloy
steels such as 316L stainless steel. On the contrary, the alloys seem to exhibit good
machinability with little tool wear and achievable machined surface roughness in
the nanoscale through ultra-precision machining as reported for A1ISOLi5SMg5Zn5Cu5
(Huang et al. 2020). The high machinability is also observed for additively
manufactured high entropy alloys. The machinability of CrMnFeCoNi fabricated by
SLM is better than 304L stainless steel with much lower cutting forces and tool wear,
as shown in Figure 4.5 (Litwa et al. 2021). Thermal softening might be the cause for
the ease in machinability of the CrMnFeCoNi alloy compared to surface hardening
phenomena that occurs in machining of 304L stainless steel. In addition, the inher-
ently lower hardness and higher ductility also contribute to the ease in machinability.
However, the softness of the material may affect the machined surface quality, such as
the increase in surface material plastic deformation under high cutting speed, which
would increase the machined surface roughness.

4.6 OTHER METALS

Cobalt-chromium-molybdenum (CoCrMo) alloys are promising materials with
excellent biocompatibility, high wear resistance, and high corrosion resistance. These
properties make them applicable materials for biomedical parts such as prostheses
and many other medical devices. However, the high wear resistance is a challenge for
machining and often results in high tool wear. Severe tool wear can be observed when
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FIGURE 4.5 The resultant cutting forces as a function of cutting time in the machining of
(a—d) AISI 304L stainless steel and (e-h) CrMnFeCoNi high entropy alloy; (i) Tool wear (VB)
as a function of cutting time. Reprinted with permission from Elsevier (Litwa et al. 2021).

machining AM CoCrMo alloys due to the formation of equiaxed grains with massive
and fine distribution of carbides (Bordin et al. 2014). This microstructure also leads
to the increase in hardness and strength. As illustrated in Figure 4.6, severe tool wear
is observed when turning wrought CoCrMo alloy but the wear becomes even more
severe when turning the CoCrMo alloy fabricated by EBM despite the use of 5%
mineral oil and water emulsion during machining. This is partly due to the harder
surface of the additively manufactured alloy, which has a higher micro-hardness of >
1,000 HV compared to the wrought alloy with < 690 HV (Allegri et al. 2019). As the
tools wear, the machined surface integrity of the additively manufactured alloy would
be worse than the wrought material with the formation of macroscopic craters on the
turned surface. These machined surface defects will increase in distribution with the
increase in cutting speed and material removal rates.
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FIGURE4.6 Tool wear during turning: (a, b) wrought alloy, and (c, d) additively manufactured
CoCrMo alloys. Reprinted with permission from Elsevier (Bordin et al. 2014).

Additively manufactured copper alloys exhibit a drastic influence of the build dir-
ection on the machinability as observed for CuCrZr alloy during ultra-precision dia-
mond turning (Bai, Zhao, Zhang, et al. 2021). The anisotropy is derived from the
epitaxial grain growth during the additive manufacturing process like those observed
in Inconel where the coarse columnar grains are oriented with the major axis along
the building direction (Ma et al. 2020).

These grains tend to have a strong texture with the <110> direction parallel to the
building direction (Wegener et al. 2021), which contribute to the anisotropy in mech-
anical properties. The microstructure morphology, orientation, and texture enhances
the plasticity of the material along the building direction, which is also associated
with the relationship between the cutting direction to facilitate grain boundary sliding
during material deformation.

In this aspect, turning of the side surface (i.e., parallel to the building direction)
would give a superior surface roughness compared to the top surface. The
corresponding surfaces are given in Figures 4.7(a) and 4.7(b). Heat treatment of the
surface would serve little impact, as shown in Figure 4.7(c) where the coarse regions
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FIGURE 4.7 Groove morphology and surface roughness when cutting CuCrZr alloy
manufactured by SLM on the: (a) as-built top surface, (b) as-built side surface, (c) solution-
treated top surface, and (d) solution+ageing-treated top surface (cutting speed: 100 mm/min,
depth of cut: 5 ym). Reprinted with permission from Elsevier (Bai, Zhao, Zhang, et al. 2021)
(Red dotted box: coarse region).

on the machined surface would manifest due to the strong texture. Further heat
treatment by solution and ageing treatment would result in the formation of Cr and
Cu-Zr particles, which would cause the machined surface roughness to deteriorate,
as shown in Figure 4.7(d). It is therefore evident that the challenge to machine AM
copper alloys is due to its strong texture generated during the additive manufacturing
process.

4.7 CONCLUDING REMARKS

The layer-by-layer manufacturing method and high cooling rate will induce unique
microstructures and mechanical properties in additively manufactured metals, which
lead to machinability that differ from conventional counterparts. Overall, AM metals
have higher strength and poorer machinability compared to conventional materials
except for duplex stainless steels and Inconel alloys. In addition, directionally
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dependent machinability is widely observed with two possible scenarios. One in
softer materials with clear melt pools and boundaries that result in the side surface
(parallel to the building direction) having poorer machinability, and another found in
materials with strong epitaxial grain growth during the AM process that result in the
side surface having better machinability due to the low grain density and the easier
facilitation of grain boundary sliding during machining. Hard particles formed during
the AM process will cause poor machinability due to the damage on the machined
surface (e.g., aluminum alloy) and severe tool wear (e.g., CoCrMo alloy). Generally,
conventional methods used to accommodate difficult-to-machine materials can
be effectively employed on AM metals such as cryogenic conditions and MQL.
However, the different heat histories still need to be considered when applying the
different adaptations due to the different microstructures that can arise from the fab-
rication process.
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5 Abrasive-based Finishing
Processes

5.1 DEFINITION AND CLASSIFICATION

Abrasive-based finishing processes take advantage of the high hardness of the abra-
sive grains to scratch or plough workpiece surfaces and smoothen out the surface to
the desirable finish and dimensional accuracy. Typical processes include grinding,
polishing, blasting, and mass finishing, among others. According to Hashimoto et.
al (2016), abrasive-based finishing processes can be classified as bonded-abrasive
finishing processes and unbonded abrasive finishing processes depending on the
state of the abrasives. Common bonded-abrasive finishing processes are grinding
and honing where grinding wheels or honing tools have abrasives firmly bonded to
them with vitrified, resinoid, silicate, shellac, rubber, or metal. Grinding is a motion-
copying finishing process where the compliance of the grinding wheel is negligible,
and the material removal volume is determined by the depth of cut. The resultant
geometry of the workpiece is controlled by the shape of the tool and the tool path
(Malkin and Guo 2008). Due to the high efficiency and precision of the bonded
abrasive finishing processes, they can control the geometrical accuracy and surface
quality of parts. Honing is generally employed to finish internal cylindrical surfaces —
e.g., engine cylinders, bearings, hydraulic valves (Kuchle 2009). It can also generate
crosshatched patterns for lubricant storage. Unbonded abrasive finishing processes
include polishing, abrasive flow machining, abrasive jet machining, and magnetic
abrasive finishing. The abrasives are dispersed in a liquid (either water or oil), which
deliver the abrasives toward the workpiece for material removal. These processes
are also called pressure-copying finishing processes, where the normal pressure and
relative velocity between the finishing tool and the workpiece determine the material
removal rate. This relationship is also known as the classical Preston theory (Preston
1927) as expressed in Equation 5.1.

MRR = kPV 5.1

where k is the Preston coefficient that corelates the properties of the polishing tool
and workpiece material, and P and V are the normal contact pressure and the rela-
tive velocity between the polishing tool and workpiece, respectively.
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Generally, unbonded abrasive finishing processes have much lower material
removal rates but can generate much smoother surfaces compared to bonded abrasive
finishing processes.

5.2 BONDED ABRASIVE FINISHING PROCESSES

5.2.1 GRINDING

The grinding process utilizes a grinding wheel with a high rotation speed and the
hard grains fixed on the grinding wheel act as multi-edge cutting tools to remove the
work material. Grinding is suitable for difficult-to-machine materials and can produce
products with good geometric accuracy and smooth surface finish.

The grinding wheel is the key component in grinding. The main parameters for a
grinding wheel include abrasive type (e.g., aluminum oxide, silicon carbide, cubic
boron nitride, diamond), abrasive size, bonding material, hardness, and structure.
The dominant factor for the achievable surface finish is the abrasive size. Smaller
abrasives lead to finer surface finish while the material removal efficiency is less
than that of larger abrasives. For instance, grinding of 316L samples produced by
SLM using a 21.8 um grit sandpaper can obtain a surface roughness of 0.34 pm
Ra, which is a 97.7% reduction in roughness from the as-printed state of 15.03
pm Ra (Lober et al. 2013). However, the smoothening of surfaces differs between
materials such as the reduction in roughness of AlSilOMg from 7 um Ra after
SLM to 0.6 um Ra after grinding (Teng et al. 2019). Inconel 718 produced by SLM
can also be grinded to 0.8 pym Ra with a resin-bonded corundum wheel (abrasive
size 250-350 pm) (Liu et al. 2019). Liu et al. compared the grindability of Inconel
718 made by selective laser melting (SLM) and casting. The layered microstruc-
ture and internal pores of the SLM Inconel 718 decrease its yield strength and ten-
sile strength, resulting in lower power consumption and wear of the wheel during
grinding. In addition, casting Inconel 718 shows better surface finish after grinding
due to its homogenous microstructure.

Grinding wheels are, however, typically rigid and are usually only applicable
for flat or cylindrical surface finishing. Thus, conventional grinding may not be
readily applicable for complex components generated by AM. Innovative grinding
techniques have to be developed. An example is the shape adaptive grinding (SAP)
method using a rubber bonnet (elastic tool) covered with diamond pellets (Beaucamp
et al. 2015). The rubber bonnet tool enables conformal abilities between the tool and
the curved workpiece surface (either convex or concave) while the rigid pellets act as
the grinding tools for material removal. These pellets are either nickel bonded (NBD)
or resin bonded (RBD). The surface roughness of Ti6Al4V can be grinded down to
12.8 nm Ra with SAP from an initial roughness of 4-5 pm Ra (as-built by EBM and
SLS) after sequential grinding steps with decreasing grit sizes of 40, 9, and 3 um,
respectively. The SAP is also capable of achieving shape accuracies of +5 pm and
surface finishing of 3 nm Ra on freeform artifacts fabricated by SLS on a 7-axis CNC
controlled machine built by Zeeko Ltd.
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5.2.2 Mass FINISHING

Mass finishing refers to a variety of abrasive finishing processes in which a batch
of workpieces are processed by abrasive media to improve their surface quality via
deburring, descaling, surface smoothing, or edge rounding (Davidson 2001; Mediratta,
Ahluwalia, and Yeo 2016). The main components in mass finishing are the container
or chamber, medium with varying shapes of abrasives, workpieces, and lubricant.
The key is to generate random relative motions between the abrasive medium and
the workpieces that will mechanically abrade material from the workpieces over
time. Due to the random motions of the mass finishing, it is applicable for parts with
complex geometries. Mass finishing can be categorized into five different processes
according to their vibration mode and the workpiece fixtures: (1) barrel, (2) vibratory,
(3) centrifugal barrel, (4) centrifugal disk, and (5) spin/spindle finishing. Workpieces
are mounted on fixtures in spin/spindle finishing while the workpieces are driven by
the abrasive media where they are immersed in the other categories. A detailed com-
parison of these categories was summarized in a review by Davidson (2002).

Due to its effectiveness at finishing complex parts, mass finishing is commonly
employed in post-processing of additively manufactured metal parts where enhanced
surface quality is desired. An example is given in the processing of a Ti6Al4V impeller
and an Inconel 718 manifold, as shown in Figure 5.1 (Boschetto et al. 2020). These
parts possess unique surface features such as convex surfaces (A), vertical walls (B),
flat top surfaces (C), internal walls (D), and inclined overhanging surfaces (E). From
an initial surface roughness of 14—16 pm Ra, the mass finished surfaces reduced to <
1 um Ra for accessible external surfaces (e.g., A) and 3 um Ra on more challenging
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FIGURE 5.1 Barrel finishing of SLM complex parts: (a) the large media; (b) the small media;
(c) the SLM Ti6Al4V impellor; (d) the Inconel 718 manifold; (e) the dependence of surface
roughness Ra against the working time for the impellor finishing and (f) the dependence of
surface roughness Ra against the working time for the manifold finishing. Reprinted with
permission from Elsevier (Boschetto et al. 2020).
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Dump

Stationary barrel ———

Lubricant Inlet
Ceramic Media

Rotary Disc

FIGURE 5.2 CDF of PBF gear structure: (a) the CDF equipment; (b) and (c) the ceramic
media and its dimension; (d) and (e) the gear before and after CDF. Reprinted with permission
from Authors (Fan et al. 2021).

internal and inclined surfaces (e.g., E). Despite the effectiveness to greatly improve
the surface quality of the complex geometries in additively manufactured metals,
a downside of conventional mass finishing is the long process running duration
over days.

There are, however, operating procedure modifications and parameters that may be
adjusted to overcome the disadvantage of conventional mass finishing. An example
is in centrifugal disc finishing (CDF) of PBF-fabricated Ti6Al4V gears shown in
Figure 5.2 (Fan et al. 2021). Rotational speed of the chamber filled with triangular
ceramic abrasives (4 mm x 10 mm) was varied to find an optimal combination of
280 rpm and 30 min processing time that generates the best surface finish of 175
pinch (4.445 um Ra) from an initial 290 pinch (7.336 um Ra). The achievable surface
quality is similar to the outcome of sandblasting.

Further reductions in surface roughness may be achieved with the appropriate
selection of loading ratios, media geometry/sizes, and lubricant flow rates. However,
innovative integration of vibration to the mass finishing process can further enhance
surface roughness reductions.

Figure 5.3 shows the sidewall of a SLM-fabricated GRCop-84 copper waveguide
post-processed by vibratory mass finishing. It is highly effective at processing external
surfaces reducing the roughness values from 3.3 um Ra to 0.45 um Ra (Seltzman and
Waukitch 2020). However, vibratory mass finishing falls short at processing internal
surfaces due to the relatively smaller room for motion of the abrasive medium.

5.2.3 MAGNETICALLY DRIVEN INTERNAL FINISHING

Magnetically driven internal finishing (MDIF) is an abrasive finishing method specif-
ically designed for internal surfaces (Zhang et al. 2018; Zhang et al. 2020; Zhang and
Wang 2021). The working principle of MDIF is illustrated in Figure 5.4(a) comprising
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FIGURE 5.3 Vibratory mass finishing of SLM waveguides: (a) picture of the as-printed
waveguides; (b) and (c) surface topography of the as-printed and processed sidewall under a
microscope. Reprinted with permission from Elsevier (Seltzman and Wukitch 2020).
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FIGURE 5.4 Post-processing of SLM 316L tubes by MDIF: (a) working principle of the
MDIF; (b) experimental setup of MDIF on the SLM tubes; (c) as-printed 316L tubes; (d) the
polished tube; (e) and (f) SEM images of the as-printed and polished. Reprinted with permission
from Elsevier (Zhang and Wang 2022; Zhang and Wang 2021).

a stationary workpiece tube, a spherical magnet with uniformly bonded abrasives on
its surface as the polishing tool, and an external magnet with four poles that rotates
and drives the rotational motion of the polishing tool to remove material for each con-
tact on the workpiece surface. The external magnet can also move along a complex
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| Microblasting parameters
Nozzle diameter: 5 mm
Ceramic ball diameter:
150~200 pm

Rotation speed: 30 rpm
Linear slide velocity: Imm/s
Gap: 36,27, 18 mm

Air pressure: 1, 2, 3 bar
Coverage: 100, 200, 300%
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FIGURE 5.5 (a) Self-constructed automated micro-blasting setup and process parameters,
(b) as-printed 316L stainless steel tubular lattice, (c) and the lattice after micro-blasting
(Zhang 2019).

tool path to accommodate workpiece geometries and larger polishing areas. With this
basic setup, MDIF can efficiently improve the surface finish of conventional tubes by
more than 85% (Zhang et al. 2020; Zhang et al. 2018).

An actual MDIF setup is shown in Figure 5.4(b) where the polishing of SLM 316L
tubes (Figure 5.4(c)) was being performed (Zhang and Wang 2022). Reductions in
surface roughness by 92.4% can be achieved from an initial 10.629 pm Ra to 0.808
pm Ra with a shinier appearance depicted in Figure 5.4(d). Through the abrasive
contact motion of the rotating polishing tool, as-printed surface features such as the
unmolten particles and the staircase effect can be effectively removed, leaving behind
fine scratches on the polished surface generated by the abrasives. The feasibility
of MDIF for internal surfaces gives it great potential to process difficult-to-access
surfaces in common machinery components such as gears or turbine blades (Krajnik
et al. 2021).

5.3 UNBONDED ABRASIVE FINISHING PROCESSES

5.3.1 SANDBLASTING

Sandblasting is a mechanical process that administers a stream of abrasive material
against a surface under high pressure to smooth a rough surface, roughen a smooth
surface, deburr or clean a contaminated surface. The abrasive materials include metal
shots, sand, glass beads, plastic beads, walnut shells, and corncobs. Generally, harder
abrasives are more efficient at material removal while softer abrasives make mild
modifications to the surface. The high-speed stream of the abrasives is ejected from
a specially-designed nozzle via compressed air. Sandblasting can achieve a surface
roughness below 5 um Ra and is a suitable post-processing method for AM metal
components before further fine finishing.

Blasting parameters include blasting pressure and nozzle-workpiece gap dis-
tance, which will affect the polishing accuracy and material removal rates. The
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sandblasting configuration can also vary where the nozzle travel along a stationary
workpiece or the workpiece may move/rotate under a stationary nozzle as illustrated
in Figure 5.5(a). Thin structures commonly found in additively manufactured metal
parts such as struts in tubular lattices may be damaged by the high pressures (Zhang
2019) despite showing effective material removal and quality surface generation
as seen in Figures 5.5(b) and 5.5(c). The high pressures may be more suitable for
larger structures such as titanium bone scaffolds produced by SLM and can achieved
a surface roughness of 0.94 um Ra from an initial value of 3.33 pm Ra (de Wild
et al. 2013). Although blasting is capable of removing partially bonded particles to
enable efficient smoothening of complex AM geometries, poor selection of blasting
parameters may result in abrasive embedment that can cause severe surface damage.
Nonetheless, the final surface finish generated by blasting may still be inadequate for
some industrial applications.

5.3.2 ABRASIVE FLow MACHINING

Abrasive flow machining (AFM) utilizes a highly viscous abrasive-laden medium
(polymeric fluid) to flow over the workpiece surface under high pressure (Uhlmann,
Schmiedel, and Wendler 2015). AFM can be used for deburring, edge rounding,
polishing, and recast layer removal (Bouland et al. 2019). It is suitable for finishing
components with complex structures, especially internal surfaces but it can also
process external surfaces with modified fixtures. An example of internal surfaces
can be found in maraging steel 300 conformal cooling channels fabricated by
selective laser melting where the diameter each channel measures only 3 mm
shown in Figure 5.6(a—c) (Han et al. 2020). AFM can effectively reduce the surface
roughness of the channel down to 1.3 um Sa, which would enhance the cooling effi-
ciency. AFM can also induce compressive residual stress due to negligible thermal
effects, which may enhance the wear and fatigue properties (Han, Salvatore, and
Rech 2019).

Media viscosity and abrasive concentration plays a critical role in AFM where high
media viscosity and high concentration of abrasives are most effective on reducing
surface roughness as given by AFM of SLM-fabricated maraging steel 300 (Duval-
Chaneac et al. 2018). In the meantime, it is also important to control the ratio between
abrasives and flowing media. Concentrations of the abrasive should go no further than
65%. A surface of approximately 2 um Sa area roughness can be achieved using a
65% abrasive concentration media (down from an initial area roughness of 13 um Sa)
along with a significant improvement of compressive residual stress perpendicular to
abrasive flow direction.

Mixture of different abrasives and sizes may also be implemented such as the
abrasive mixture of #20 and #80 silicon carbide (SiC) particles employed in AFM
of SLM-fabricated AlSil0Mg alloy (Peng et al. 2018). As such, larger abrasives will
facilitate the removing of the partially bonded particles while the smaller abrasives
contributes to generating a finer surface finish. Typical surface defects in AM (i.e.,
balling effects and partially bonded particles) will be effectively removed after 90
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FIGURE 5.6 AM parts finished by AFM: (a) pictures of the as-printed and polished
maraging steel 300 conformal cooling channels; (b) and (c) microscopic images of the as-
printed and polished maraging steel 300 conformal cooling channels (Han et al. 2020); (d) and
(e) microscopic images of the as-printed and the polished AlSi10Mg aluminum alloy part.
Reprinted with permission from Elsevier (Peng et al. 2018).

AFM polishing cycles, as illustrated in Figures 5.6(d) and (e). However, additional
cycles of up to 390 AFM cycles are necessary to reduce the surface roughness from
13 pm Sa to 1.8 um Sa. XRD analysis also showed that compressive residual stresses
were generated on the workpiece surface after AFM. The compressive stresses are
beneficial to the fatigue life of the components.

Innovative integration of chemistry with AFM may also be implemented such as
the combined chemical-abrasive flow polishing method (Mohammadian, Turenne,
and Brailovski 2018). As an example, the roughness of the polished Inconel 625
fabricated by SLM can be reduced by 43% after an hour of polishing even on inclined
surfaces. While this method is effective for difficult-to-reach areas, chemical/
electrochemical-based finishing methods involve chemical hazards and are commonly
identified as environmentally unfriendly. In general, normal mechanical-based AFM
is sufficient as an effective post-process for additively manufactured internal surfaces.
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However, AFM has certain downside that include its ineffectiveness for blind holes,
low material removal rates, and non-uniform material removal characteristics.

5.3.3 MAGNETIC ABRASIVE FINISHING

Magnetic abrasive finishing (MAF), also known as magnetic field-assist finishing
(MFAF), is a nonconventional finishing process that employs magnetic abrasive
particles (MAP) to form a flexible polishing brush on the workpiece surface (Shinmura
et al. 1990). The relative motion (vibrational or rotational) between the flexible
polishing brush and the workpiece enables the removal of the material via scratching
or abrasion. Lubricants, such as water or barrel oil, may be applied to facilitate the
generation of a smoother surface. Due to the high conformality and accessibility of
the MAP, MAF has been widely applied for finishing complex components such as
tubes, V-groove structures, and cutting edges (Kang, George, and Yamaguchi 2012;
Wang, Wu, and Mitsuyoshi 2016; Yamaguchi et al. 2014).

MAF has also been employed to obtain nanometric surface qualities on additively
manufactured metal components. With additional integration of magnetic abrasive
magnetic field-assisted burnishing (MAB) with MAF, the multistage process can
reduce the surface roughness of selective laser melted 316L stainless steel from
102.1 um Rz to 0.13 pm Rz after 240 min of polishing as seen in Figures 5.7(a—c)
(Yamaguchi, Fergani, and Wu 2017). Compressive residual stresses are also imparted
onto the post-processed surface of the SLM components.

Meanwhile, the high conformality does not necessary indicate that the material
removal is similar for different surface profiles as observed in MAF of 316L stainless
steels with different slope angles fabricated by SLM (Zhang, Chaudhari, and Wang

Sz:6.64 pm, Sa: 0.54 pm

(d) as-printed surface (e) Polished 30 min (f) Polished 75 min

FIGURE 5.7 Additively manufactured parts finished by MAF: (a—c) three-dimensional
surface topography of the sanded, MAF processed and MAB processed 316L surface. Reprinted
with permission from Elsevier (Yamaguchi, Fergani, and Wu 2017); (d—f) SEM images of the
as-printed, 30 min MAF processed and 75 min MAF processed 316L surface. Reprinted with
permission from Elsevier (Zhang, Chaudhari, and Wang 2019).
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2019). The surface roughness will vary significantly between different slope angles
due to the synergistic effects of the stair effect and partially bonded particles.
This variation will affect the predictability of the final surface quality from MAF.
Nevertheless, MAF is effective at eliminating most partially bonded particles and
balling defects on as-printed parts to achieve >75% improvement in surface finish as
given in Figures 5.7(d-f). MAF, however, may not be suitable for complex surfaces if
working in a linear-vibration mode. Nevertheless, a rotatory MAF may be employed
to finish freeform surfaces with planned tool paths (Sidpara and Jain 2012).

5.3.4 CAviTATION ABRASIVE FINISHING

Cavitation abrasive finishing is an abrasive finishing technique that utilizes the syn-
ergistic effect of cavitation erosion and microparticle abrasion to remove the irregu-
larities and defects on workpiece surface (Tan and Yeo 2017; Nagalingam, Yuvaraj,
and Yeo 2020; Tan and Yeo 2020). It is specifically developed to finish additively
manufactured components.

Ultrasonic cavitation abrasive finishing (UCAF) is a variation of cavitation abra-
sive finishing that employs an ultrasonic horn to encourage the cavitation effects at
high frequencies (Tan and Yeo 2017). This was developed to process Inconel 625 flat
surfaces fabricated by DMLS as given in Figures 5.8(a—c). Two material removal
modes exist — (1) cavitation bubble collapse to remove the partially bonded particles,
and (2) micro-abrasive impingement driven by the bubble collapse. A 0.1 mm
thick hardened layer can be obtained with a surface roughness of 3.8 um Ra can be
achieved after 10 min of processing. There are several factors governing the finishing
performance, which include polishing time, abrasive size, abrasive concentration,
ultrasonic amplitude, and working gap. Similar to conventional polishing processes,
the surface roughness decreases rapidly at the beginning of the UCAF process and
will saturate after a certain polishing time. In addition, small abrasive size leads to
lower surface roughness. An optimal concentration of the abrasive slurry (e.g., wt
5%) should be employed since too low concentration leads to low polishing efficiency
while too high concentration inhibits bubble generation. As the ultrasonic amplitude
increases from 6 um to 120 um, the achieved surface roughness first decreases and
then increases. A high ultrasonic amplitude may cause severe erosion and excessive
material removal, resulting in poor surface finish. As the working gap increases, the
cavitation intensity decreases. Hence, a higher working gap leads to less material
removal and poorer surface quality.

UCAF may not be suitable for complex surfaces, such as freeform surfaces and
intricate internal surfaces, because cylinder ultrasonic horn cannot conform to the
freeform surfaces and cannot access to the inner surfaces. Hydrodynamic cavitation
abrasive finishing (HCAF) can accommodate such requirements as it involves
freely suspended abrasive particles flowing through the internal surface experiencing
cavitating conditions (Nagalingam and Yeo 2018). In HCAF, cavitation erosion
and the microplowing of the abrasives smoothen the workpiece tube by removing
the partially bonded particles and the irregularities as observed on aluminum alloy
AlSi10Mg round and square tubes fabricated by DMLS (Nagalingam, Yuvaraj, and
Yeo 2020) as seen in Figure 5.8(d-i). The working mechanism of HCAF equipped
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FIGURE 5.8 AM parts finished by cavitation abrasive finishing: (a—c) the as-printed Inconel
625 block and its SEM images before and after finishing. Reprinted with permission from
Elsevier (Tan and Yeo 2017); (d—f) the as-printed AlSi10Mg round tubes and the SEM images
before and after finishing. Reprinted with permission from Elsevier (Nagalingam and Yeo
2018); (g-i) the as-printed AlSilOMg square tubes and the SEM images before and after
finishing. Reprinted with permission from Elsevier (Nagalingam, Yuvaraj, and Yeo 2020).

with a multi-jet hydrodynamic approach can finish complex Inconel 625 internal
channels with features including stepped channels and non-linear channels fabricated
by LPBF (Nagalingam and Yeo 2020). Final surface roughness of the internal
channels can reach < 1 um Ra after HCAF, which corresponds to a 60%—90% reduc-
tion in surface roughness. HCAF also shows relatively good performance for internal
finishing of tubes and channels with diameters < 5 mm and has been validated to
finish spray nozzles with multiple branches or varying diameters (Nagalingam, Lee,
and Yeo 2021). However, this method requires a complex setup, and there has not yet
been any reports on finishing channels with diameters larger than 10 mm.

5.4 CONCLUDING REMARKS

Abrasive-based finishing processes are efficient and cost-effective for improving sur-
face quality of AM parts. They can achieve nanoscale surface finish with optimal
process parameters. Novel abrasive-based finishing techniques (e.g., magnetically
driven internal finishing and hydrodynamic cavitation abrasive finishing) have been
developed to address the challenges of the geometrical complexity of the AM parts.
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These techniques can improve the surface finish of AM parts by more than 90%,
showing great potential for industrial application.
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6 Thermal-Based Finishing
Processes

6.1 DEFINITION AND WORKING PRINCIPLE

Laser polishing, also known as laser remelting, is a thermal-energy based process
often employed to achieve superior surface finish by remodeling the workpiece topog-
raphy through laser-material interactions as illustrated in Figure 6.1(a) (Bordatchev,
Hafiz, and Tutunea-Fatan 2014). During laser remelting, the laser beam only melts a
microscopic layer of material along the surface while maintaining the form accuracy
of the workpiece (Lamikiz et al. 2007). Meanwhile, the irregularities and high asper-
ities are flattened during the liquifying process. Figures 6.1(b—d) illustrate examples
of metal surfaces after laser polishing. The processed surface will look shinier and
more reflective under the appropriate polishing parameters. However, some irregular-
ities and patterns will still be observed resulting from the irradiation and the mother
surface. Details on the surface structures induced by laser polishing will be discussed
in Section 6.1.3.

Laser polishing technology has been extensively investigated on various materials
and geometries with assessments on surface finish, surface hardness, microstruc-
ture, chemical composition, and so forth. This is due to its advantageous automation
capabilities using multi-axial computer numerical control (CNC) setups and excel-
lent controllability of process parameters and “zero” tool wear (Bordatchev, Hafiz,
and Tutunea-Fatan 2014). Some examples of different applications produced by
laser polishing can be seen in Figure 6.2, including precision molds and biomedical
implants.

6.1.1  CLASSIFICATION OF LASER POLISHING

Laser polishing has two main variants: (i) laser macro-polishing and (ii) laser micro-
polishing. The former employs continuous wave (CW) laser radiation while the latter
typically uses pulsed-laser radiation (Christian Niisser et al. 2015; Bordatchev, Hafiz,
and Tutunea-Fatan 2014). In laser macro-polishing, the CW laser results in a con-
tinuous melting pool where melting and re-solidification of the material occur at
the same time. In laser micro-polishing, the pulsed-laser locally melts the micro-
asperities. These molten regions with high surface tension transit to a state of low
surface tension before re-solidification to enable the generation of a smoother surface
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FIGURE 6.1 Laser polishing process and the resultant surfaces: (a) schematic showing the
mechanism of the laser polishing process. Reprinted with permission from Elsevier (Bordatchev,
Hafiz, and Tutunea-Fatan 2014); (b—d) the surface topography after laser polishing observed by
a digital camera, an SEM and a confocal microscope. Reprinted with permission from Elsevier
(Ma, Guan, and Zhou 2017).
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FIGURE 6.2 Applications of thermal-based finishing techniques. Reprinted with permission
from Elsevier (Deng, Li, and Zheng 2020).
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TABLE 6.1

Comparison of Laser Macro-Polishing and Laser Micro-Polishing for Metals
and Alloys (Krishnan and Fang 2019; Pfefferkorn et al. 2013; Bordatchev,
Hafiz, and Tutunea-Fatan 2014)

Factors Laser macro polishing Laser micro polishing
High-power Pulsed: 20-1000 ns

Laser type continuous-wave pulse duration

Laser power (W) 30-2000 0.2-300

Process time (s/cm?) 10-200 3

Laser spot size (um) 40-1800 30-200

Suitable surface roughness (um)* 1-16 0.04-3

Achievable surface roughness (um)*  0.11-3 0.005-2

Pre-process Not specified Ground and milled

Re-melting depth (um) 20-200 0.5-5

Heat affected zone (um) 100 <10

* Evaluated by Ra or Sa

(Pfefferkorn et al. 2013). The following laser pulses will repeat the process over the
full area to be polished. A comparison between parameters of laser macro-polishing
and laser micro-polishing is given in Table 6.1.

The melt pool size and the remelting depths are larger under macro-polishing due to
the higher laser power. This will lead to deeper heat affected zones as well. However,
the deeper remelting depths benefit the processing of surfaces with high initial surface
roughness such as the as-built AM metals. In contrast, laser micro-polishing is more
suitable for processing surfaces with low roughness and further lower the roughness
to even generate optical-grade surface finishes. In both polishing methods, the appro-
priate process parameters need to be selected to achieve the superior finishing. The
following section will discuss the dominant factors.

6.1.2 Process PARAMETERS IN LASER POLISHING

Laser polishing has several main parameters consolidated in Figure 6.3 but any factor
that affects the melting and solidification processes during laser irradiation will influ-
ence the final polishing performance. The parameters comprise workpiece proper-
ties, laser subsystem parameters, and mechanical subsystem parameters (Bordatchev,
Hafiz, and Tutunea-Fatan 2014).

6.1.2.1 Workpiece Properties

The workpiece properties refer to the initial surface topography (e.g., surface
roughness, irregularities), optical properties (e.g., reflectivity), thermal properties
(e.g., conductivity, melting point, evaporation point), mechanical properties
(e.g., fracture toughness), and chemical properties (e.g., inclusions, carbon content,
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FIGURE 6.3 Dominant parameters in the laser polishing process. Reprinted with permission
from Elsevier (Bordatchev, Hafiz, and Tutunea-Fatan 2014).

microstructures). They also include the properties of the material’s liquid state — e.g.,
surface tension, viscosity, and temperature coefficient of surface tension (Mohajerani,
Bordatchev, and Tutunea-Fatan 2018).

The workpiece surface is never perfectly flat. It contains low-frequency features,
such as form and waviness, as well as high-frequency features such as the roughness
profile and extremely short-wavelength components. The waviness and surface
roughness features have a relatively similar length scale as the size of the melt pool
in laser polishing. The initial surface topography of the workpiece affects the absorp-
tivity of the laser, which influences the energy density over the laser spot (Mohajerani,
Bordatchev, and Tutunea-Fatan 2018). The length scale of the long-range waviness
is much larger than that of the melt pool. Hence, the waviness cannot be eliminated
by laser polishing and will largely determine the final surface topography (Tian et al.
2018). A general rule is that a higher initial surface roughness will result in a higher
surface roughness after laser polishing like that of the electrochemical polishing
process.

6.1.2.2 Laser Subsystem Parameters

The second group of the parameters influencing the laser polishing process comes
from the laser subsystem. These parameters consist of laser type, beam energy,
intensity distribution, beam shape/orientation, pulse duration, pulse frequency, focal
length, and offset (C. Niisser, Sandker, and Willenborg 2013; Bordatchev, Hafiz, and
Tutunea-Fatan 2014). Essential parameters, as illustrated in Figure 6.4, mainly affect
the intensity and area of energy delivered to the workpiece.

Pulse duration, also known as pulse width, is the exposure time of the laser
with an equivalent irradiation area of its full width half maximum (FWHM), as
shown in Figure 6.4(b). The laser exposure area is the same for CW lasers with
the only difference being that it provides a steady beam of irradiation. Hence, the
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pulse duration parameter is only applicable for laser micro-polishing where pulsed
lasers are employed. The pulse duration directly affects the energy density of the
laser beam. Therefore, longer pulse durations will increase the irradiation time and
result in deeper melting pools. However, the pulse duration is not the only factor that
affects the energy density. Generally, the laser beam shape/size, pulse duration, and
the intensity distribution collectively determine the energy density (ED). This energy
density is the energy radiated per surface unit and is directly dependent upon laser
power, beam spot size, and the time duration the beam is applied on a surface (Chow,
Bordatchev, and Knopf 2013) given by Equation (6.1).

P 4 P
Ep=iXt_2 6.1)
A T vaD

where P is the laser power (W), ¢ is the duration time of the laser beam, A is the area
of the laser beam (um?), D is the laser beam spot diameter (mm), and v ’ is the travel
speed (mm/min).

As illustrated in Figure 6.4(b), the focal offset distance (FOD) is the distance
between the laser spot size diameter at the focal point and the workpiece surface.
In microscope terms, it corresponds to the focal length between the objective lens
and the sample surface. FOD has great impact on the energy density. In short FOD,
the energy density is high thus ablation is the main removal mechanism. In an inter-
mediate FOD, the workpiece surface encounters remelting rather than ablation. When
the FOD is large, only heat treatment effect will occur. In addition, short and long
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FIGURE 6.4 Schematic of the laser beam parameters. (a) Cross-section energy distribution
of Gaussian and Top-Hat beams, image Courtesy of Edmund Optics, Inc. All rights reserved.
(b) optical power of pulsed laser and CW laser and (c) schematic showing the focal offset
distance Reprinted with permission from Springer Nature (Chow, Bordatchev, and Knopf 2013).
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FODs can favorably improve the surface quality while an intermediate FOD may lead
to an increase of surface roughness, when the FOD falls in the remelting stage (Chow,
Bordatchev, and Knopf 2013).

6.1.2.3 Mechanical Subsystem Parameters

The third group of parameters are from the mechanical subsystem, including the
laser movement speed or feed rate, tool path trajectory (Giorleo, Ceretti, and Giardini
2015), overlap percentage, and so forth. The scanning speed directly affects the
energy density, as referred to the travel speed in Equation 6.1. In laser polishing,
larger overlap percentage is preferred compared to conventional milling processes.
Larger overlap percentages in milling essentially reduces machining productivity due
to the repeated travel over “already-cut” surfaces. Overlapping in the laser path allows
for reheating of the previous path. However, overlapping needs to be managed as too
much overlapping may lead to overheating and surface burning (Hafiz, Bordatchev,
and Tutunea-Fatan 2012).

6.1.3 Surrace DErects IN LASER POLISHING

6.1.3.1 Laser Macro-Polishing

Surface defects after laser macro-polishing can be classified into two categories as
seen in Figure 6.5. The first group is represented by surface structures initiated from
surface ripples and undercuts that form from the dynamics of the melt and solidifica-
tion front. Ripples are usually caused by material inhomogeneity and their amplitude
has a positive correlation with the scan velocity. The undercuts appear if the
melting pool slides on the transitional surface between the melting and solidification
fronts due to capillary forces (Niisser et al. 2015). From the material aspect,
the high heat conductivity will make the transitional surface between the melting

(b) Undercuts

FIGURE 6.5 Typical surface defects during laser macro polishing. Reprinted with permission
from Elsevier (Christian Niisser et al. 2015).
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and solidification fronts more perpendicular thus weaken the undercut. Similar to the
ripples, a higher scan velocity amplifies the height of undercuts. The remelting pro-
cess in laser polishing accompanies plastic deformation from the material expansion
and contract due to the thermal activities.

The second group represents the plastic deformation and microstructure changes
such as bulges, step structures, and martensite needles (in case of tool steels). Plastic
deformation from thermal activities will lead to the formation of steps due to grain
deformation (Kiedrowski 2009). These steps generally generate at the grain bound-
aries with heights typically < 5 um. Higher numbers of processing passes and shorter
track offsets will enlarge the height of the steps. Therefore, material properties
affecting thermal responses such as the elastic modulus and coefficient of expan-
sion will play important roles in the formation of bulges and steps. Considering the
high cooling rates in the solidification process, martensitic microstructures form after
laser polishing of tool steels. These formations will introduce micro-roughness to
the polished surface. Decarburization will be necessary to eliminate the formation of
martensitic microstructures on the surface layer.

6.1.3.2 Laser Micro-Polishing

Surface defects from laser micro-polishing consist of undercuts, micro-waviness,
border-bulging, holes, step structures, and micro structures, as summarized in
Figure 6.6 (Christian Niisser et al. 2015). The first three defects are induced by the
laser polishing process while the latter defects are induced by the work material prop-
erties. Undercuts in laser micro-polishing form when the melt pool is shallow due to
the low laser fluence, with typical depths of 0.3—-0.5 um and widths ranging 10-30 pm.

The micro-waviness is caused by the local inhomogeneous vapor pressure above
the melting pool, which results from the local errors of laser intensity distribution and
uneven material properties on workpiece surface. This waviness occurs in the scale

(a) Undercuts (b) Micro waviness Border-bulging
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FIGURE 6.6 Typical surface defects in laser micro polishing. Reprinted with permission
from Elsevier (Christian Niisser et al. 2015).
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of approximately 0.3 um. If the laser fluence is set too high, evaporation may occur
and lead to even larger micro-waviness. Additionally, evaporation may allow molten
material to move from center to the edge and form border-bulges that grow up to sev-
eral micrometers in height. Holes may be generated with the presence of sulfidic and
oxidic inclusions on the workpiece surface as heat will accumulate in these regions
and explosion-like evaporation occurs resulting in hole formation.

The holes have diameters ranging 20—100 pm and depths of 5-15 um (Liebing
2010). Enhanced homogeneity of the work material will eliminate the occurrence
of these holes. An alternative solution is to prepare the part with CW laser radiation
to uniformly redistribute the iron content on the surface (Willenborg, Berichter, and
Klocke 2005). The process to form step structures in laser micro-polishing follows
that in laser macro-polishing.

The microstructures can also be found in laser micro-polishing of X38CrMoV5-
11 when a low fluence is used. The composition of the microstructures is carbidic
inclusions with melting points that are higher than the bulk material. Employing
high fluence to melt these inclusions can eliminate the formation of these
microstructures.

Since the workpiece properties such as melting temperature, absorption rate, heat
conductivity, heat capacity, and surface tension greatly affect the performance of laser
polishing, the process may also be reviewed by material categories.

6.2 LASER POLISHING OF AM METALLIC PARTS

6.2.1 CHALLENGES

Although laser polishing has shown favorable and satisfying progress on conven-
tionally manufactured materials and components, there are several critical challenges
that remain when employed for AM parts. These challenges come from the com-
plexity of material properties, surface roughness, and complex geometries. Material
properties include microstructure, porosity, mechanical, optical, thermal properties
(Yung et al. 2019). High surface roughness is contributed by stair effects, rippling
effects, partially bonded particles, and printing strategies (Zhang, Chaudhari, and
Wang 2019). Lastly, the intricacies of part geometries include re-entrant surfaces,
internal channels, internal facets (Rosa, Mognol, and Hascoét 2015; Deng, Li, and
Zheng 2020). Both academic and industry partners have been pushing for innovations
to apply laser polishing for AM parts over the past few decades.

The interaction between the laser and workpiece greatly depends on the
thermophysical properties of the work materials, which can significantly vary
(Bordatchev, Hafiz, and Tutunea-Fatan 2014). Thus, laser polishing is often described
as a material-dependent finishing process. The most “laser polishable” metals are tool
steel, nickel, titanium, and their alloys (e.g., Inconel 718 and Ti6Al4V). Classification
of materials that can be more easily laser polished depends on the energy transfer
efficiency from the laser to the specific work material without significant energy loss
(Bordatchev, Hafiz, and Tutunea-Fatan 2014). The following section will discuss the
effectiveness of laser polishing for different metals fabricated by AM and the progress
on laser polishing of complex AM structures.
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6.2.2  SteeL (STAINLESS STEEL AND TOOL STEEL)

Stainless steel and tool steel are difficult-to-machine materials in mechanical polishing
processes (Ukar et al. 2010). However, they are regarded as materials that can be
easily handled under laser irradiation. Tool steels are the most investigated steels in
laser polishing studies due to their wide application for injection mold and die-casting
components. Similarly, investigations on stainless steels and tool steels fabricated by
AM have also been hotly studied under laser polishing, as summarized in Table 6.2.

As-printed AM parts have rough surfaces measuring up to tens of micrometers in
surface roughness. Therefore, laser macro-polishing is usually employed as the main
post-processing procedure to greatly improve the surface finish to several micrometers.
Further post-processing will be required if the final surface roughness < 0.1 um is
desired. It is important to note that inappropriate selection of laser parameters can
result in surfaces that are rougher than the initial as-built surfaces (Bhaduri et al.
2017). Moreover, a heat-affected zone measuring up to a hundred micrometers typic-
ally forms after laser polishing.

6.2.3 TiTaNIUM AND ITS ALLOYS

Titanium and its alloys are widely employed in aerospace, medical, and nuclear indus-
tries due to their high strength-weight ratio in elevated temperatures and outstanding
corrosion resistance (Yang and Liu 1999). They are regarded as difficult-to-cut materials
due to their low thermal conductivity and high chemical affinity with the cutting tool
(Yang and Liu 1999). In this regard, the “zero tool wear” characteristic of laser polishing
is a promising alternative to improve the surface finish of titanium alloys. Table 6.3
consolidates recent research on laser polishing of AM titanium alloys and classifies the
material as easy to laser polish. Most literature investigated the Ti6Al4V parts. And the
geometry of the parts is generally flat. Most studies show that the surface finish can
be improved by more than 60% after laser polishing. An example of the most studied
titanium alloy in this aspect is the reduction in surface roughness of Ti6Al4V from 6.53
um Ra to 0.32 um Ra (Li et al. 2019).

Surface porosity could also be significantly reduced (Liang et al. 2020). However,
laser polishing of the titanium alloy may form o’ martensitic phase, which increases
the surface microhardness (Ma, Guan, and Zhou 2017; Li et al. 2019). Yet, there
have been reports that no o’ martensitic phase can be found after laser polishing
(Marimuthu et al. 2015). High energy density can lead to undesirable surface oxida-
tion and carbonization (Marimuthu et al. 2015), but the high energy density is also
preferable for better surface finish (Zhang et al. 2020). Thus, the final application of
the part will determine the desirable process parameters.

6.2.4 OTHER ALLoys (INconeL, COCR, AL)

Cobalt Chromium (CoCr), Inconel, and Al alloys have important applications in the
medical and aerospace industries. Similar to the other metals discussed, the as-printed
materials show high surface roughness and require post-finishing. Laser polishing
of these AM alloys is summarized in Table 6.4. In all cases, laser polishing can



TABLE 6.2

Summary of Laser Polishing on Stainless Steel and Tool Steel Fabricated by AM

Workpiece Range of Process Best Surface Prerequisites for
Ref. Laser System Material Parameters Tested Quality Results Best Results Remarks
(Poprawe Q-switched mode of SLM steel * Pulse duration: * Rainitial = * Not explicitly
and Schulz slab laser (max. (stainless steel 15 ns* 2.7 ym stated.
2003) 700 W) 316 L or tool * Rafinal =0.2 ym
steel H11) * 92.7% decrease
(Marinescu,  CO, laser LaserForm e Power: 1.2 kW * R, u=751um ¢ Standoff Higher energy
Ghiculescu, (max. 2500 W) ST-100 steel e Feedrate: 1 -1.4 * R ,.=0574um distance: density due
and Anger (stainless steel) m/min * 92.4% decrease 1.2 m/min to lower
2008) e Standoff absorption of
distance: 22 mm stainless steel
component.
(Lamikiz CO, slab laser LaserForm ST- Line polishing Line polishing Line polishing * NOT explicitly
et al. 2007) (max. 2500 W, 100 / AISI ¢ Power: 550 — i = /- um ¢ Power: 900 W stated; **
wavelength: 420 (bronze 1200 W * R ,.~077um* e Feedrate: “below 1 pm
1060 nm) infiltrated ¢ Feed rate: 800 — e 89.7% decrease 1000 mm/min most areas”
stainless steel) 2000 mm/min Planar area ¢ Focal offset: *#*% between 1.25
¢ Focal offset: polishing 35 mm and 2.5 ym.
20 - 40 mm * R, u=NA e Spot diameter:
¢ Spot diameter: * R, <2.5pum** 1.2 mm
0.54 - 1.3 mm * 68.2% decrease ¢ Energy density:
¢ Energy density: 3D area polishing 4500 J/cm?
1935 — 16666 J/cm? * R, iw=NA
* R . =N/A**E

e 74.2% decrease

9C1
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(Yasa,
Deckers,
and Kruth
2011)

(Ramos et al.

2001)

Nd:YAG CW
laser (max.

100 W wavelength:

1064 nm)

CO, laser

AISI 316L

(stainless steel)

LaserForm ST-
100 / AISI
420 (bronze
infiltrated
stainless steel)

Planar area polishing

¢ Spot diameter:
0.8 -1.2mm

e Stepover: 0.7 —
1.5 mm

* Opverlapping
index: 15-30%

¢ Power: 1100 W

¢ Feed rate: 1100
mm/min

3D area polishing
* Slope angles:

15°, 30°, 45°
¢ Spot diameter: * R, ,=15um
53 -133 um * R ,.,=15um
* Feed rate: 50 — * 90% decrease
800 mm/s
e Scan spacing
factor: 0.1
e Power: 60 — 100 W
e Power: 220-420W ¢ R .. =238 um
e Spot size: * R, . =082pum
350 £ 50 um * 65.5% decrease
e Feedrate: 1.8 —4.5
mm/s

Planar area
e Overlapping
index: 25%

3D area polishing

e Same settings

¢ Feed rate:
200 mm/s
¢ Power: 98 W

e Power: 420 W
¢ Feed rate:
4.5 mm/s

Melting of

materials with
dissimilar
melting points
requires
increased
energy
densities®
reduced LP
performance

Best performance

for medium

Laser power and

low feed rate

An optimal

feed rate is a
prerequisite for
polishing

(continued)

$9s5920.14 Suiysiui4 paseg-jeway |

LT



TABLE 6.2 (Continued)

Summary of Laser Polishing on Stainless Steel and Tool Steel Fabricated by AM

Range of Process Best Surface

Prerequisites for

Ref. Laser System Parameters Tested Quality Results Best Results Remarks
Nd:YAG laser LaserForm ST- * Power: 220 W * R, ...=90um < Feedrate: Slightly better
e Spot size: * R ,=30um 1.46 mm/s results
250 = 50 um * 66.7% decrease obtained at
* Feed rate: 1.46 — 1.7 mm/s
stainless steel) 1.76 mm/s (R, =24
pm)

(Ramos, CO,/Nd:YAG laser LaserForm ST- e Power: 320 W * R, .n=298um ¢ Feedrate: 177 R, . and energy
Bourell, e Feed rate: 101.3 — * R . =2.05um* mm/s density are
and 692.7 mm/s e 31.2% decrease important
Beaman * Not explicitly
2003) stainless steel) stated

(Bhaduri et al. 'Yb-doped fiber e Power: 37.2 W i = 3-8 um e Fluence: 9 J/em*  Heat-affect zone
2017) nanosecond (ns) Metal® SS316L. « Pulse duration: 220ns S =0.23um e« Overlap: 88 — around 100 um

laser (Max. 50 W, Size: 10 x 10 x e Fluence: 5 -9 J/cm? 949% decrease 91% Ra will increase

wavelength: 1064 nm)

10 mm artifact

e Overlap: 82 -95%

¢ Pulse frequency: 30
000 — 50 000 Hz

* Spot size: 59 um

* Hatching
pitch: 3 — 11 pm

e Scanning speed: 900 —
5500 mm/s

if using 20 J/
cm? in air

8¢ClL
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(Yung et al.
2019)

CW laser (a low-power
SPI fiber laser system
with max. 100 W and
a high-power IPG fiber
laser system with max.
1000 W)

Concept Laser
M2 maraging
tool steel (Flat
and free form)

Laser macro
polishing (cw)

e Power: 100 — 300 W

e Scanning speed: 254 —
1207 mm/s

* Hatching
pitch: 64 — 508 um

e Spot size: 3000 + 50
um

Laser micro polishing

(pulse)
¢ Power: 15 - 100 W

* Scanning
speed: 1000 — 3000
mm/s

e Hatching
pitch: 2 — 16 um

* Spot size: 2500 + 50
um

a initial =12 um
a final =0.74 um

¢ 94% decrease

* R, =12 um
* R =467um

* 61% decrease

Coarse (200 W, For freeform
507 mm/s, 127 surface:

um hatching)and ¢ R .. =501
delicate (100 W, um

1016 mm/s, 508 « R . =0.44
um hatching) um

polishing are * 91% decrease
combined

Energy density

are 3.1 and 0.2 J/
cm?, respectively

Coarse (40 W,
1500 mm/s, 8
um hatching)
and delicate (25
W, 2000 mm/s,
50 um hatching)
polishing are
combined
Energy density
are 3.3 and 0.3 J/
cm?, respectively

Surface hardness
increased by
14.6%

(continued)
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TABLE 6.2 (Continued)
Summary of Laser Polishing on Stainless Steel and Tool Steel Fabricated by AM

Workpiece Range of Process Best Surface Prerequisites for
Ref. Laser System Material Parameters Tested Quality Results Best Results Remarks
(Muhannad CO, laser (max. 1500 W) SLM 316L SS e Power: 90 - 130 W * R, u=104um ¢ Scanning * Converted from
A. Obeidi * Scanning speed*: 628 — ¢ R . =2.7 um speed*: 628 mm/ workpiece
et al. 2019) 2512 mm/min * 74% decrease min rotation speed

(Braun et al.
2019)

(Rosa,
Mognol,
and
Hascoét
2015)

Solid State Laser (max.
4000 W)

CW fiber laser
(max. 800 W and
wavelength: 1070 nm)

SLM 316L SS

Size: 60 x40 x
30 mm artifact

DED 316L SS
flat surface

e Overlap: -20 - 20%
 Focus offset: -
0.5-0.5 mm
* Hatching
pitch: 2 — 16 pym
Spot size: 2500 £ 50 um
* Power: 150 — 300 W
* Spot size: 870 ym
e Hatching pitch: 50 —
200 um

* Power: 210 W

* Scanning speed:
3000 mm/min

* Overlap: 60%

* Focus offset: 0 mm

* Spot size: 800 um

* R =09 -
11.8 um
° Ra final = 054 l.lm

e 929% decrease

iniiat = 21 UM
* R ,.=079um
¢ 96% decrease

* Overlap: 20%
¢ Focus offset:
0 mm

e Power: 350 W

» Hatching
pitch: 50 um

e Feed rate:
200 mm/s

e Fluence: 35 J/
mm?

* Arearate: 6 cm?/
min

A robot was used
to provide the
motion

Use the same
laser as the
printing
process

* 5 polishing
passes

(119}
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(Alrbaey et al. Fiber laser (max. 400 W)

2014)

(D. Zhang
et al. 2020)

CW fiber laser

(max. 400 W,
wavelength: 1060 nm)

DED 316L SS
thin-wall part

SLM 316L SS

Size: 30 x10
X 4 mm flat
samples

SLM 316L SS
Size: 30 x10 x
4 mm with
inclined angles

SLM 316L SS
Size: 40 x 40 x
5 mm flat

Power: 100 W
Scanning

speed: 3000 mm/min
Overlap: 60%

Focus offset: 0 — 7mm
Spot size: 800 um
Power: 160,

180, 200 W
Scanning speed: 400,
500, 600 mm/min
Hatching pitch: 400,
500, 600 um
Standoff distance:
128 mm

Spot size: ~1 mm

Power: 180 W
Scanning

speed: 500 mm/min
Hatching

pitch: 400 um
Standoff

distance: 128 mm
Spot size: ~1 mm

Laser

power: 100 — 400 W
Feed rate: 500— 1000
mm/s

Hatching

distance: 80 um
Spot size: 100 um

* R =14 um

a initial

=539 um

afinal —

61% decrease

a initial = 10 um
afinal 1.3 pm

87% decrease

a initial = 8 -
16 um
afinal — L5 pm

80-90% decrease

Sa initial =
14.59 pm

Sa final =
3.91 ym

73% decrease

5 polishing
passes

Focus offset
varies according
to the workpiece
profile

Power: 178 W
Scanning
speed: 400 mm/
min

Hatching

pitch: 400 um

Same as before

Laser power:
400 W

Feed rate:
500 mm/s

Main goal to
eliminate
geometrical
deviation but
not roughness

NA

Best Ra obtained
at 0° sample
(Ra final — 1.43
um) and worst
at 60° sample
R, g = 1.55

pm)
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TABLE 6.3

Summary of Laser Polishing on AM Ti Alloy

Workpiece Range of Process Best Surface Prerequisites for
Ref. Laser System Material Parameters Tested Quality Results Best Results Remarks
(Yasa, Yb:YAG CW fiber laser SLM Ti6Al4V e Spot diameter: it = 15 UM * Feed rate: Best performance for
Deckers, (max. 300 W, 50 um * R .,=29um 640 mm/s high power and
and wavelength: * Feed rate: 20 — e 80.7% decrease  * Power: 256 w medium feed rate
Kruth 1085 nm) 1280 mm/s * not explicitly stated
2011) e Power: 16 — 256 W
e Power density:
1.3x10° -2.72x107
w/cm?*
(Marimuthu CW fiber laser (max. SLM Ti6Al4V ¢ Standoff ¢ Rainitial = ¢ Feed rate: No alpha case
et al. 200 W, wavelength: Size: 40 x 10 x distance: 5 mm 10.2 pm 750 mm/s formation
2015) 1070 — 1090 nm) 5 mm e Spotsize: 500 um ¢ Rafinal=2.4pum < Power: 160 w No thermal cracking
Line polishine: * 76% decrease . Hatching Higher.energy ‘
-I0€ POLSAINg. distance: density results in
e Power: 50 — 200 W S
0.35 mm surface oxidation

¢ Feed rate: 200 —
2400 mm/min

Area polishing:
¢ Power: 150 - 180 W

¢ Feed rate: 500 —
1000 mm/min

e Hatching
distance: 0.3 —
0.55 mm

and carbonization

el
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(Ma, Guan,
and Zhou
2017)

(Li et al.
2019)

Ns pulsed fiber laser
(wavelength:
1060 nm)

CW fiber laser
(wavelength:
1060 nm)

AM
Ti6AI4V (TC4)
flat

AM Ti-6.5Al-
3.5Mo-1.5Zr-
0.3Si (TC11)
flat

SLM Ti6Al4V

Pulse duration:
220 ns
Repetition

rate: 500 khz
Spot size: 44 um
Scanning

speed: 200 mm/s
Energy density:
1.2 x 107

w/cm?

Overlap: 50%

Laser power: 70 —
100 W

Feed rate: 50 —
250 mm/s
Overlap: 10%

Ra initial =
5.23 um

Ra final =
0.38 um*
92% decrease

Ra initial =
7.21 um

Ra final =
0.73 um*
89% decrease

Ra initial =
6.53 um

Ra final =
0.32 um

95% decrease

e Previous
parameters
already
optimized

¢ Feed rate:
150 mm/s
¢ Power: 90 W

* Wire-EDMed
before laser
polishing

A’ martensitic
formed leading
to 32% increase
in surface micro
hardness

Remelting depth
around 170 pm

* Wire-EDMed
before laser
polishing

o’ martensitic formed
leading to 42%
increase in surface
micro hardness

remelting depth
around 90 um

Surface
microhardness
increased 25%
after laser
polishing

New o’ martensitic
phase formed

HAZ up to 160 um

(continued)
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TABLE 6.3 (Continued)
Summary of Laser Polishing on AM Ti Alloy

Workpiece Range of Process Best Surface Prerequisites for

Ref. Laser System Material Parameters Tested Quality Results Best Results Remarks

(Liang et al. Ns pulsed fiber laser SLM Ti6Al4V e Spotsize: 150 yum ¢ Rainitial = e Energy density:  Porosity decreased
2020) (wavelength: 1064 nm) ¢ Pulse duration: 10.2 ym 1.703 x 10° W/ from 0.68% to

270 nm e Rafinal =2.1 um cm? 0.02% after laser
* Repetition * 79% decrease polishing

rate: 50 kHz HAZ around 120 um
» overlap: 50%
* Feed rate: 3750

mm/s
¢ Energy density:

0.853 x 10° W/

cm? —2.503 x 10°

W/em?

(D.Zhang  CW fiber laser SLM Ti6Al4V e Laser power: e Sainitial = e Laser power: Under the selected
et al. (max. 400 W, Size: 40 x 40 x 100 — 400 W 8.8 um 400 W parameters, the
2020) wavelength: 1060 nm) 5 mm flat * Feed rate: 500- e Safinal = » Feed rate: higher the energy

1000 mm/s 3.32 um 500 mm/s density, the larger

Hatching distance:

120 pm
Spot size: 100 pm

* 62% decrease

the improvement of
the surface finish

veL
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(Tian et al.  Fiber laser EBM Ti6Al4V
2018) (wavelength: 1070 nm) Size: 30 x 70 x
50 mm flat

(Muhannad  CO, laser (max. 1.5 kW) SLM Ti6Al4V

Ahmed Size: 50 x 10 x
Obeidi 2 mm flat

et al.

2022)

Laser power:

100 W

Spot size: 400 pm
Feed rate: 300 mm/
min

Hatching distance:
30 ym

Laser power: 45 —
107 W

Scanning speed:
4500 mm/s

Spot size: 200 pm
Overlap: 25 - 75%

Sa initial =
21.46 um

Sa final =5.5 um
75% decrease

Sa initial =
17.15 pm

Sa final =
3.31 ym

81% decrease

¢ Previous
parameters
already optimized

* Laser
power: 70 W
e Scanning
speed: 4500 mm/s

If measured by

inferometer
within 0.65 mmx
0.86 mm, the
surface roughness
Sais 1.65 um

Surface hardness

increased by 7% in
a depth of 100 to
150 um from the
sample surface
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TABLE 6.4

Summary of Laser Polishing on Other AM Alloys (Inconel, CoCr, Al)

Workpiece Range of Process Best Surface  Prerequisites for Best
Ref. Laser System Material Parameters Tested Quality Results Results Remarks
(Dadbakhsh, CO, laser LMD Inconel ¢ Power: 268-532 W * R ™ * Power: 500 W * Not
Hao, and  (max. 1.8 kW HQ CO,) 718 (Ni-Cr e Feed rate: 9.85 um* * Feed: 800 — 850 mm/ explicitly stated
Kong alloy) 737-1263 mm/min * R ,.,~2um min Energy density
2010) * Spot size: * 80% decrease * Spot size: 0.7 mm and power are
0.5-1.1 mm * Power density: 1.3-10°  critical for R
W/em?#* ** Not explicitly
stated
(Witkin CW laser (max. 200 W SLM Inconel e Power: 5-10 W As received: * Power: 5-10 W Microstructure
et al. wavelength: 1064 nm) 625 e Scanning * R in™ * Scanning remains
2016) speed: 240 mm/min 10.04 um speed: 240 mm/min unchanged after
e Hatching * R L= * Hatching laser polishing
space: 0.01 mm 6.51 pm space: 0.01 mm
e Spot size: 0.03 mm * 35% decrease * Spot size: 0.03 mm
Milled:
a initial ~
1.47 um
* a final ~
0.79 pm
* 46% decrease
(Yung et al.  Pulsed fiber laser SLM CoCr alloy e« Power: * R, in™ * Power: 70 W The surface
2018) (max. 70 W Slant, convex 30-70 W 4.51 pm e Scanning hardness of the
wavelength: 1064 nm) and concave ¢ Scanning speed: * R ju™ speed: 300 mm/min laser polished
surfaces 15-300 mm/min 0.28 pm * Hatching samples was

Hatching space: 0.02—
0.05 mm

¢ 93% decrease

space: 0.03 mm

enhanced by
8%

9¢€1
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(Richter
et al.
2019)

(Schanz
et al.
2016)

CW fiber laser
(max. 200 W

SLM Co-Cr-
Mo alloy

wavelength: 1070 nm) Size: 20.5 x 9.4

Solid state disk laser
(max. 4 kW)

X 3.4 mm

SLM AlSil0Mg
Size: 100 x 30 x
2 mm

Spot size: 0.05 mm
Defocusing
distance: 6 mm

Power: 53-200 W
Scanning speed: 200—
300 mm/min

Hatching space: 0

Spot size: 0.1-0.15 mm
Power: 1700 W
Scanning

speed: 40 mm/min
Overlap: 93%

Spot size: 1 mm

a initial &
20.19 um
a final &
6.51 um
68% decrease
a initial
~ 8.7 um
Ra final ~
0.66 pm
92% decrease

Power: 200 W
Scanning

speed: 200 mm/min
Spot size: 0.15 mm

Power: 1700 W
Scanning

speed: 40 mm/min
Overlap: 93%
Spot size: 1 mm

Single-track
polishing and
no hatching

NA
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efficiently reduce the surface roughness of these alloys for both flat surfaces and
complex surfaces. For example, the surface roughness of CoCr fabricated by SLM
can be reduced to 0.28 um Ra and surface hardness is slightly increased (Yung et al.
2018). Surface roughness of 0.79 um Ra can be obtained on Inconel 625 fabricated
by SLM through milling followed by laser polishing (Witkin et al. 2016). However,
the pre-milling process will increase extra cost and labor.

6.3 CONCLUDING REMARKS

This chapter discussed the most employed thermal-based finishing method — laser
polishing. Dominant process parameters and common surface defects of laser
polishing were covered along with the consolidation of literature on laser polishing of
various AM metals These include steels, titanium, Inconel, CoCr, Al, and their alloys.

Through these studies, laser macro-polishing is deemed suitable for as-printed
surfaces and can achieve final surface measuring sub-micrometers. On the other hand,
laser micro-polishing is more suitable as a secondary or fine finishing of AM metals
where nanoscale surface finishing may be obtained with the optimal parameters.

With the integration of multi-axial CNC capabilities, laser polishing would
be able to polish the complex geometries of AM components such as inclined
(Lamikiz et al. 2007; Yung et al. 2018; Alrbaey et al. 2014), cylinder (Muhannad
A. Obeidi et al. 2019), concave (Yung et al. 2018), convex (Yung et al. 2018),
freeform surfaces (Yung et al. 2019; Braun et al. 2019), and thin wall parts (Rosa,
Mognol, and Hascoét 2015). However, common internal features in AM — such as
internal channels, lattice structures, and internal facets — pose significant challenges
for laser polishing. Additionally, thin-walled parts that have wide application in
the aerospace industry may be affected by laser polishing where the applied heat
to the workpiece may lead to thermal distortion of the thin-walled parts (Rosa,
Mognol, and Hascoét 2015). Nonetheless, laser polishing is an effect post-process
for additive manufacturing to greatly reduce surface roughness without incurring
any tool wear.
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7 Chemical-based
Finishing Processes

7.1 DEFINITION AND CLASSIFICATION
7.1.1 CHemicaL ErcHING (CE)

Chemical etching is a cost-effective finishing method that has been widely utilized
in many industries (Han and Fang 1998). Also known as chemical polishing, it is
a surface treatment aimed at improving the surface finish of a part. Generally, the
workpiece will be submerged in a specially designed chemical solution over time.
The material removal mechanism is illustrated in Figure 7.1 (Basha et al. 2022;
Ishizawa et al. 2008). Material on the surface will dissolve into metal ions that
diffuse into the solution. Metal ions diffuse faster at convex regions such as peaks
of asperities due to the high density of cations (H*). Hence, material dissolves
faster from asperities. On the other hand, dissolved metal ions accumulate in con-
cave regions and the density of the cations (H") is relatively lower, which leads to
slower dissolution of the metals (i.e., lower material removal rates) in the concave
regions.

7.1.2  ELectrROCHEMICAL PoLisHING (ECP)

Electrochemical polishing (ECP), or electrolytic polishing (EP), is a chemical
finishing process that gradually removes material by anodic dissolution as presented
in Figure 7.2(a). The workpiece will assume the role of an anode immersed in an
electrolyte and connected to a power supply, while the tool as the cathode will be
positioned at a controlled distance from the anode otherwise known as the inter-
electrode gap. A sequence of chemical reactions will occur as the voltage increases,
beginning with etching followed by passivating, polishing, and, finally, gas evolu-
tion — as illustrated in Figure 7.2(b). Like CE, ions from high asperities of the anode
will dissolve quicker than the valleys during ECP, which enables smoothening of the
workpiece surface.

The material removal mechanism of ECP involves the viscous layer theory (Landolt
1987), passive film theory (Hoar and Mowat 1950), mass transport theory (West et al.
1992; Matlosz, Magaino, and Landolt 1994), and enhanced oxidation-dissolution
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FIGURE 7.1 (a) Workflow of chemical polishing and (b) material removal mechanism.
Reprinted with permission from Elsevier (Basha et al. 2022; Ishizawa et al. 2008).

theory (Rokicki and Hryniewicz 2012). However, the intrinsic material removal
mechanism of ECP remains unclear (Han and Fang 2019; Yi et al. 2020).

ECP is suitable for finishing parts with complex geometries such as sharp corners
that can be accessed by the liquid electrolyte. The main process parameters include
electrolyte temperature, electrolyte composition, polishing time, initial surface
roughness, electrode rotation speed, inter-electrode gap, microstructure of workpiece,
and current density. A detailed description of these process parameters can be found
in Han and Fang 2019.

7.1.3 HyBRID ELECTROCHEMICAL POLISHING

Hybrid electrochemical polishing refers to the simultaneous action of electrochem-
ical material removal and another removal mechanism. They include chemical
mechanical polishing, dry electrolytic polishing, and electrochemical mechanical
polishing. The goals are to increase the polishing efficiency and achieve better sur-
face finish. Chemical mechanical polishing, also known as chemical mechanical
planarization (CMP), employs a rotational polishing pad to improve the surface
finish and flatness using a mixture of fine abrasive particles and corrosive chemical
slurry. It is widely applied in wafer production and metallographic sample prep-
aration. Dry electrolytic polishing refers to the electrochemical polishing process
without liquid electrolyte (GPAINNOVA 2020). In this polishing process, porous
particles holding chemicals are employed as the polishing media. The workpiece
moves inside the polishing media to ensure its entire surface is polished while pro-
viding adequate abrasion for mechanical removal. Electrochemical mechanical
polishing also integrates the mechanical removal mechanism and it can be applied
for both flat surfaces and curved surfaces. Both free abrasives and bonded abrasives
can be used. Detailed examples of the hybrid electrochemical polishing processes
are discussed in Section 7.4.
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FIGURE 7.2 Schematics of electrochemical polishing and the voltage-current curve: (a)
schematic setup showing the electrolyte, cathode, workpiece (anode), and ions; (b) voltage-
current curve showing various stages in electrochemical polishing, i.e., etching, passivating,
limiting current plateau and gas evolution.

7.2 CHEMICAL ETCHING OF AM PARTS

Studies on chemical polishing of AM metals (mostly Ti6Al4V by SLM) are
summarized in Table 7.1. HF and HNO, are typical electrolytes used for CE. The
concentration of the electrolyte also plays a critical role in the chemical reactions.
Low concentration of HF will have insignificant impact on the surface finish (Pyka
et al. 2012) regardless of the heat applied to the electrolyte. High HF concentration
may lead to the formation of oxide layers after polishing. Recommended electrolyte
concentrations in a mix of the two acids are approximately 10 vol.% HNO, and 10 vol.
% HF (Balyakin, Shvetcov, and Zhuchenko 2018). However, a solution comprising



TABLE 7.1
Summary of Chemical Polishing on AM Materials

Workpiece Range of Process Best Surface Prerequisites

Ref. Material Electrolyte solution Parameters Tested  Quality Results  for Best Results Remarks

(Lyczkowska SLM Ti6Al7Nb Bath No. 1:80 vol.% ¢ Temperature: * R, .. =not  Polishing A magnetic stirrer is
etal. 2014) Size: cylinder lattice H,0, 6 vol.% HF not specified specified time: 600 s better to control the

with a 6.2-mm and 14 vol.% * Polishing time: * R . =not e Bath No. 2 solution flow than the
diameter and a HNO, 60 —900 s specified ultrasonic stirrer

6.0 mm height. Bath No. 2:99 vol.% « Stirring speed:

Strut thickness H,O and 1 vol.% not specified

0.25 mm HF

(Pyka et al. SLM Ti6Al4V HF . Temperature; ° @ initial — 7 um e 10 min NA

2012) Size: cylinder lattice not specified * R, . =6um
with a 6-mm * Polishing e 14% decrease
diameter and a time: 10 min
12-mm height. * Stirring speed:

Strut thickness not specified
0.1 mm e HF (v%): 1%

(Balyakin, SLM Ti6Al4V HF + HNO, * Temperature: 25°C ¢ R, e HNO, (v%):  HNO, accelerates etching,
Shvetcov,  Size: 35 mm x  Polishing time: i = 3-99 um 10% eliminates hydrogen
and 10 mm x 2 mm 5 — 15 min * R = 1.69 um ¢ HF (v%): 10%  gas production, and
Zhuchenko flat samples e Stirring speed: not ¢ 58% decrease  * Polishing produces a smoother
2018) specified time: surface.

* HNO, 5 min Higher HF
(v%): 3% — 20% concentrations result
e HF (v%): in the generation of
3% — 10% titanium oxide on the

surface;
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(Bezuidenhout SLM Ti6Al4V
et al. 2020) Size: dog bone
test specimen
with 7.03-mm
diameter and
92-mm length.

(Soro et al. SLM Ti6Al4V
2020) Size: TPMS cylinder
with a 10-mm
diameter and
10-mm length
(Tyagi et al. SLM 316L SS
2019) Size: complex

artifacts with
both internal and
external features

HF + HNO,

HF + HNO,

DS-9-314 solution
(10-30% H,PO,,
1-10% HCI, 1-
10% HNO,, and 1-
10% surfactants)

Temperature:
25°C
Polishing

time: 60 min
Stirring

speed: 400 rpm
HNO,: 3.17M
HF:1-4M
Temperature:
25°C
Polishing

time: 60 min
Stirring speed:
120 rpm
HNO,: 3.3%
HF: 11.1%
Temperature:
75+2°C
Polishing time: 3
0-90 min

Stirring speed: not

specified

ainitial ~

10.93 pm
R = 0.90 pm
92% decrease

=72 um
el = 47 pm
35% decrease

q initial

a initial =
13.88 um
S . =522um

62% decrease

HF: 4 M Specimens polished in
2 M solutions
exhibited better fatigue

performance

Same as stated NA

Temperature: ~ The as-printed surface
not specified was sandblasted
Polishing before CP

time: 45 min  Both external and
Stirring internal surfaces were
speed: not efficiently polished
specified

(continued)
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TABLE 7.1 (Continued)
Summary of Chemical Polishing on AM Materials

Workpiece Range of Process Best Surface Prerequisites
Ref. Material Electrolyte solution Parameters Tested  Quality Results  for Best Results Remarks
(Hooreweder SLM CoCr HCl+H,0, e Temperature: not it = S M@ HCl1 (v%): The quasi-static and
etal. 2017) Size: cylinder lattice specified * R = 5.5 um 27% fatigue performance
with a 6-mm * Polishing time: e 31% decrease ¢ H,0, (v%): retained after etching
diameter and an 4 min 8%

8-mm length

(Scherillo SLM AlSi10Mg Step 1: HNO, + HF

2019) Size: 20 mm x Step 2: H,0 + H,PO,
20 mm square +H,SO, + HNO,
+ HF + CuSO,

e Stirring speed: not
specified

e HCI (v%):
20% — 30%

* HO, v%): 0% —
10%

* Temperature: 85 °C

¢ Polishing
time: 75 min

 Stirring speed: not
specified

* HNO, (v%): not
specified

e HF (v%): not
specified

° Sq initial = 24 },lm

q final = 10 I"lm
¢ 58% decrease

e Same as stated Two steps, i.e., chemical
machining and
chemical brightening

8vl
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three acids is also effective such as HBPO » HCI, and HNO3 for 316L stainless steel
(SS) as-printed by SLM. Under optimal conditions, the surface roughness can be
reduced to as low as 0.9 pym Ra (Bezuidenhout et al. 2020). In general, the surface
roughness of chemically etched metal surfaces reaches approximately 5 pm Sa from
as-printed surfaces with roughness of approximately 13 pm Sa (Tyagi et al. 2019).
Chemical polishing can also be used to polish internal surfaces of the AM part.
Fatigue life of the polished parts was also reported since AM components usually
have a low fatigue limit due to various surface defects. The chemically etched parts
generally show better fatigue life because there are fewer surface crack initiations.

A mixture of HCI and H,O, is useful to polish cylindrical lattice structures
CoCr fabricated by SLM and can obtain a final surface roughness of 5.5 pm Ra
after 4 min of polishing (Van Hooreweder et al. 2017). The authors also noted that
the fatigue life of the etched lattice structure was retained though not improved.
This abnormal result may be due to the low notch sensitivity of the CoCr parent
material. Another reason may be that the internal porosity of the SLM CoCr
dominates the fatigue performance rather than the surface defects. AlSilOMg
could be processed by chemical polishing in a mix of HNO, and HF followed by
chemical brightening in a solution of water, HSPO v HZSO » and CuSO A (Scherillo
2019). Chemical polishing removes the large irregularities, and the following
chemical brightening process smoothens the surface to obtain a final surface with
6.8 um Ra roughness.

It is, therefore, evident that chemical polishing is suitable for processing a var-
iety of materials and AM components (that arrive with both external and internal
surfaces), but the achievable surface finish is relatively poorer in comparison to
machining, abrasive-based methods, and laser micro-polishing.

7.3 ELECTROCHEMICAL POLISHING OF AM PARTS

Chemical polishing has its advantages in processing internal surfaces but is still
unsuitable for producing uniformly polished surfaces. ECP is a good alternative to
meet this demand and has been widely investigated across different AM metals such
as Ti6Al4V, Inconel, stainless steel, NiTi, CoCr, and AlSi10Mg. A summary of ECP
on AM components is listed in Table 7.2, which shows the superior surface finishing
achievable of ECP compared to CE. Moreover, less hazardous solutions are used in
ECP compared to high concentrations of acids in CE. Instead, gentler solutions such
as the mixture of ethanol-isopropyl alcohol, ZnCl,, and AICI, can be employed (Yang,
Lassell, and Paiva 2020; Garcia-Blanco et al. 2015). ECP can also generate more uni-
form surfaces on simple plates, internal surfaces, and complex freeform surfaces by
employing specially designed cathode geometries.

Like laser polishing, ECP can reduce the surface roughness of the investigated AM
materials from an initial surface roughness that exceeds 20 um to sub-micrometric
finishing. Additional processing of as-printed components prior to ECP is also known
to augment the finishing process and achieve superior surface quality. These processes
include sandblasting, machining, or laser polishing.



TABLE 7.2

Summary of Electrochemical Polishing on AM Materials

Range of Process

Best Surface

Prerequisites for

Ref. Workpiece Material Electrolyte solution ~ Parameters Tested Quality Results  Best Results Remarks

(Urlea and SLM Ti6A14V 60% HClO,4 and ¢ Cathode: SLM Ti6Al4V ¢ R .. = * Polishing Various cathodes were
Brailovski Size: cylinder, CH3COOH mixed * Temperature: 23 °C 11.25 ym time: 27 min designed and printed
2017) V-shape and in a 1:9 vol ratio e Stirring speed: * R = 0.87 um ¢ Current density: ~ With substantial details of

stave-shape 100 rpm * 92% decrease 240 mA/cm? experiments
with different * Polishing
dimensions time: 0 — 27 min
e Gap: 5 mm
e Voltage: 20-25V
e Current density:
160 — 320 mA/cm?
(Chang et al. SLM 316L SS 60 vol.% H,PO,, e Cathode: SLM 316L * R, =8um e 20-min Various cathodes were
2019) Size: various shapes 30 vol.% H,SO, e Temperature: * R = overpotential designed and printed
including plate, sulfuric acid, 50 -60 °C 0.18 pm ECP + 20- The ECP lattice showed
lattice structure 0.3 vol.% C,H,0, * Polishing * 98% decrease min ECP enhanced energy
and curved pipes and 9.7 vol.% DI time: 0 — 60 min * Voltage: absorption ability
water « Stirring speed: 1.5-19V
100 rpm
e Voltage: 1 -24V
e Current density:
0 - 300 mA/cm?

(Dong, DMLS Ti6Al4V 995 ml ethanol, 100 ml ¢ Cathode: * R, iu= e Polishing ECP is more suitable for
Marleau- Size: lattice structure n-butyl alcohol, 109 stainless steel 10.314 ym time: 15 min external surfaces
Finley, and gof (Al(H,0),Cl,), -+ Temperature: * R = » Voltage: 50V
Zhao 2019) 250 g (ZnCl,) 50-60 °C 3.309 um

* Polishing * 68% decrease

time: 10 — 15 min

Stirring speed: not

specified
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(Y. Zhang, Li,
and Che
2018)

(Rotty et al.
2016)

SLM Ti6A14V

Size: plate with a
dimension of
20 mm x 20mm X
2 mm

SLM 316L SS
Size: not specified

(Liu et al. 2022) SLM AlSilOMg

Size: 25 mm X
30 mm x 3 mm

HC10,, CH;COOH
and distilled water
with a volume ratio
of 1:10:1.2

45% H,PO,, 35%
H,S0, and 20% H,0

aqueous sodium
hydroxide (NaOH)
with pH of 13

Voltage: 40 — 50V
Gap: 5 mm

Cathode: graphite
Temperature: 30 °C
Polishing

time: 5 — 20 min
Stirring speed: not
specified

Gap: 50 mm
Current density:
0.3 Alem?

Cathode: a platinum-
coated titanium mesh
Temperature:
35-70°C

Polishing time:

10 min

Stirring speed:

500 rpm

Current density:

120 — 360 mA/cm?

Cathode: not
specified
Temperature: 70 °C
Polishing time: 1000 s
Stirring speed: not
specified

Current density:

120 - 360 mA/cm?
Voltage: 5V

a initial

6.33 um
Raﬁ/lal =

1.132 ym
82% decrease

a initial =
1.54 pm*
afinal —
0.103 um
93% decrease

a initial =
14.9 ym
Saﬁm, =1.83 um

88% decrease

Polishing
time: 15 min

Temperature:
70 °C
Voltage: 2V

Intermittent
electrochemical
polishing (IECP)
with

50-s interval and
a total polishing
time of 1000 s

After the electropolishing
process, the corrosion
resistance of the Ti-6Al-
4V alloy enhanced

*sandpaper ground

The best electropolishing
potential is preferred at
the end of this plateau

ECP of AlSil0Mg was
dominated by the
dissolution and diffusion
of the aluminum element
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7.3.1 EXTERNAL SURFACES

It is expected that ECP can process external surfaces, but it may also be employed to
remove support structures. An example is the processing of SLM 316L stents using a
solution mixture of H,PO, and H,SO, as the electrolyte and a titanium spiral cathode
(Grad et al. 2021). The example shown in Figure 7.3 requires solution temperatures to
be kept constant at 65 °C and an applied voltage of 6 V to maintain the trans-passive
potential region. These conditions facilitate the removal of support structure and the
generation of shinier surfaces with a roughness of 0.5 pm Sa. ECP conditions will
vary between workpiece materials. Surface preparation prior to ECP can also help
the process such as laser polishing of 316L stainless steel parts fabricated by SLM,
as shown in Figure 7.4(a). The stainless steel will require choline chloride (ChCI)
and ethylene glycol in a 1:2 weight ratio in oxalic acid as the electrolyte (Alrbaey
et al. 2016). A surface with 0.34 um Ra roughness can be achieved with a potential
of 4-5.5'V, polishing time of 60 min, and electrolyte temperature of 40 °C, as shown
in Figure 7.4(b).

ECP of a few AM metals may be easier such as Inconel 718, as seen in Figure 7.5.
With 20 vol.% H,SO, in absolute methanol as the electrolyte and a stainless steel
cathode, partially bonded particles can be fully removed after only 1 min of polishing
and a smooth surface with surface roughness of 3.66 um Ra can be achieved after 5
min of polishing (Zhang et al. 2017).

FIGURE 7.3 Electrochemical polishing of stent structure fabricated by SLM: (a) as-printed
stent with 1-mm cross support structure; (b) electrochemical polished stent; (c) as-printed stent
with 1-mm line support structure; (d) electrochemical polished stent; (e) as-printed stent with
0.5-mm cross support structure; (f) electrochemical polished stent; (g) as-printed stent with
0.5-mm line support structure; (h) electrochemical polished stent. Reprinted with permission
from MDPI (Grad et al. 2021).
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FIGURE 7.4 Electrochemical polishing of SLM 316L stainless steel: (a) SEM image showing
the as-printed, re-melted and polished surfaces; (b) surface roughness of the original, re-melted
and polished surfaces. Reprinted with permission from Springer Nature (Alrbaey et al. 2016).
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100pm 5 3 G 3 100um Ra 3.66 pm

FIGURE7.5 Electrochemical polishing of cylinder surfaces fabricated by SLM: (a) as-printed
sample and electrochemically polished sample; (b) SEM image of the as-printed sample; (c—g)
SEM images of the surfaces after 1 min, 2 min, 3 min, 4 min and 5 min polishing, respectively.
Reprinted with permission from Elsevier (Zhang et al. 2017).
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raised folds

FIGURE 7.6 Electrochemical polishing of SLM AlSilOMg: (a) unpolished surface (UP);
(b) surface processed by continuous electrochemical polishing (CECP); (c) surface processed
by intermittent electrochemical polishing (IECP); (d—f) cross-section images of the UP, CECP
and [ECP surfaces, respectively. Reprinted with permission from Elsevier (Liu et al. 2022).

Customized cathode geometries which can conform the shape of the targeted
surfaces may also be employed to polish external surfaces with irregular geometries
(Urlea and Brailovski 2017; Chang et al. 2019). The material removal principle
remains the same while the inter-electrode gap controls the chemical reactivity for
the work material removal to conform to the cathode shape.

As ECP is driven by the applied voltage, material removal may be controlled to be
continuous or intermittent, otherwise coined as continuous electrochemical polishing
(CECP) and intermittent electrochemical polishing (IECP) (Liu et al. 2022). The fre-
quency of changes in the application of a voltage is relatively low at intervals in tens
of seconds up to 100 s. Interestingly, IECP of AM AISil10Mg plates using a less cor-
rosive electrolyte, is capable of obtain superior surface finishing compared to CECP,
as shown in Figure 7.6. This is because IECP can maintain a small thickness of the
polishing product, which keeps a high electrochemical current and also facilitates the
dispersion of the dissolved ions. CECP can eliminate most partially bonded particles
on the AM surface but will leave behind raised fold-like features. On the other hand,
IECP will remove these features to produce a surface with minor waviness. This
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superior surface eliminates the electrochemical reaction sites thus the parts after
IECP have higher anti-corrosion performance than that of the CECP parts.

7.3.2 INTERNAL SURFACES

In general, ECP is capable of processing internal surfaces such as channels and lattice
structures to a certain extent. For example, CoCr stents fabricated by SLM can be
processed by ECP as presented in Figure 7.7. The final surface roughness can reach
1.45 um along internal struts using 45 vol.% sulfuric acid (H,SO,), 50 vol.% phos-
phoric acid (H,PO,), and 5 vol.% water as the electrolyte solution (Demir and Previtali
2017). Internal channels additively manufactured by nickel-titanium shape memory
alloy (Figure 7.8) can be processed by ECP with a mixture of acetic (CH3COOH) and
perchlorate Acid (HCIO,) as the electrolyte and nickel foil as the cathode (Mingear
etal. 2019). The internal walls of the channels were smoothened out with a roughness
of 25 pm Sa after ECP.

Innovative techniques can be introduced to ECP to further enable uniform material
removal on internal surfaces. One solution is overpotential electrochemical polishing
(OECP) to process lattice structures fabricated by SLM, as shown in Figure 7.9
(Chang et al. 2019). Generally, ECP is conducted in the current plateau region (refer
to Figure 7.2(b)). A benchmarking experiment has shown that an as-printed 316L SS
flat sample demonstrates higher current density than a mechanically polished 316L
SS flat sample. The maximum difference of the current density occurs near the over
potential region that is slightly above the current plateau region in the voltage-current
curve. This may be caused by the partially bonded particles which provide more sites
for electron/ion migration. Hence, using an overpotential may fasten the dissolving

FIGURE 7.7 Electrochemical polishing of CoCr stents produced by SLM: (a) the stent printed
with hatching scanning method; (b) the polished stent; (c) zoom-in image of the polished strut;
(d) the stent printed with concentric scanning method; (e) the polished stent; (f) zoom-in image
of the polished strut. Reprinted with permission from Elsevier (Demir and Previtali 2017).
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FIGURE 7.8 Electrochemical polishing of NiTi grooves fabricated by SLM: (a) schematic
showing the channel dimensions; (b) the as-fabricated channel parts and the metal powders used
for printing; (¢) SEM image of the channel printed horizontally; (d) SEM image of the channel
printed vertically; (e) SEM image of the polished channel which is printed horizontally and
(f) SEM image of the polished channel which is printed vertically. Reprinted with permission
from Elsevier (Mingear et al. 2019).

process, which serves the foundation of OECP process. OECP can be employed as
the roughing process to smoothen out the surface. Then conversational ECP is used
as finishing process to produce surfaces with 0.18 um Ra roughness on 316L SS.
For OECP, the preferable electrolyte for 316L. SS comprises a mixture of 60 vol.%
phosphoric acid, 30 vol.% sulfuric acid, 0.3 vol.% glycerol, and 9.7 vol.% deionized
water. The optimal temperature range is within 50-60 °C.

When comparing ECP and OECP, Figure 7.10 illustrates the superiority of OECP
at handling as-built surface topographies. These polished surfaces double the energy
absorption capacity to further enhance the surface quality. Counter electrodes with
different geometries can be designed and fabricated by AM to be inserted into
channels and served as the cathodes to process internal surfaces.

7.4 HYBRID POLISHING

Figure 7.11 shows the schematic of a hybrid electrochemical-mechanical process
(PEMEC). This is the combination of mass finishing with electrochemical polishing
(Rech et al. 2022). It has the advantage of efficiently processing freeform surfaces.
Figure 7.12 illustrates the polishing setup to process a freeform surface produced by
SLM using 2 mm Al O, pyramidal-shaped grains as the abrasive media and a mixture
of phosphoric acid H,PO, (85 wt.%) and deionized water as the electrolyte. With the
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FIGURE 7.9 Electrochemical polishing of complex internal structures by SLM: (a) polished
branch tube and the 3d-printed electrodes; (b) polished step tube and the 3D-printed electrode;
(c) SEM images of the as-printed, OECP and OECP+ECP surfaces; (d) setup showing the
polishing of lattice structure with a 3D-printed electrode. Reprinted with permission from
Taylor & Francis (Chang et al. 2019).
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As-printed ECP(40min) OECP (40min)

FIGURE 7.10 Benchmarking of conventional ECP and OECP on SLM body-centered-
cubic (BCC) lattice structure: (a) as-printed lattice; (b) lattice polished by ECP and (c) lattice
polished by OECP. Reprinted with permission from Taylor & Francis (Chang et al. 2019).
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FIGURE 7.11 Schematic of the hybrid electrochemical-mechanical process (PEMEC).
Reprinted with permission from Elsevier (Rech et al. 2022).

voltage setting at 12 V corresponding to a current density of 20 A/dm? and the work-
piece being dragged through the abrasives with a velocity of 0.5 m/s, the processed
workpiece gave a reflective appearance and an achievable surface roughness of 1.2
um Sa after 60 mins of processing.

Considering that conventional ECP involves hazardous electrolytes such as HF,
H,SO,, HNO,, and HCI, dry mechanical-electrochemical polishing (DMECP) can
be employed to replace the liquid electrolyte with porous solid particles containing
the electrolyte below the saturation level (MILLET 2018; MILLET et al. 2019).
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Abrasive media Electrolyte

FIGURE 7.12 Setup of PEMEC and its performance on SLM 316L SS freeform surface: (a)
oblique view of the schematic working principle; (b) top view of the schematic working
principle; (c) image of the built setup; (d) the mixture of abrasive media and the electrolyte;
(e) the pyramidal alumina abrasive; (f) the freeform surface before and after PEMEC;
(g) the zoom-in image of the initial surface and (h) the zoom-in image of the polished surface.
Reprinted with permission from Elsevier (Rech et al. 2022).

The workpiece is dragged inside a barrel of these porous particles. The solid
particles also serve as abrasives to facilitate mechanical material removal. DMECP
has shown great potential in processing complex metal parts produced by additive
manufacturing — e.g., dental implants, medical device, and industrial components
(GPAINNOVA 2020). An example of DMECP on AM 316L SS is given in
Figure 7.13. The DMECP, however, performs more than just material removal and
includes oxide growth, oxide crack, oxide fragmentation, oxide shedding, and new
surface formations (Bai et al. 2020). Samples polished by DMECP will have surface
roughness below 1 um Ra. However, challenges arise for this method in processing
internal surfaces where the porous particles are unable to freely access. Particles
may also get stuck in small corners of the workpiece, which will eventually deteri-
orate the geometric accuracy of the parts.

Another technique to incorporate both mechanical and chemical aspects of
polishing is in electrochemical mechanical combined polishing (EMCP), shown
in Figure 7.14 (An, Wang, and Zhu 2022). The polishing tool is modified where
a cylinder cathode is sandwiched between two grinding wheels. One wheel is for
coarse grinding while the other is for fine grinding. The major material removal
mechanism is primarily from electrochemical dissolution while the coarse grinding
wheel removes large irregularities on the as-printed parts, and the fine grinding wheel
eliminates layers of passivation films. With the setup configuration in Figure 7.14,
EMCP would be able to uniformly polish curved 316L SS tubes with a maximum
internal diameter of 10 mm.
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a: Hybrid polishing-Mechanical and electrochemical polishing; h: Mechanical polishing
1: Cathode; 2: Anode; 3: Sensor; 4: Bucket; 5: Distilled water; 6: Rotate A;
7: Rotate B &: Vibration

FIGURE 7.13 Setup of DMECP and its performance on SLM 316L SS workpiece: (a) overall
image of the polishing machine; (b) functional region of the polishing machine; (c) schematic
of the DMECP process; (d) motion of the workpiece in the media; (¢) SEM image of the
polishing media; (f) image of the workpiece before and after DMECP; (g) SEM image of
the as-printed surface at x70 magnification; (h) SEM image of the as-printed surface at x300
magnification; (i) SEM image of the DMECP surface and (h) SEM image of the DMECP
surface followed by a pure mechanical polishing process. Reprinted with permission from
Elsevier (Bai et al. 2020).

7.5 CONCLUDING REMARKS

In this chapter, three chemical-based finishing methods for AM metal parts were
introduced — chemical etching, electrochemical polishing, and hybrid electrochem-
ical polishing. The key process parameters and their influence on the final surface
finish are discussed. Chemical etching has high accessibility to complex surfaces,
but has inadequate impact on the surface finishing quality. Electrochemical polishing
has higher material removal rates, superior surface finish, and a more uniform surface
processing. It can also be applied for external and internal surfaces. Hybrid methods
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FIGURE7.14 Working principle of electrochemical mechanical combined polishing (EMCP)
and its performance on an SLM 316L SS curve tube: (a) schematic of EMCP; (b) image of
the polishing tool; (c—e) SEM images of the polished surfaces in the inlet, middle and the
outlet (f) image of the polished tube. Reprinted with permission from Elsevier (An, Wang, and

Zhu 2022).

match together the advantages of mechanical polishing and electrochemical polishing
to maximize material removal rates. Nevertheless, more research is needed on
freeform surface finishing and the inner surfaces. And more chemical-based finishing
techniques need be developed to conform to the rapid development of AM technology

and its industrial applications.
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8 Theoretical Modeling
Considerations for
Post-Processing

8.1 MODELING METHODOLOGY

Experimental studies are highly beneficial in understanding material removal
processes as they give the most realistic representation of the expected outcome
during practical application. However, in-depth experimental studies will require sub-
stantial testing with multiple variables where a large data set with multiple increments
of each parameter would provide a fuller understanding of the quantitative research.
Within each set of test parameters, tests would also be typically performed multiple
times to evaluate the repeatability of the results.

The combination of these requirements results in the extensive use of test materials
and machine-tool setup and operation time, which is often only realistic with the
support of substantial funding for research and development (i.e., it is an expen-
sive trial-and-error methodology). Therefore, theoretical frameworks are developed
to construct more efficient methods designed to get relevant information to answer
problem statements that arise during research. These theoretical frameworks also
link assumptions used to describe experimentally observed phenomena with the
corresponding fundamental science. Thus, theoretical modeling and simulation are
vital toward any form of in-depth investigation alongside experimental evaluations.

Theoretical modeling for additive manufacturing generally covers several sub-
topics such as residual stress, microstructure evolution, powder trajectory, and melt
pool boundary modeling (Gunasegaram et al. 2017). Post-process modeling, including
that of material removal processes, is another important aspect of the manufacturing
process that can be regarded as equally important. However, just as it is important
to understand the material properties of as-built metal characteristics, it is crucial to
develop an understanding of the available modeling and simulation capabilities for
additive manufacturing that can be brought forward to post-process modeling. Hence,
this chapter is structured to discuss the techniques to model as-built material states as
the benchmark for further modeling of the post-processes, and to serve as the foun-
dation to account for the complexities involved during post-processing of additively
manufactured metals. The importance of this aspect in employing simulations and
modeling to derive the material conditions prior to post-processing is not stressed
enough. In this chapter, post-processing will be discussed in the context of mechan-
ical material removal processes.
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Modeling studies generally comprise analytical modeling and simulation mod-
eling. Analytical studies quantitatively derive closed-form solutions to the problem
statement based on idealized formulations of the deformed system. They require a
precise definition of the purpose of the study, which typically makes predictions
regarding the physical process. A majority of analytical models developed for addi-
tive manufacturing encompass heat exchanges during the laser irradiation pro-
cess where latent heat and scanning strategies are critical for stabilizing the melt
pools in the built material (Ning et al. 2020; Huang, Khamesee, and Toyserkani
2016; Steuben et al. 2019) and the heat transfer during cooling (Ning et al. 2019).
Modeling of thermal effects are also employed in other analytical models describing
the recrystallization and grain growth phenomenon during additive manufacturing
(Ji et al. 2020). However, there are not many analytical studies designed for the
material removal process of additively manufactured metals. Most analytical models
employed for material removal revert to simplified models used to describe conven-
tional materials. Material complexities developed from the additive manufacturing
process will require a few more years of investigations for the derivation of analyt-
ical models specially designed for additively manufactured metals. Instead, most
of the post-process modeling for additive manufacturing have been performed by
iterative-based simulations.

8.2 FINITE ELEMENT METHOD MODELING

Numerical modeling represents a series of mathematical formulations to describe
physical phenomena that occur during experimentation. Simulated results would
typically be compared with the experimental outcomes for validation and serve as
the basis for further parametric studies that largely rely on computational power.
Numerical modeling of the cutting process is typically performed using finite
element method (FEM) simulations, which incorporates the discretization of a spa-
tial domain into a mesh of elements arbitrarily shaped and sized. Each element will
have predefined nodes within and along each of its edges, which would be used to
give a global interpolated map of the geometric domain comprising the assembly
of elements that determine the final state of the element based on the numerically
solved differential equations. The final state of each node holds a set of information
that describes physical values, such as the new position, which will then determine
the strain.

A stress—strain relationship can then be implemented in the model to dictate the
kinematics involved in each elemental deformation, which would eventually deter-
mine the global deformation of the material under study. The allowable stress—strain
relationship is governed by the material models that describe the viscoelastic or
viscoplastic properties during deformation, which provide critical information in
machining, such as forces, plastic strain, heat generation, and material failure, among
others.

However, before jumping to the modeling of material removal for additively
manufactured metals in accordance with the scope of this book, a critical aspect of the
thermal history in the pre-machined surface should be acknowledged for additively
manufactured materials. A full coverage of all theoretical modeling for additive
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manufacturing can be extensive and fitting as a topic on its own. This section aims
to highlight the use of FEM to theoretically validate experimental observations and
the importance of these considerations for post-processing (i.e., the use of modeling
methods to derive the as-built material state, which would affect the material removal
process).

Heat distribution during manufacturing affects the final geometry, residual stress
state, and the resultant microstructure (Papazoglou, Karkalos, and Markopoulos
2020), which correspondingly influences the material removal process during post-
processing. Thus, it is advisable to avoid the typical assumption of a completely
defect-free initial material state prior to the modeling of machining for the additively
manufactured metals. On this note, the thermo-mechanical aspects of the additive
manufacturing process must be given equal emphasis for discussion in tandem
with the considerations for mechanical processing simulations (Hajializadeh and
Ince 2020).

Figure 8.1 gives an overview of thermal and mechanical modeling. Thermal ana-
lysis models the heat transfer during additive manufacturing, which involves the
heat generation by irradiation and heat dissipation. These simulations are typically
employed to study the effect of the heat energy influx on the temperature distribution
of the powder bed. Thermal modeling also extends to thermal-fluid flow analysis
(Chen and Yan 2020; Jamshidinia, Kong, and Kovacevic 2013), which is critical for
simulation of melt pools in additively manufactured metals.

Mechanical modeling describes the material response to a defined loading condi-
tion, which is typically intended for structure integrity evaluation and material
removal analysis. Both types of simulations meet in the middle where the final
stages of the thermal analysis may be used as the starting point for mechanical evalu-
ation. This should also be the prescribed procedure for modeling post-processing
simulations where the derived as-built material state is subjected to the deformation
involved during material removal.
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FIGURE 8.1 Overview of considerations for thermal and mechanical finite element method
analysis.
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Material parameters for both thermal and mechanical simulations are largely
correlated when addressing the coupling problem. Coupled simulations, also known
as thermomechanical simulations, may be applied in the weakly or strongly coupled
mode. In a weakly coupled simulation, a thermal model is first implemented and the
thermal history is then applied to subsequent modeling of the microstructure and
mechanical deformation. Strongly coupled simulations yield more accurate results
by simultaneously accounting for both thermal and mechanical effects in an idealized
chain of events flowing from material addition to material removal. However, the
latter would inevitably be more computationally expensive.

The workflow for numerical simulations typically begins by designing the
geometry to analyze, which can be drawn in the simulation software or imported
from other computer-aided design (CAD) software that are designed to construct
more complex geometries in 2D or 3D file formats (e.g., .sat, .dxf, .igs, .iges, .stp,
.step). With the given geometry, a mesh will be assigned to the geometry with the
appropriate selection of element size. A finer mesh increases the accuracy of the
model in terms of resolution but increases the computational cost for the increase
in number of equations for each element. It follows that a decrease in mesh density
lowers computational time but reduces the overall accuracy of the nodal output
results describing deformation and heat information. Boundary conditions can
be defined for the meshed geometry, which includes position constraints and
ambient conditions (e.g., temperature, heat dissipation parameters, pressure, etc.).
Subsequently, material properties will be defined to dictate the simulated reaction
of the part under the applied loads. The last critical component for simulation
setup is the assignment of loading conditions, which would differ between thermal
and mechanical analysis with the input of either heat or kinetic energy. Other
parameters in this subsection of the simulation workflow include determining the
location, duration, and rates of these applied loads.

8.2.1 THERMAL MODELING

Several aspects of thermal modeling will be covered in this section comprising heat
transfer, metal deposition, stress development resulting in distortion and residual
stress, and microstructure evolution. There are some essential material properties
for thermal modeling. Thermal conductivity of not only the work material but also
surrounding elements, such as the ambient air and supporting base, are necessary
to determine the degree and rate of thermal flow. Specific heat capacity that defines
the energy required for the increase in temperature is also necessary as it determines
the transfer of heat energy from the source to the work material. With these critical
parameters, heat addition may then be modelled accordingly.

Input heat energy is described using the classical method to model heat transfer
with Equation 8.1:

pc%—f+...v-(,cvr):q 8.1)
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where ¢ and k are the heat capacity and heat conductivity, respectively, T is the tem-
perature, p is the density, and ¢ is the heat source. The heat source is quantified by
the parameters used during additive manufacturing such as the laser beam diameter,
laser power, and power distribution. This input heat energy for a laser beam is often
described based on the Gaussian heat source model as:

q(r):ir—PeXp(—g) (8.2)

o

where P is the laser power, r, is the radius of the Gaussian laser, and r is the radial
position of evaluation from the center of the laser beam.

Additionally, heat transfer by convection and radiation should also be accounted
for based on the respective Newton’s law of cooling and Stefan-Boltzmann law as:

q=h(T-T,) (8.3)
q=o¢(T*-T) (8.4)

where / is the convection heat transfer coefficient, T, is the ambient temperature, o is
the Stefan Boltzmann constant, and € is the emissivity.

The corresponding temperature field derived from the conservation of energy
(Equation 8.1) then defines the corresponding strain and stress as:

el = o, (T _To) (8.5)

Veg=0 (8.6)

where @, is the thermal expansion coefficient.

8.2.2 SIMULATING THE AM PROCESS

The simulation setup for thermal modeling incorporates suitable boundary conditions
and a defined heat source to represent the absorption of heat energy transferred during
the additive manufacturing process. In many ways, the modeling of additive manu-
facturing is largely like simulations developed for multi-pass welding procedures.
The simplest method for analyzing the influence of heat addition to the material is by
constructing an as-built geometry and applying the thermal loads to the part. There
are, however, more advanced and closer representations of the actual additive manu-
facturing process where the layer-by-layer material addition occurs in the simulation.

This model setup would comprise the substrate material and the powder bed
where the former would be physically constrained and assumed to be rigid, and the
latter initially consists of inactivated elements for the subsequent deposition step just
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as how it occurs during the additive manufacturing process. This concept goes by
different names such as element birth (Li et al. 2021; Cao, Gharghouri, and Nash
2016), element birth-and-death (Ha et al. 2020; Lu et al. 2021), thermal-mechanical
macroscopic workflow (Stender et al. 2018), and progressive element activation (Sun
et al. 2021). Regardless of the naming convention, the concept of element activa-
tion as a means for material deposition remains the same, with the typical workflow
illustrated in Figure 8.2. Upon the supply of heat energy to the elements to meet the
appropriate conditions for deposition (i.e., melting the powder), the elements may
then be activated to be considered as part of the computational domain for subsequent
thermal analysis, while the inactivated elements are excluded from the calculations.
Activated elements are assigned with near melt material properties and the joining
element material state (e.g., position, stress, heat, etc.) are transferred to the activated
elements for subsequent thermo-mechanical analysis. Then the deformed state is
mapped back to the reference mesh for iteration and the final state of the step is
recognized as the initial configuration for the next calculation step.

As element activation is dependent on the input of heat energy, efficient computa-
tion is dependent on the mesh density, time step, and heat input parameters. Stender
et al. (2018) assessed the relationship between mesh configuration and the laser
parameters for element activation and identified the ideal conditions for an efficient
mix of resolution and computational efficacy as illustrated in Figure 8.3. Figure 8.3(a)
shows a case where the heat source is too small to affect the nodes of the elements
and, therefore, results in no elements being activated. Figure 8.3(b) illustrates the
heat source overlapping at least two elements, but with the laser spots controlled to
be adjacent but not overlapping each other. This scenario is the most efficient for
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FIGURE 8.3 Simulation laser parameter considerations relative to element density and
the corresponding results: (a) inadequate information; (b) high efficiency; (c) high accuracy.
Reprinted with permission from Elsevier (Stender et al. 2018).

element activation relative to computational power. The last scenario is where laser
spots overlap each other with reduced time steps and affecting multiple elements
giving the most accurate solution.

An alternative solution is the “quiet element” method where the block of elem-
ents representing the areas of material to be deposited are physically present but are
assigned properties that do not affect the analysis such as scaling back the thermal
conductivity and specific heat in Equations 8.7 and 8.8 to mitigate heat conduction
into these elements.

=ak (8.7)

C =a.C (8.8)

Pauier »

where o, and @c are scaling factors given a typically small value of 1e® to

represent inactive elements. The method is also applicable for the Young’s modulus
and stiffness when assessing mechanical properties (Yang et al. 2016). Michaleris
(2014) listed the advantages and disadvantages of the two metal deposition methods,
discussed in Table 8.1.

Fluid flow during melting powders in additive manufacturing is also expected and
can be modelled in FEM but these calculations tend to be computationally expensive
with assessments of single or dual scan hatches. Such an occurrence is also more
likely to have impactful consequences when the input energy is higher. Evaporation
and fluid flow effects are commonly neglected when these conditions do not arise
during FEM considerations (Promoppatum and Yao 2020).
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TABLE 8.1
Advantages and Disadvantages of Material Deposition Methods
(Michaleris 2014)

Material deposition

method Advantages Disadvantages
Inactive element ¢ Error avoidance with the * Relatively more challenging to
method use of scaling factors implement in commercial finite
» Jacobian calculations element method software
performed only for active ¢ Repeated renumbering of
elements equations upon the activation
* Nodal degree of freedom of new elements increasing
only considered for active computational costs
elements ¢ Introduction of artificial energy

by interpolation when nodes
shared with active elements do
not possess the same temperature

Quiet element * Ease of implementation in  * Possibility of thermal energy
method commercial finite element errors due to inappropriately
method software selected scaling factors that result
¢ Constant number of in thermal conduction

equations for a constant ¢ [ll-conditioning of the Jacobian
number of elements resulting from inappropriate
without the need for scaling factors
equation renumbering ¢ Computationally expensive

with inappropriate model setup
comprising majority of quiet
elements

The importance of considering thermal analysis for post-processing is not so
much for the heat generated during material building but the dissipation of heat to
surrounding elements. Depending on the thermal gradient, structural distortion from
designed geometries and residual stresses are the most common results of the thermal
addition process. The current state of modeling has not reached the stage where struc-
tural distortion issues are majorly considered during post-processing. However, these
deformities in actual additive manufacturing are bound to affect post-processing
tool paths and could potentially create more adverse events during the fabrication of
multi-material components. Hence, it is needful to include a brief discussion on the
use of FEM to model these deformities and the potential solutions that can be numer-
ically tested to mitigate the problems.

8.2.3 DISTORTION AFTER ADDITIVE MANUFACTURING

Figure 8.4 shows an example of the deformation that occurs in overhanging structures
constructed through additive manufacturing. The occurrence is attributed to the large
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FIGURE 8.4 Deformation of overhanging structures: (a) designed structure; (b) deformed
structure post-additive manufacturing; (c) deformation of the material during heating;
(d) deformation of the material during cooling. Reprinted with permission from Elsevier
(Cheng and Chou 2015; Mercelis and Kruth 2006).

temperature gradient between the surface and the bulk material (Mercelis and Kruth
2006). As the heat source heats the upper surface of the powder to melt the material,
heat is allowed to conduct into the bulk material. However, due to slower speeds of
heat conduction, a temperature gradient is formed. In the meantime, the heated layer
of material on the surface undergoes thermal expansion but is restricted by the bulk
material resulting in compressive stresses being developed at the regions with lower
temperatures. This causes a bending moment acting from the underlying material
and causes the part to bend outwards like Figure 8.4(c). As the heat source leaves the
location and cooling takes place, the thermal gradient causes a sudden change in tem-
perature and thermal contraction, which results in a reversal of the bending moment
and the material to experience a tensile stress on the top layer and an inward bending
motion like Figure 8.4(d). In normal cases of a thicker bulk material, the upper layer
that experiences bending forces is restricted by the bulk material to result in residual
stresses. However, overhanging structures like Figure 8.4(a) are allowed to deform
freely and, therefore, result in warping (Figure 8.4(b)). The magnitude of the tem-
perature gradient mechanism is affected by the temperature-dependent mechanical
and thermal properties in that the underlying material retains its mechanical strength
along with lower temperatures due to the ineffective transfer of heat by conduction.
The underlying material then is sufficiently strong enough to resist expansion
occurring in the upper layer of material, which is concurrently experiencing thermal
softening effects where the material yields more easily under higher temperatures.
Understanding the thermal distribution and stress developed during additive
manufacturing further advances laser scanning strategies designed to reduce these
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FIGURE 8.5 Simulation of overhanging structure deformation: (a) illustration of the initial
configurations; (b) simulated distortion of the overhanging structure with solid workpiece
beneath; (c) simulated distortion of the overhanging structure under normal conditions.
Reprinted with permission from Elsevier (Cheng and Chou 2015).

phenomena such as the modifying the heating track vectors (Ramos, Belblidia,
and Sienz 2019; Denlinger and Michaleris 2015), or the inclusion of additional
material to reconfigure the heat dissipation process as demonstrated by Cheng and
Chou (2015) in the use of an additional solid workpiece to enhance heat dissipation
(Figure 8.5).

8.2.4 DEVELOPMENT OF RESIDUAL STRESSES FROM ADDITIVE MANUFACTURING

Thermal gradients will also occur across different thickness of material and result
in the generation of residual stresses that were not dissipated through the deform-
ation observed in overhanging structures. The process of generating these stresses
is similar to those that result in distortion with the only difference being the stresses
remaining in the material in the absence of external loads after processing. The phe-
nomenon generally occurs across three regions. Melting occurs when the heat source
is applied to the metallic powders during which heat is also transferred to the material
ahead of the irradiation path. As the melted material experiences a substantial reduc-
tion in yield strength, the semi-heated material ahead of the irradiation path is allowed
to expand and results in compressive yielding. Progressive solidification occurs as
the heat source leaves the locality and the solidified material undergoes tension. This
fundamental concept of residual stress generation excludes material specific effects
such as microstructural reconfiguration and precipitation (Fang et al. 2020). It is
important to account for these stresses as post-processing loads will be coupled with
these residual stresses and affect the way the material subsequently reacts during
deformation.



Theoretical Modeling for Post-Processing 175

Residual stresses are assessed by observing the stress distribution of the part,
which can be directional to evaluate the stress along different structures, as shown in
the analysis of walls constructed on Ti-6Al-4V by LENS (Figures 8.6(a) and 8.6(b)),
or the overall stressed state of the material using the von Mises stress distribution
(Equation 8.9) in Figure 8.6(c).

1
O = \/5[(611 — 0y )2 +(022 0y )2 + (033 ~ Oy )2:|+3(0122 +0,,7 + 6312) (8.9)

where 0, describes the orthogonal components that make up the stress tensor.
Residual stresses are not only isolated to the surface but can also extend into the bulk
material beneath the heat affected zone. FEM simulations allow cross-sectioning of
the model to observe the stress development from the surface, as shown in Figure 8.7.
Validation of residual stresses in simulations may be performed by systematic-
ally substantiating the modelled input heat energy and the surface temperature with
experimental results, followed by determining the residual stress in the material.
While it may seem intuitive to go straight to comparing the theoretical and experi-
mental residual stresses, the successful modeling of the first component (i.e., heat
addition) is essential for future adoptions of the modeling approach to predict the
residual stress. For instance, irradiation and scanning parameters are often varied
and the effects of these changes on the residual stresses are common themes in addi-
tive manufacturing studies. This procedure of experimentally validating the surface
temperature; however, is not an easy task (Vastola et al. 2016) and requires unique
solutions with several assumptions to give an approximated experimental value such
as observing the brightness of the surface with a CCD camera during the additive
manufacturing process (Yadroitsev, Krakhmalev, and Yadroitsava 2014).

8.2.5 AM MICROSTRUCTURE MODELING

Microstructural evolution during additive manufacturing is another hot topic for ana-
lytical and simulation modeling. The importance of this characterization from the
perspective of post-processing lies in the micrometric considerations of the grain
size effect induced when the grains and the material removal length scales are of
similar magnitude (Simoneau, Ng, and Elbestawi 2007; Lauro et al. 2015; Rahman
et al. 2018; Venkatachalam et al. 2015). Although microstructure appearances and
characteristics differ between materials, the theoretical analysis for its evolution during
additive manufacturing most often begins from assessing the thermal distribution of
the built material. The subsequent process then involves microstructure calculations,
which cover a wide spectrum of methods specific to each material, to determine the
phase and morphology of the final microstructure and the corresponding mechanical
properties.

One aspect of microstructure modeling is in the prediction of phase volume
fraction. For instance, Nie, Ojo, and Li (2014) predict the microstructure of Inconel
718 using stochastic analysis for grain growth, while Lindgren et al. (2016) chose
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vertical line as exemplified in (a). Reprinted with permission from Elsevier (Vastola et al. 2016).
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FIGURE 8.8 Simulated stress during loading of Ti-6Al-4V: (a) applied load is parallel to lath
gradient direction; (b) applied load perpendicular to lath gradient direction; (c) accumulated
shear strain distribution and location of stress concentration. Reprinted with permission from
Elsevier (Geng and Harrison 2020).

to model phase transformations and precipitation with the appropriate temperature
conditions to determine the final microstructure of the alloy. A similar method of
studying the phase transformation volume fractions using the JMAK theory was also
done for Ti-6Al-4V (Chen, Xu, and Jiao 2018).

The other hand, microstructure modeling is in simulating the mechanical proper-
ties of the material resulting from the grain orientation, crystallographic orientation,
and distribution of phases within the microstructure. This was demonstrated in the
inverse relationship between lath thickness and yield strength of Ti-6Al-4V (Geng
and Harrison 2020). FEM further enabled the plotting of stress distributions with
respect to the loading direction and grain orientations (Figures 8.8(a) and 8.8(b))
while also identifying stress concentration at intersections of three grain boundaries
(Figure 8.8(c)).

Aside FEM modeling, there are several other notable methods to theoretically
model the microstructure such as phase field modeling, cellular automata, kinetic
Monte Carlo, and computational fluid dynamics (Tan, Sing, and Yeong 2020). Yet,
present studies on the microstructural evolution stop at this stage of validating the
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simulated microstructure with as-built material characterization. The theoretically
generated microstructure, regardless of methodology, should be put back into the
simulation setup for effective analysis on the modeling for post-processing.

Melt pool boundary modeling is another important factor to consider for post-
process modeling. Notwithstanding stress concentrations stemming from grain
boundaries, melt pool boundaries serve as another source of major influence to the
chip formation process during machining (Oliveira, Jardini, and Del Conte 2020).
Melt pools comprise the modeling of fluid behavior as the heat source melts powder
particles to set in the new layer of the fabricated part. Hence, simulation of melt pools
typically involves computational fluid dynamics (CFD) for mesh-based simulations
and other less mature mesh-free techniques — e.g., Lattice-Boltzmann method (LBM)
and smoothed particle hydrodynamics (SPH) (Cook and Murphy 2020).

Thus, effective modeling for post-processing of additively manufactured materials
requires additional considerations that have been studied in the modeling of the addi-
tive manufacturing process particularly in the areas of post-built distortion, residual
stress, and microstructural evolution.

8.2.6 MECHANICAL MODELING

Modeling for material removal in post-processes is to study the mechanical
response of a material, which is to determine the changes in nodal position of the
elements during deformation. The motion is governed by mechanical properties
that would dictate the input energy required to displace each element. In the same
way, the change in position would also provide the information necessary to deter-
mine the stress state of the system. The purpose of analyzing the mechanical model
is to assess the machining process of additively manufactured parts that would be
associated with machined surface quality. This is typically achieved by evaluating
forces, deformation morphology (e.g., cutting chips), and stress distributions in
FEM simulations.

The manner and degree of deformation during mechanical simulation depend on
the constitutive equations governing the mechanical behavior of the material. Many
of these models are included in commercial simulation software and named after
material types (e.g., cast iron plasticity, ductile metals, low density foams, etc.) and
their deformation behavior on the stress—strain curve (e.g., elastic-plastic, visco-
elastic, anisotropic elasticity, etc.). Material models may also be named after the
researchers who developed the plasticity models — e.g., Johnson Cook (JC) (Johnson
and Cook 1983), Drucker-Prager (Drucker and Prager 1952), etc.

Additively manufactured metals are effectively treated as another class of metals
no different from the differences understood when approaching annealed, work-
hardened, and casted metals. Thus, these material models are often applied for the
modeling of additively manufactured metals during deformation, which not only
evaluate the elastic—plastic behavior but also up to the failure stages. In most cases, the
governing equations are guided by the progression of the stress—strain curve derived
from standardized experimental methods on universal testing machines such as quasi-
static tensile and compression testing (Wang et al. 2019; Kayacan et al. 2019).
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FIGURE 8.9 Force-displacement comparison between finite element method (FEM)
modeling and experimental results for compression tests on DMLS-MS1. Reprinted with
permission from Elsevier (Ebrahimi and Mohammadi 2018).

Basic material parameters such as the yield strength, ultimate strength, Young’s
modulus, and fracture strain can be derived from these quasi-static tests and suffi-
ciently predict the isotropic elastic—plastic deformation of additively manufactured
metals. Ebrahimi and Mohammadi (2018) demonstrated this coherency with tensile
and compression test data on maraging steel (MS1) and hybridized MS1-H13 (H13)
where force-displacement data (Figure 8.9) and the simulated strain distribution
(Figure 8.10) were relatively consistent with the experimental results. An exception
was given for the left face of the digital imaging correlation (DIC) cube obtained
from experiments, which was attributed to experimental setup loading conditions
(Ebrahimi and Mohammadi 2018).

Plastic energy is the largest product of a deformation process, but there are
other participating components of energy conversion process such as thermal and
acoustic energy. Where thermal effects are concerned, temperature-dependent
mechanical properties may also be employed to model the physical response of the
specimen under study. This set of information may be critical to certain materials
such as Ti6Al4V and can be fed to the simulation software (Denlinger, Irwin, and
Michaleris 2014). Table 8.2 shows a series of mechanical properties for Ti6Al4V over
different temperatures to enable simulations factoring in thermal softening effects
during deformation and even the thermo-mechanical deformation resulting from heat
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FIGURE8.10 Comparison of strain distribution ina DMLS-MS1 cube during (a) experimental
and (b) simulated compression testing. Reprinted with permission from Elsevier (Ebrahimi and
Mohammadi 2018).

addition such as beam deflection during cooling (Heigel, Michaleris, and Reutzel
2015; Denlinger and Michaleris 2015) and overhanging support structures (Cheng
and Chou 2015; Ramos, Belblidia, and Sienz 2019).

It is, however, important to consider the type of deformation process, which would
require slight modifications to the material parameters. This is given by the different
material parameters used for compression and tensile tests to accommodate the
presence of pores in the additively manufactured metals that will affect the plastic
flow during deformation. As an example, Figure 8.11 illustrates a set of mechanical
properties experimentally derived for additively manufactured maraging steels (Cyr,
Lloyd, and Mohammadi 2018; Cyr et al. 2018), which were successfully implemented
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TABLE 8.2
Temperature-Dependent Material Properties of Ti-6Al-4V (Anca et al. 2011;
Goldak, Chakravarti, and Bibby 1984; Heigel, Michaleris, and Reutzel 2015)

T (°O) K (W/m/°C) C, (/kg/°C) B (GPa) o, (MPa) a , (um/m/°C)

20 6.6 565 103.95 768.15 8.64

93 7.3 565 100.10 735.30 8.82
205 9.1 574 94.19 684.90 9.09
250 9.7 586 91.81 664.65 9.20
315 10.6 603 88.38 635.40 9.33
424 12.6 649 82.58 585.90 9.55
500 13.9 682 78.63 552.15 9.70
540 14.6 699 76.52 534.15 9.70
650 17.5 770 70.72 484.65 9.70
760 17.5 858 64.91 435.15 9.70
800 17.5 895 62.80 417.15 9.70
870 17.5 959 62.80 417.15 9.70
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FIGURE 8.11 Implementation of (a) experimentally derived mechanical properties for
numerical tensile (T) and compression (C) simulation tests (NHT: Non-heat treated; P1: aged
at 490 °C for 6 h followed by air cooling; P2: preheating to 815 °C then rapidly heated to 982
°C for 1 h followed by air quenching) (Edward Cyr, Lloyd, and Mohammadi 2018; E Cyr
et al. 2018); (b) comparison of forces between experiments and FEM during tensile testing.
Reprinted with permission from Elsevier (Ebrahimi and Mohammadi 2018).

in numerical simulations of tensile and compression testing — see Figure 8.11(b)
(Ebrahimi and Mohammadi 2018).

Quasi-static deformation can also be used for cost-effective computation of
cutting forces. The coupling of tool kinematics with FEM simulated contact
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1 mm

FIGURE 8.12 Tool-workpiece pressure exerted on the top surface of the workpiece over time
where the leftmost image represents the partial contact of the tool at the initial engagement
followed by two depictions of full engagement and lastly the exit of the tool out of the material.
Reprinted with permission from Springer Nature (Didier et al. 2022).

pressures can determine the cutting forces (Didier et al. 2022). The tool-workpiece
contact area determines the elements that will undergo displacements matched to
the tool path trajectory where the displacement would give feedback of the pressure
applied on the workpiece. This will give simulated results resembling Figure 8.12,
which depicts the tool-workpiece contact of one cutter in a milling tool moving
through the workpiece.

8.2.7 MATERIAL MODEL FOR LARGE DEFORMATION OF METALS

A commonly employed material model for illustrating large deformation and the pro-
gressive process of degradation till failure for most metals is the Johnson Cook (JC)
material model (Johnson and Cook 1983), which describes the flow stress as:

. T_T m
o, =[A+Be, |[1+Cm| = |[|1-| —2 (8.10)
o r £ T, -T,

0

where A is the yield strength, B is the strain hardening coefficient, n is the strain

hardening exponent, €, is the equivalent plastic strain, & is the strain rate, &, is the
reference strain rate, T is the ambient temperature, T, is the reference temperature
often taken as the room temperature, 7, is the melting temperature, and m is a thermal
softening parameter.

As intentionally partitioned, Equation 8.10 was split into three segments where
the first term describes the stress—strain progression during elastic and plastic
deformation with the reference strain rate. Hence, data points obtained on the
stress—strain curve in experiments performed at the reference strain rate and ref-
erence temperature can be fitted with Equation 8.11 to determine the initial yield
strength A.

o = [A+ ngln] (8.11)

eq
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Rearrangement of Equation 8.11 into Equation 8.12 and plotting the natural loga-
rithmic of the equation gives:

ln(O' —A)zlnB+n1nspl (8.12)

eq

where the intercept of the plot along the Y-axis gives the strain hardening coefficient
B and the gradient of the plot is the exponent 7.

Subsequently, the second term comes into play when strain rates vary from the
reference strain rate, which gives the equivalent flow stress as:

o, = [AJFBS,,/I]{HCIH(;]] (8.13)

0

Equation 8.13 can be rearranged into:

O
— 9 —Cln& +1 (8.14)
[A+Be ":|

pl

where & = ¢&/g, [o;q / (A +Be " )] against In & may be plotted and the slope may

give the constant C for various strain rates &.

Temperature effects are considered in the third term during material parameter
derivation at high temperatures, which would account for thermal softening effects.
For simplicity, determining the thermal softening parameter m is often done at the
reference strain rate, such that Equation 8.10 would only take the form as:

T-T, \"
- =[A+B£ ;«] 1- R (8.15)
“ g TM_TR

which can be rearranged into:

O
In|l-—2— |=mInT* (8.16)
A+B£1,l”

where T" = (T—TR)/(TM —TR). The slope of the graph of 111(1—0'311 /A+BSP,")

against InT" will give the material constant /.
With these equations, the equivalent flow stress with respect to a strain must be
given through experiments performed on a Split Hopkinson Pressure Bar (SHPB),
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FIGURE 8.13 Schematic of the SPHB compression test rig. Reprinted with permission from
Elsevier (Zhao et al. 2017).

which is essentially a compression testing setup shown in Figure 8.13. On one end of
the setup, there is an incident bar, which transmits the axial impact delivered by the
strike bar toward the sample positioned in the middle of the setup. During impact, part
of the compression load is reflected into the incident bar, while the remaining travels
through the specimen to the transmitted bar. Strain gauges positioned on both incident
and transmitted bars record the energy transmitted in the form of strain, which would
then be evaluated using elastic wave propagation theory to determine the strain rate,
strain, and flow stress in the specimen as:

. 2C.,
e==—) (8.17)
e(t) = %J“?R (1)ar (8.18)
0
o (1)= %EST (1) (8.19)

where €, is the measured strain reflected in the incident bar, C , 1s the elastic wave
velocity, L is the initial length of the sample, A, and A are the corresponding cross-
sectional areas of the compression bar and the sample, E is the elastic modulus of the
bars, and & is the strain measured in the transmitted bar.

In most cases, the JC model has shown promise in delivering close approximations
of the experimental work for various metals such as titanium alloys (Zheng, Ni, et al.
2021; Rypina et al. 2020), aluminum alloys (Liu and Melkote 2007; G. Chen et al.
2013; Zhang, Lee, and Wang 2021), and steels (Yao et al. 2020; Bergs, Hardt, and
Schraknepper 2020; Zheng, Lee, et al. 2021). The most graphical representation of
these close approximations is in cutting chips.

There are, however, also modifications made to the original constitutive equation
to enhance the accurate representation of the experimental deformation. Common
modifications include the Johnson-Cook Zerilli-Armstrong (JC-ZA) model, which
accounts for the coupled effects of strain rate and heat generation when evaluating
yielding and strain hardening (Lin and Chen 2010; Lin and Chen 2011). Strain
softening effects were also unaccounted for in the JC model, which gave inaccurate
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representations of the adiabatic shear band formation during the cutting of Ti-6Al-
4V. (Calamaz, Coupard, and Girot 2008). These strain softening effects coupled
with strain hardening and thermal softening effects were modelled with a hyper-
bolic tangent (TANH) model that is another commonly employed modification of
the JC material model for metal cutting simulations (Wang et al. 2018; Yameogo
et al. 2017; Sima and Ozel 2010; Ducobu, Riviere-Lorphevre, and Filippi 2016).
This chapter will not dive into assessing the merits of each modified JC model, but
instead make it known to the reader that there are limitations of the original JC
model that require certain modifications to suit the work material and deformation
process under study.

8.2.8 Post-PrROCESS RESIDUAL STRESSES

Residual stresses before and after post-processing are typical subjects of analysis
in these simulations. Figure 8.14 is an example of determining the residual stresses
developed after the additive process (Figure 8.14(a)) and the changes in stress distri-
bution during the material removal process. Based on simulations, the final residual
state of the post-processed part is relatively constant regardless of the magnitude of
stress in the as-built state. Following the example in Figure 8.14, the residual stress
after additive manufacturing can span across a wide range of 234-396 MPa, but
post-processing brought the residual stresses down to a range of 145-205 MPa (Ren
et al. 2021).
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FIGURE 8.14 Simulated residual stresses at different time intervals during milling of Ti-
6Al-4V: (a) Os, (b) 0.037s, (c) 0.074s, (d) 0.111s, (e) 0.148s, and (f) 0.185s. Reprinted with
permission from MDPI (Ren et al. 2021).
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FIGURE 8.15 Simulated residual stresses and distortion of steel after additive manufacturing
(left) and after simulated material removal along the walls (right). Reprinted with permission
from Springer Nature (Salonitis et al. 2016).

Residual stress of additively manufactured parts is critical for post-processing
analysis where distortions in the material will affect tool path planning. This is a
mistake that most simulations on post-processes makes where they model the work-
piece as stress-free and perform the machining process to determine the residual
stresses. However, tool path designations conforming to the distorted geometry of
the additively manufactured part in simulations can be computationally expensive.
Fortunately, there have been innovative methods to work around this issue with the
assumption that machining thin layers of material induces negligible mechanical and
thermal loads on the part (Salonitis et al. 2016). An additively manufactured part
is first simulated showing heavy distortions due to thermal gradients, as shown in
Figure 8.15(a). Subsequently, a layer of material is subtracted from the model to
simulate the post-process, which then allows the relaxation of the residual stresses
in the walls and the restoration of the part geometry as illustrated in Figure 8.15(b).
This method simply capitalizes on the relaxation of residual stresses generated from
the additive manufacturing process and saves on the computational cost to simulate
the chip formation process.

8.2.9 PosT-PROCESSING OF SUPPORT STRUCTURES

Modeling of material removal also extends beyond analyzing the actual additively
manufactured part to the analysis on the removal of support structures. This area is
often neglected although it is critical to optimizing the all-rounded surface finish of
the manufactured component. These structures are designed and constructed to pro-
vide a uniaxial support to the fabricated component, which would suggest that loads
oriented perpendicular to these support axes by cutting tools would potentially result
in undesirable deformation and failure. An example is given in the deformation of
316L stainless steel support structures that started to bend instead of the expected
shearing during cutting (Figure 8.16). By identifying these overlooked occurrences,
the flexibility of FEM simulations allows further modeling of different support struc-
ture geometries to provide quick evaluations and planning for the structural integrity
and removal characteristics (Cao et al. 2020).
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FIGURE 8.16 Von Mises stress distribution and the resultant deformation of support
structures. Reprinted with permission from Elsevier (Cao et al. 2020).
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FIGURE 8.17 Model and fabricated workpiece supported and “clamped” by a lattice support
structure for additive manufacturing and post-processing. Reprinted with permission from
Springer Nature (Didier et al. 2022).

Support structures are typically designed to support the part during additive manu-
facturing with minimal material usage, which would mean thinner structures and
hollow gaps between them. In some cases, support structures may also be used as the
“clamping” device that upholds the parts as mechanical post-processing is performed
on the part. An example is illustrated in Figure 8.17 where the additively manufactured
workpiece on top is to be processed by machining while it is being supported by the
lattice support structure. Successful machining then heavily relies on the stiffness
of the support structures to attenuate vibrations involved during mechanical cutting.
Thin walls (Thevenot et al. 2006; Seguy, Dessein, and Arnaud 2008) and hollow gaps
are known to lower the stiffness of the “clamp” and affect the machining process on
the workpiece. Hence, it is important to account for the stiffness of these “clamps”
where applicable.
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The modeling of the complex lattice structure, however, can be computationally
expensive, which is where simplified homogenization of the support structure can
ease off the computational loads. Instead of accurately modeling the intricacies of the
lattice structure, a block structure can be modelled with a modified stiffness matrix
C,./.kl (Didier et al. 2022). For different lattices, the 9 stiffness constants (reduced
from 81 due to the orthogonal symmetry of the cubic structure) can be derived
from the stress tensors measured for a given strain condition following Hooke’s
law (0, = Cl.jk, XE,).

While modeling of the additive manufacturing and post-processing in FEM gives
a close representation of the actual occurrences in view of the appropriate material
models designed for the deformation length scale, there are still areas that FEM is
not quite feasible to simulate. This is particularly in the microstructural features that
narrow down to the interatomic interactions. Multi-scale modeling is required for
this, where atomistic events may be derived through molecular dynamics simulations
(MDS) and fitted back into FEM simulations on the appropriate length scale.

8.3 MOLECULAR DYNAMICS SIMULATIONS

MBDS is a solution that models the reaction of materials under physical fields on the
atomistic level. One of the earliest employments of MDS in nanometric machining
modeling of copper, silver, and silicon was in the 1990s (Belak, Boercker, and Stowers
1993; Belak and Stowers 1990). With technological improvements in computational
power, MDS has gained significant advancement to model larger supercells with more
atoms for larger scale deformation simulations to provide good insights on disloca-
tion activities. MDS also includes the applicability of simulating the building process
and the final configuration of atoms that form different phases and defect structures
during additive manufacturing. Thus, it is critical to construct supercells of metal
atoms based on the deposition process to understand the default configurations and
structures, before advancing further into simulating the material removal processes.

Fundamentally, the purpose of MDS was to determine the motion and equilib-
rium status between atoms based on solid-liquid interfacial free energy and kinetic
coefficients. At the most basic level, MDS describes the interatomic displacement
between two individual atoms held at equilibrium or experiencing an attractive
or repulsive force, such that the loss of attractive forces would be indicative of
debonding. It is the agglomeration of these atoms that make up the physical mass that
can be physically touched, and the severance of interatomic bonds results in plastic
deformation, brittle failure, phase transformations, and so forth. Hence, MDS utilizes
interatomic potentials to construct a system of atoms with defined lattice constants,
cohesive energies, and elastic constants for the simulation of events that occur under
externally applied forces (Antwi, Liu, and Wang 2018). In each time step, the pair-
wise forces, velocities, and displacement positions of each atom are then recalculated
to reconstruct the equilibrized system (Komanduri and Raff 2001).

Alike numerical modeling, MDS for additive manufacturing largely focused on the
prediction of thermal history encompassing the heating, cooling, and cyclical heating
procedures (Etesami, Laradji, and Asadi 2020). During each of these processes, MDS
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interatomic potentials are required to account for the temperature-dependent liquid
and solid parameters such as the density and enthalpies, among others. Additionally,
the phase transition temperature and energy requirements need to be accounted for
the modeling of two-phase coexistences during the cooling stages. Typical MDS
procedures involve the selection of the appropriate interatomic potential energy
function, model initialization, model relaxation at equilibrium, simulation run, and
finding back the equilibrium state for a subsequent simulation run. There are several
interatomic potential energy functions available for different materials where each of
them are defined as the sum of N-bodied potentials (Tersoff 1988a):

E= ZU() ZU (r r) ZU3(1;,1},rk)+...+ z U (r Fislisesl )

i<j i<j<k i<j<k<..<N

(8.20)

where U, U, ..., U, are the m-body potentials. Each class of materials demands a
suitable interatomic potential to accurately describe the way the material deforms and
undergoes microstructural changes. Some of the more common interatomic potentials
are Lennard-Jones (Edward and Sydney 1925) for rare gases, Morse potential (Morse
1929) for cubic metals, Tersoff potential (Tersoff 1988b; Tersoff 1988a) for covalent
bonded materials, and Born-Mayer potential (Born and Mayer 1932) for metals and
ceramics. The most common interatomic potential employed for metal modeling is
the embedded-atom method (EAM) described as:

ZG (Ph,) z U( ) (8.21)

where Py is the electron density at atom i and G, is the embedding energy to place an
atom within the electrons (Foiles, Baskes, and Daw 1986; Foiles 1985).

The present progress in MD simulations has yet to reach the material removal
processing of AM metals but is still largely focused on the building process and
predictions of AM metals, which include defect formations during solidification and
grain nucleation and growth.

8.3.1 MELTING AND SOLIDIFICATION

As MDS model the motion of atoms within the defined boundaries of the simulation
supercell, the deposition process of the additive manufacturing process can be mod-
elled by layering amorphous randomly distributed atoms representing the liquified
metal atoms onto its solid counterpart. Figure 8.18 illustrates this process where the
solid phase of the metal is first constructed to equilibrium followed by the deposition
of the liquid phase atop the solid phase, which would be run to achieve an equilibrium
configuration as the liquid phase cools to room temperature. Through this process of
simulating the atomistic deposition process, the structure of defect formations can be
easily observed as a function of the building parameter such as temperature and layer
thickness.
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FIGURE 8.18 Simulation procedure for the additive manufacturing process. Reprinted with
permission from Elsevier (Singh, Waas, and Sundararaghavan 2021).
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The brief description of the simulation process deserves a more detailed elabor-
ation. The solid phase must be first prepared by finding the equilibrium for the lattice
structure of the metal at room temperature for the defined volume of the supercell. The
solid is then heated to the melting temperature (Th.qui ) inan NPT simulation (i.e., con-
stant number of atoms, pressure, and temperature) where the density of the randomly
distributed liquid phase Priguia) would be derived. With the known density, the depos-
ition process can be simulated by depositing the liquid phase at T, ,.iq ONtO the solid
of identical volume. At this juncture, the solid atoms remain fixed during the NVT
simulation (i.e., constant number of atoms, volume, and temperature) while the atoms
in the liquid phase equilibrate. Interaction between the two phases follows through a
constant enthalpic step where the restrain on the solid atom positions will be removed
and the two phases may begin interaction. Cooling from T, to ToOm temperature
is the final step of the deposition process where a fully solidified structure will be
produced. Subsequent melt pools can be simulated by repeating the procedure of
depositing another layer of the liquid phase.

Melting and solidification simulations may also be performed between particles,
which is particularly useful for direct metal laser sintering modeling and bimetallic
material integration. Bimetallic material integration is physically possible by adopting
a core—shell approach of two different materials to be melted and form a cohesive
multi-material with multi-functions. Multi-material simulations require additional
interatomic potentials between the two different atoms for instance the Al-Ti inter-
atomic potentials to calculate results shown in Figure 8.19. The potential energy (PE)
curves (Figure 8.19(a)) describe the phase changes and melting sequences by the
corresponding large increase and plateauing of the PE (Rahmani et al. 2018). The
atomic distribution (AD) in Figure 8.19(b) describes the ideal case of a multi-material
being evenly distributed, while the structural analysis (SA) describes the transition
from a purely crystalline material into an amorphous structure that supports the even
distribution of atoms within the particle.
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FIGURE 8.19 MDS of the melting process for Ti-Al multi-material: (a) potential energy
per atom with different core volume fractions of Ti; (b) atomic distribution (AD), structural
analysis (SA), and potential energy (PE) for a Ti/Al 50% core/shell combination. Reprinted
with permission from Springer Nature (Rahmani et al. 2018).

DMLS simulation involves a relatively similar procedure of modeling two particles
of the same material, where external heat will be applied to the system to give a sintering
temperature just below the melting temperature (Figure 8.18). Contact between the two
particles first occurs, followed by necking and diffusion before the two particles are
completely merged. It is important to recall that DMLS does not involve the melting
of the particles, hence diffusion is the main mode of these atomistic movements. Aside
from analyzing the thermodynamic requirements for diffusion of these particles, defect
formations may also be observed through MDS such as the clustering of Mg and Si
particles circled in Figure 8.20(e). Such particles could serve to be hindrances as sources
of high stress concentration and challenges in post-processing. The subsequent section
will discuss further on the use of MDS to identify defect formations.

8.3.2 Derect MODELING

Defect modeling in MDS provides critical information on the final material
characteristics such as phase formations (Etesami, Laradji, and Asadi 2020),
lattice defects (Zhang et al. 2018), and structural density defects (Singh, Waas, and
Sundararaghavan 2021).

Lattice defects such as Shockley partials, dislocation twinning, and grain bound-
aries can be modelled during the solidification process. The solidification process
becomes increasingly complex with the involvement of preferential crystallographic
orientation grain growth. Thus, the location for grain nucleation and the growth rates
depends on the initial configuration of the powders. In the meantime, the highest cool
rate is experienced at the center of the melt pool, which promotes the nucleation of
new grains, as shown in Figure 8.21. The competitive growth of different grain types
eventually meet together at grain boundaries to find equilibrium in the system. The
misalignment of atoms is inevitable during this process resulting in twin boundaries
and stacking faults, typically observed by the formation of another lattice structure
(e.g., hexagonally closed packed).
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FIGURE 8.20 MDS of AlSi10Mg during DMLS: (a) initial configuration of the two particles;
(b) contact between particles; (c) diffusion of atoms; (d) complete merging; (e) final stable
configuration. Reprinted with permission from Elsevier (Nandy et al. 2019).

The importance of studying the formation of lattice structure defects is in their
influence on the strength of the material (Mahata and Asle Zaeem 2019). With the
existence of dislocation twins within the lattice structure, detwinning, formation of
new twins, dislocation stretching can occur under applied stress and consequently
affect the yield strength, ultimate tensile strength, and final failure. The direction of
movement for these partial dislocations relative to other key features such as grain
boundary growth orientations and crystallographic orientations can make it incon-
venient for deformation and consequently increase material strengths.

Another critically important defect is the formation of pores in the material
resulting from voids found between particles of the initial powder bed. Figure 8.22
illustrates the progressive formation of these defects in an adjacent melt pool forma-
tion where a laser is applied to melt the initial configuration of powder particles and
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FIGURE 8.21 Simulated solidification process of an Al melt pool: (a) initial state of a liquid
melt pool in the center comprising grey atoms; (b) onset nucleation of grains; (c) expansion and
further nucleation of new grains; (d) formation of grain boundaries between early nucleated
grains; (e) epitaxial grain growth hindered by initially nucleated grains; (f) final solidified
microstructure. Reprinted with permission from Elsevier (Kurian and Mirzaeifar 2020).
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FIGURE 8.22 Simulated melting and solidification process of a subsequent melt pool in
Al: (a) initial formation of a liquid meltpool demarcated by grey atoms; (b) collapse of smaller
voids while larger voids remain (circled locations); (c) end of heating; (d) epitaxial growth of
grains from previous melt track; (e) grain growth from previous melt track circumventing void;
(f) remnants of the void as solidification continues. Reprinted with permission from Elsevier
(Kurian and Mirzaeifar 2020).
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gradually removes most of the smaller inter-particle voids. However, larger voids
remained throughout the solidification process due to the hastened heating and cool
rates during the irradiation process. Voids alone are critical engineering problems to
be solved due to the discontinuity in load transfer during structural application. More
specifically, MDS enables the observation of dislocation formation and flow around
these voids to support the reduction in mechanical strength (Cui et al. 2022).

Although modeling the additively manufactured process with MDS shows promise,
the current application of this modeling method in this area remains premature. As
of now, there has yet to be a continuity on the modeling of the mechanical material
removal process of these additively manufactured material models in MDS, which is
necessary to achieve the goal of multi-scale modeling for post-processing.

8.4 CONCLUDING REMARKS

It is evident that the development of theoretical models for post-processing tech-
nologies is relatively limited despite a wealth of information to model the additive
process. This fact serves as a good indicator of the depth of unexplored knowledge
in post-processing. The chapter emphasized the importance of building the correct
material setup that simulates the actual material conditions after the additive manufac-
turing process, where residual stresses would have been stored or dissipated through
geometrical distortions. This extends to both finite element method simulations and
molecular dynamic simulations that were covered in this chapter. Accurate theoretical
studies would be achievable with a disciplined adherence to the sequential multi-scale
modeling.
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9 Hybrid Additive
Manufacturing

9.1 SUCCESSFUL INTEGRATIONS

There are three types of hybrid integrations in additive manufacturing (Pragana
et al. 2021; Merklein et al. 2016): (1) Hybrid additive/subtractive manufacturing;
(2) multi-energy field coupled hybrid additive manufacturing; and (3) hybrid addi-
tive/semi-forming manufacturing. Hybrid additive/subtractive manufacturing is used
to improve the surface quality and dimensional accuracy of metal parts with intricate
geometries and desirable surface finishing. Multi-energy field coupled hybrid addi-
tive manufacturing integrates multiple energy sources to simultaneously improve the
part quality, such as reducing porosity, refining microstructure, and improving dimen-
sional stability. Hybrid additive/semi-forming manufacturing adds part features by
additive manufacturing onto semi-finished parts fabricated by traditional processes
with the intention to improve production efficiency and lower costs.

9.1.1 HyBRID ADDITIVE/SUBTRACTIVE MANUFACTURING

As shown in the early chapters of this book, metal additive manufacturing technology
is a promising way to fabricate functional metal components with complex geometries
both externally and internally. However, the complex metallurgy involved during the
layer-by-layer fabrication results in inferior surface quality that is usually far from
desirable in precision fields and requires post-processing. Therefore, the combination
of additive and subtractive manufacturing technologies is the solution for rapid fabri-
cation of functional metal parts with high surface quality and dimensional accuracies.
This manufacturing process flow is termed as hybrid additive/subtractive manufac-
turing. Thus far, the two most employed additive manufacturing techniques for hybrid
manufacturing are laser powder bed fusion (LPBF) and directed energy deposition
(DED), coupled with CNC milling as the post-process method.

These integrations can be categorized into offline and online processes. Offline
hybrid processes are where post-processing is performed separately and after the
additive manufacturing procedure. The post-processing can be effectively viewed
as a standard machining process of a pre-formed workpiece, which is the perspec-
tive of most research works on the post-processing for additive manufacturing topic.
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However, it is important to view the processes to fabricate a component collectively
where the hybridization of both additive and subtractive technologies is essential.

The near-net shapes of components are first formed by an additive manufacturing
process, such as gas metal arc welding (GMAW) deposition for molds and dies shown
in Figure 9.1. Post-process milling then subsequently processes the surface to obtain
the desirable finishing and dimensional accuracies. Milling will substantially reduce
the surface roughness of the additively manufactured part from > 20 um Ra to < 1
um Ra as reported for A131 steel (Bai, Chaudhari, and Wang 2020) fabricated by
DED (Figure 9.2) and from 13 pm Ra to 0.6 um Ra for Ti6Al4V (Ni et al. 2020)
manufactured by SLM.

FIGURE 9.1 Injection mold and die fabrication using hybrid additive/subtractive
manufacturing. (a) Massager and its dies, (b) both dies arranged for hybrid additive/subtractive
manufacturing, (c) additively manufactured near-net shape of the die pair, and (d) finished die
pair. Reprinted with permission from Elsevier (Karunakaran et al. 2010).
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FIGURE 9.2 Manufacturing A131 steel using offline hybrid additive/subtractive
manufacturing. Reprinted with permission from Elsevier (Bai, Chaudhari, and Wang 2020).

FIGURE 9.3 Laser deposition setup installed onto a CNC milling machine for offline hybrid
additive/subtractive manufacturing: (a) DMG Mori Lasertec 65 hybrid manufacturing machine,
(b) laser head with five-axis deposition coaxial nozzle (left) and five-axis milling machine
(right). Reprinted with permission from Elsevier (Sefene, Hailu, and Tsegaw 2022).

Offline hybrid additive/subtractive manufacturing also includes systems that inte-
grate both additive and subtractive processes into one machine tool. The caveat for
this classification is that the subtractive process is performed after additive manufac-
turing is complete. Modern CNC machines are highly versatile and can easily
integrate additive manufacturing tools into its workspace. An example is given in
Figure 9.3 where a powder-flown laser deposition additive manufacturing unit is
installed onto a CNC milling machine with relative low-costs for integration (Sefene,
Hailu, and Tsegaw 2022).

The process workflow for offline hybrid manufacturing in a machine tool, as
shown in Figure 9.3, has a critical flaw where cutting tools may not be able to access
all surfaces of the fabricated part. A simplified illustration of this problem is given
in Figure 9.4(a) where imminent collision may occur between the cutting tool and
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FIGURE 9.4 [Illustration of the challenge in post-processing of internal surfaces:
(a) Demonstrating imminent collision between cutting tool and workpiece in offline hybrid
manufacturing; and (b) the solution provided by online hybrid manufacturing. Reprinted with
permission from Elsevier (Pragana et al. 2021).

the workpiece in the attempt to machine internal surfaces. As such, internal surfaces
may only be partially machined and the desirable surface quality for internal surfaces
will be unsatisfactory. This is where online hybrid additive/subtractive manufacturing
(Figure 9.4(b)) presents the capabilities to overcome the issue.

Online hybrid additive/subtractive manufacturing integrates subtractive manufac-
turing into the real-time additive manufacturing process for in-situ processing of a
wide variety of complex surfaces that would be inaccessible upon completion of addi-
tive manufacturing. As displayed in Figure 9.4(b), subtractive machining is performed
on the internal surfaces of a part that is partially constructed by additively manufac-
turing. Collision can then be avoided, and the desirable internal surface quality can be
achieved. This revolutionizes manufacturing capabilities for complex structures due
to the increase in degrees of freedom for hard-to-reach surfaces.

Online hybrid additive/subtractive manufacturing first came in the form of powder-
blown (DED)/milling. One of the earlier innovations of this technology was the
integration of a laser-based DED process with conventional a-axis milling (Klocke,
Wirtz, and Meiners 1996). Powder feed additive manufacturing systems were also
configured with a 5-axis CNC milling machine with the capabilities of manufacturing
stainless steel, bronze, titanium, aluminum, and INVAR alloy (Fessler et al. 1996).
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FIGURE 9.5 Hybrid additive/subtractive manufacturing machine (Sodick OPM250L) with
LPBF and CNC milling capabilities. Reprinted with permission from Elsevier (Du, Bai, and
Zhang 2016).

Moving into the 21st century, online hybrid systems are integrating laser cladding
technology (Kerschbaumer and Ernst 2004), gas metal arc welding (Song et al. 2005),
and plasma deposition (Xiong, Zhang, and Wang 2009) with milling processes.
Modern technology digitalizes the subtractive process with additive manufacturing to
further enhance manufacturing quality (Manogharan et al. 2015).

Online hybrid additive/subtractive manufacturing became commercial with hybrid
LPBF/CNC milling machines, such as the OPM250L by Sodick (Figure 9.5), the
Lumex Avance-25 and Lumex Avance-60 by Matsuura, INTEGREX i-400 AM by
Mazak Corporation, LASERTEC 3000 DED hybrid by DMG MORI company,
HYBRID HSTM 1000 by Hamuel Reichenbacher Ltd, and CybaCAST Hybrid by
Cybaman Technologies, among others. These machines are claimed to be able to
achieve final surface roughness values of 0.19 um Ra and dimensional accuracy of
within + 1/100 mm, which are adequate for some mold and die applications (Ahn
2011). However, most of these hybrid machines are used for manufacturing small
metal parts and can be costly due to the efforts taken to meet the high demand for
mechanical stability in the manufacturing environment.

The process workflow of an online hybrid additive/subtractive manufacturing
machine for the manufacturing of a component with internal channels is illustrated in
Figure 9.6. A layer of material is first constructed like a normal additive manufacturing
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FIGURE 9.6 Schematic of the online hybrid additive/subtractive process workflow in
manufacturing of a part with internal channels. Reprinted with permission from (Du, Bai, and
Zhang 2016).

process. Figure 9.6 illustrates the LPBF process with a laser beam scanning a bed of
powder particles to melt and solidify the metal. The build platform is lowered after
each layer has been scanned, followed by the spreading of a new layer of powder
particles for a repeat of this additive process. After a designated number of layers
where the internal surfaces of some features are formed, the milling tool is activated
to process the surface of the partially built part. Upon completion of the surface pro-
cessing, the milling tool is retracted, and the additive manufacturing process resumes
to deposit more layers of material. This process repeats until the full component is
constructed. The swap between additive and subtractive processes will be dictated by
the accessibility of the cutting tool, as illustrated in Figure 9.4. This requires careful
consideration as tool swapping procedures in machine tools can significantly delay
the time to complete the part fabrication. Another upside of the online system is the
ability to ensure dimensional and geometrical accuracy during manufacturing where
errors can be corrected in real-time before the final part is complete.

While Figure 9.6 illustrates an LPBF process, DED is the most common process
used in hybrid additive/subtractive manufacturing. DED has more flexibility in the
additive manufacturing process showing the feasibility to be mounted on robot arms
with multiple degrees of motion (Zhang et al. 2019), and it can be easily integrated
with machining machines without considering the high stability and high manufac-
turing resolution required in the LPBF process. DED is also able to fabricate large-
scale structural parts despite the downside of significantly poor quality on as-built
surfaces (measuring roughly 200 um Rz for plasma-based DED). The coupling with
subtractive machining enables superior surface finishing down to 2.32 um Rz along-
side an improvement in dimensional accuracy to +0.05% (Xiong, Zhang, and Wang
2009). Part sizes will typically range up to 210 mm in height and 190 mm in diam-
eter when employing a robot equipped with wire arc additive/subtractive manufac-
turing (Zhang et al. 2019). There are also unique cases of constructing thin-walled
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aluminum structures measuring ~3 m in length with hybrid wire arc additive/sub-
tractive manufacturing (Ma et al. 2019).

9.1.2 Mutti-ENERGY FieLb CouprLep HYBRID ADDITIVE MANUFACTURING

Energy fields in additive manufacturing are essentially the thermal and mechanical
in nature. Multi-energy would indicate the employment of more than one type of
thermal and/or mechanical energy in the additive manufacturing process. This will
exclude certain combinations such as laser-based additive manufacturing with laser-
based eroding/remelting, which employs the same heat source for different processing
(Yasa, Kruth, and Deckers 2011; Yasa, Deckers, and Kruth 2011).

Multi-thermal energy fields are designed to improve process stability during addi-
tive manufacturing for better quality products. For instance, the combination of laser
and plasma in the additive manufacturing process will utilize the plasma arc compres-
sion effect induced by the laser beam for higher shape precision and better surface
state of the deposited layer (Zhang et al. 2006). This is because the diameter of the
plasma arc beam becomes smaller, and the plasma arc beam becomes more stable
under the compression effect. Additionally, in terms of the nickel-based superalloys,
the increase in melt pool depths, the reduction in melt pool widths, and the more
uniform distribution of elements in the microstructure led to improvements in tensile
strength and elongation (Zhang, Qian, and Wang 2006). Other benefits of the laser
and plasma combination include improvements to energy density for the production
of low-porosity and well-bonded layers of material (Qian et al. 2008).

Low-power pulsed-lasers can also be coupled with metal inert gas (MIG) arc
welding in the additive manufacturing process (an improvement based on the work of
Zhang et al. 2006), otherwise referred to as hybrid laser-arc additive manufacturing.
This also benefits from the plasma arc compression effect induced by the laser beam
to reduce arc diameter and stabilize the arc. Here, through the continuous action of
pulsed laser (without need for thermal action, reducing the energy consumption),
the liquid metal formed during the welding process will not flow down the previ-
ously solidified layer. Therefore, more uniformly thin walls can be fabricated with a
50% reduction in fluctuations of width and height and 15% to 91.12% improvements
in material utilization (Zhang et al. 2018). Refined grains and smaller heat-affected
regions caused by the higher cooling rate in a small melt pool result in the increase in
micro-hardness and tensile strength, which are also advantages of the laser-arc tech-
nique (Liu et al. 2020). Wu et al. (2020) also reported an increase in tensile strength
in Al-Cu alloy fabricated by this hybrid process. Reductions in distortion and residual
stresses can be achieved with laser-cold metal transfer (a new welding technology
without spatters) additive manufacturing with the appropriate scanning strategy (Li
et al. 2020; Li et al. 2021).

Coupling of thermal and mechanical energies in conventional manufacturing
resembles forging where the principle is to induce hardening of the workpiece.
Hybridization of metal inert gas welding-based additive manufacturing with in-situ
rolling results in grain refinement, avoidance of hot cracking, and improvements
in mechanical properties comparable to forged counterparts (Zhang et al. 2013).
Additionally, overall energy consumption can be reduced to 35% when compared
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with conventional forging, and the energy efficiency of the deforming process is a
150-fold higher than the forging process (Zhang et al. 2021). Hybrid additive/rolling
manufacturing was also reported to avoid residual stress, distortion and the forma-
tion of large-sized grains (Colegrove et al. 2013). Figure 9.7(a) illustrates the hybrid
process where rolling is performed on each layer of material that is newly deposited
by wire and arc additive manufacturing (WAAM). Such a process helps to lower
the surface roughness and promotes dynamic recrystallization with the heavy plastic
deformation. Additionally, the rolling operation can eliminate anisotropic mechanical
properties introduced during WAAM and also increase the ultimate tensile strength
and yield strength of the metal (Ti6Al4V in this case) (Colegrove et al. 2017). A com-
bination of additive and hot rolling/hot forging can further reduce the porosity of
316L stainless steel and Ti6Al4V alloy, and refine the microstructure of 316Lstainless
steel (Sokolov et al. 2020; Duarte et al. 2020).

Another variation of coupling mechanical and thermal energies is with shot peening
in the additive manufacturing process. Figure 9.8 illustrates the different types of shot
peening processes that can be integrated with additive manufacturing, which includes
ball shot peening (Figure 9.8(a)), ultrasonic peening (Figure 9.8(b)), and laser shot
peening (Figure 9.8(c)). Shot peening differs from surface rolling in that the sub-
stantially lower loads are applied to the workpiece. Ball shot peening involves the
repeated impact of small hard balls onto the surface to induce plastic deformation and
compressive stresses. This operation releases residual tensile stresses and reduces
distortion caused by the high-temperature gradient during additive manufacturing
(Fritz and Lee 1993). Micro-strain and grain refinement from shot peening also result
in the increase in micro-hardness, compressive yield stress, and wear resistance of
direct metal laser sintered 17-4 stainless steel (AlMangour and Yang 2016). Improved
fatigue resistance and fatigue limits can also be obtained on AlSi10Mg coupled with
both SLM (Uzan et al. 2018) and DMLS (Book and Sangid 2016).

Ball shot peening of additively manufactured metals has attracted various corporations
such as General Electric Co., United Technologies Corp., Bae Systems, Lawrence
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FIGURE 9.7 Schematic of the hybridization of wire arc additive manufacturing (WAAM)
with surface rolling and the impact on metallurgical properties (i.e., reduction of grain size and
its effect on residual stresses). Reprinted with permission from Elsevier (Pragana et al. 2021).
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Livermore National Security, Ecole Polytechnique Fédérale de Lausanne in Lausanne,
and others to find further innovation to improve the process leading to the application
of multiple patents (El-Wardany, Lynch, Viens, and Grelotti 2014; Kalentics, Logé,
and Boillat 2017). An example of a tweak to the process is the use of high pressure
(Bamberg, Hess, Hessert, and Satzger 2012).

Ultrasonic peening uses an electro-mechanical transducer to apply ultrasonic
mechanical impact energy to a workpiece. It is a low-cost and easy-to-integrate vari-
ation of shot peening with additive manufacturing processes. The application of
ultrasonic peening resulted in grain refinement and reduced porosity in wire arc addi-
tive manufacturing of Al alloy (using a ER 4043 aluminum wire) (Tian et al. 2021).
Reduction in residual stresses and solidification cracking can also be achieved with
the combination of ultrasonic peening and DED (Wang et al. 2022).

Laser shock peening (LSP) use shock waves emitted from rapidly expanding
plasma to induce plastic deformation on a workpiece, which serves as a type of mech-
anical action. Like the other shot peening variants, LSP will result in the increase
in surface hardness, transition of surface stresses from tensile to compressive, and
improvement of both tensile strength and elongation along the horizontal and vertical
directions in the case of Ti6Al4V (Lu et al. 2020).

9.1.3 HysBrID ADDITIVE/SEMI-FORMING MANUFACTURING

Although additive manufacturing has various advantages especially in the fabrica-
tion of complex-geometry structures, it is not suitable for high-volume manufac-
turing considering the time and energy costs. Therefore, a better solution would
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be to combine additive manufacturing with a conventional process to manufacture
metal parts that comprise both simple and complex structures. The simple segment
of the part can be fabricated by a conventional process such as casting, forging,
milling, and sheet metal processing while the complex structure of the part will be
completed by the additive manufacturing process. This is defined as hybrid additive/
semi-forming manufacturing, which will take advantage of two or more processes to
lower manufacturing costs and integrate additive manufacturing in current produc-
tion chains (Merklein et al. 2016). This hybrid process also allows for the joining of
similar and/or dissimilar materials for the final part, for example, the simple segment
constructed out of material A while material A or B is constructed for the complex
segment.

Figure 9.9 shows an example of using additive/semi-forming manufacturing to
fabricate a Ti6Al4V alloy part (Merklein et al. 2016). The lower segment was first
manufactured using a deep drawing process while the upper segment was constructed
on the lower segment by LPBF. Another example is the fabrication of a mold with
internal cooling channels using the hybrid additive/semi-forming method (Tan et al.
2020). The mold comprises of a lower and upper segment. The lower segment was
made of stainless-steel, which was processed by milling and drilling while the upper
segment was made of maraging steel with a series of curved internal cooling channels
fabricated by LPBF onto the lower stainless-steel segment.

The sequence of conventionally manufacturing the base of a part followed by
additive manufacturing to add on complex features is a low-cost and efficient manu-
facturing workflow. However, the interfacial bond between the two materials is crit-
ical and will affect the final part quality. Yet, intermetallic bonds between different
materials have thus far been promising. For instance, maraging steel and casted CrMn
steel showed excellent bonding due to the Marangoni convection that facilitated the
embedment of the two materials at the interface (Bai et al. 2021). Maraging steel by
LPBF also showed robust interfacial bonds with hot work H13 tool steel (Shakerin

Ti-6Al-4V; LPBF
hybrid part

additive manufactured
functional element

FIGURE 9.9 Ti6Al4V part manufactured by a combination of deep drawing and LPBF.
Reprinted with permission from Elsevier (Merklein et al. 2016).
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et al. 2019). Aside from interfacial bonding, other critical issues such as the mismatch
in residual stresses and distortion problems must also be accounted for.

9.2 MULTI-MATERIAL, STRUCTURAL, AND FUNCTIONAL
MANUFACTURING

Metal additive manufacturing has the capabilities for multi-material and multi-
function design and manufacturing, which have growing demands in the aerospace,
automotive, and energy production industries. The aspects of multi-material, multi-
structural, and multi-function manufacturing may not necessarily be independent of
each other. For instance, the material-structure-performance integrated additive manu-
facturing (MSPI-AM) concept was developed to combine multi-material and multi-
structure manufacturing to achieve high-performance multi-function components
(Gu et al. 2021). Nonetheless, each category will be individually discussed for clarity
on their definitions, which will form the basis for further development of ideal part
designs and manufacturing.

9.2.1 MuLTI-MATERIAL MANUFACTURING

Multi-material additive manufacturing is the additive manufacturing of two or more
materials in one part to enhance part performance, which can be in the form of mech-
anical properties, function and design freedom, traceability, and safety (Gibson et al.
2021). Multi-materials can be further categorized into bimetal (Bai et al. 2020), gra-
dient (Ghanavati and Naffakh-Moosavy 2021), composite materials (Shi and Wang
2020) and their spatial combination (Tan, Chew, et al. 2021). In all cases of multi-
material manufacturing, there are two main areas of focus: (1) the ability to control
the position of the different materials, and (2) the metallurgical bond between dis-
similar materials.

The LPBF and DED additive manufacturing techniques have been used to fabri-
cate metallic multi-materials, as shown in Figure 9.10. LPBF is beneficial when
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FIGURE 9.10 Multi-material manufacturing using (a) LPBF. Reprinted with permission
from Elsevier (Wits and Amsterdam 2021); (b) DED. Reprinted with permission from Taylor
& Francis (Reichardt et al. 2021).
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it comes to changing materials along the build direction with each new layer being
different powder materials. This bimetal sandwiching structure can be constructed
by LPBF with high resolutions of alternating materials (Tey et al. 2020; Bai et al.
2021; Bai et al. 2020). However, this would also mean that the standard LPBF
process is incapable of producing dissimilar materials along the horizontal direction.
Special adaptations of the LPBF process will be required such as the unique
selective powder deposition re-coater developed by Aerosint. This allows selectively
depositing different materials of powder within a layer of the powder bed to
enable multi-material manufacturing along both the horizontal and build directions.
However, the efficiency of coating dissimilar powders still needs to be improved.
Wang et al. (2022) reported the recent progress in multi-material manufacturing
using LPBF systematically. They found that although lots of multi-material LPBF
devices are successfully developed to print multi-material parts with complex geom-
etries, low efficiency and powder cross-contamination remain critical problems to
be solved. In addition, an efficient and high-precision powder delivery system for
the flexible combination and precise space distribution of different materials is also
lacking for industrial applications.

The DED process is much more suitable for multi-material manufacturing where
it simply switches materials accordingly as the deposition position changes, which
makes it a highly attractive process for large-scale multi-metal manufacturing
(Feenstra et al. 2021). DED involves two raw material forms i.e., powders and wires,
and a multi-material part can be fabricated with a combination of different metal
wires (Hauser et al. 2021) or metal powders (Sahasrabudhe et al. 2015). The highly
versatile DED process allows for rapid changes in material usage, which can rap-
idly fabricate new alloys, perform in-situ alloying (Klein, Birgmann, and Schnall
2020) and produce functionally graded materials (Feenstra, Molotnikov, and Birbilis
2020). Some of the alloys produced by DED include titanium alloys (Liu et al. 2018),
nickel alloys (Savitha et al. 2020), copper (Zhang et al. 2020), steels (Kim et al. 2019)
and aluminum alloys (Li et al. 2020). Despite the highly configurable capabilities of
DED, it is inferior in terms of its construction resolution where it is unable to fab-
ricate parts with fine structures due to the size of the powders, which are typically
larger than those used in LPBF.

Although the ideas of multi-metal manufacturing are very attractive, the processes
still face several limitations such as the low efficiency and precision of dissimilar
powder supply device in the additive manufacturing equipment, limited var-
iety of materials available, and ineffective bonding of dissimilar materials. Cross-
contamination of different powder materials and recycling are also challenges in
multi-material fabrication that greatly increase manufacturing costs.

9.2.2 MuLTI-STRUCTURAL MANUFACTURING

Multi-structural additive manufacturing is characterized by the fabrication of com-
plex shapes across multiple length scales (Thompson et al. 2016). Additive manu-
facturing has granted great freedom for revolutionary designs of parts that boast of
material savings and light weight structures while still maintaining operational cap-
abilities, such as the odd-shaped structure in Figure 9.11(a). Lattice structures are
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FIGURE 9.11 Various structures manufactured by metal additive manufacturing:
(a) topology structure. Reprinted with permission from Elsevier (Zhu et al. 2021); (b) types of
lattice structures. Reprinted with permission from Elsevier (AlMahri et al. 2021); (c) different
gradient lattice structures. Reprinted with permission from MDPI (Sienkiewicz et al. 2020).
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also one of the famous examples of complex shapes that can only be manufactured
by additive manufacturing (Tilton et al. 2021). Different types of lattice structures, as
shown in Figure 9.11(b), can be manufactured to give different mechanical properties
(e.g., plateau stresses and specific energy absorption during high strain rate loading)
(AlMabhri et al. 2021) and deformation characteristics, as shown in Figure 9.11(c)
(Sienkiewicz et al. 2020). These lattice structures can then be incorporated into the
bodies of larger components (e.g., struts and beams), making multi-scale designs
feasible, as illustrated in Figure 9.11(a).

Bioinspired structures are also attractive in additive manufacturing (Yang et al.
2018) where natural surface properties (e.g., mechanical, hydrodynamic, optical, and
electrical) are replicated onto engineered surfaces. Some unique examples include
layered shell textures of Chrysomallon squamiferum colloquially known as scaly-
foot gastropod (Wang et al. 2022), bioinspired functionally graded lattice structures
for enhanced biomechanical performance (Tan, Zou, et al. 2021), reticulated shell
structures resembling the cross-link structure of spider silk (Wang et al. 2019),
and sponge-like components resembling deep-sea glass sponges (Fernandes et al.
2021), and others.

The ability to manufacture these complex structures is subject to the constraints
of structural forming limits in the additive manufacturing process. For instance,
DED is typically unsuitable for such fabrication due to low forming resolution and
LPBF is unable to fabricate large-scale parts. A combination of DED and LPBF
may be feasible to build large-scale structures with fine features. Essentially, DED
will be used to fabricate the base structure while the functional structures with
intricate features will be deposited on top of the base structures by LPBF. The
connection between these processes has to be resolved first. An innovative design
of the existing LPBF equipment or innovative precision printing method is required
to allow greater flexibility while maintaining high precision. However, the LPBF
process is also needed to be further improved to extend the forming limits of fine
structures.

9.2.3 Mutti-FUNCTIONAL MANUFACTURING

Multi-functional additive manufacturing is the result of successful multi-material
manufacturing and multi-structural manufacturing. Multi-functional additive manu-
facturing is the fabrication of a device using a single additive manufacturing process
that can serve multiple purposes by integrating multiple materials and/or multiple
structures. For example, a multi-function sandwich panel that is light, able to sus-
tain aerodynamic loading conditions and bird strikes. Moreover, anti-ice integrated
functions can be manufactured by additive manufacturing of a panel with lattice
structure and specially designed outer skins (Bici et al. 2018).

It should be noted that optimal multi-function integration often requires the inte-
gration of other materials aside from metals. One example is the additive manu-
facturing of a “smart cap” to seal and detect food deterioration with a LC-resonant
circuit embedded into the cap during the additive process, as shown in Figure 9.12
(Wu et al. 2015).
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FIGURE 9.12 “Smart cap” for rapid detection of liquid food quality featuring wireless
readout: (a) Smart cap with a half-gallon milk package and the cross-sectional diagram;
(b) sensing principle and the circuit diagram. Reprinted with permission from Springer Nature
(Wu et al. 2015).

Another example is the additive manufacturing of fluidic devices for electrochem-
ical detection where electrode materials such as carbon, platinum, gold, and silver
can be easily integrated into the device for neurotransmitter detection, NO detection,
and oxygen tension measurements in blood (Erkal et al. 2014). Although the
electrode materials were not fabricated by additive manufacturing technique, this
study still successfully proved the feasibility of multi-functional manufacturing
using additive manufacturing. In the future, with the improvement of technology
and the development of new materials for additive manufacturing technology, it can
be expected that above multi-functional components will be fabricated by additive
manufacturing alone, where the successful manufacturing of assembly-free devices
using additive manufacturing is a typical example. Moreover, Yee et al. (2019) also
reported the feasibility of additive manufacturing multifunctional components. They
presented a facile process for fabricating 3D-architected metal oxides via the use of
an aqueous metal-ion-containing photoresin using stereolithography (SLA) additive
manufacturing process. An emergent electromechanical response was observed when
conducting a situ compression experiment on the printed nano-architected zinc oxide
(ZnO) architectures. This research provides a pathway to create arbitrarily shaped 3D
metal oxides with multiple functions such as piezoelectricity, superconductivity and
semi-conductivity to be used in micro/nano-system device.
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Hybrid manufacturing is a promising technology that aims to further revolutionize
the manufacturing industry after significant breakthroughs in the additive manufac-
turing sector. The developments of this technology will further widen the perspective
of manufacturing with the integration of more materials and functions within one
component.

9.3 CONCLUDING REMARKS

Although additive manufacturing is good at fabricating components with complex
geometries, the poor surface quality, low dimension accuracy, and low efficiency in
fabricating regular structures continue to challenge the adoption of AM for many
other engineering applications. This implies that despite the proclaimed advantage
of additive manufacturing processes being able to produce near-net-shape products,
the technology itself is not capable of operating independently. Therefore, hybrid
additive manufacturing is the solution to overcome the challenges by combining the
advantages of additive manufacturing processes and conventional manufacturing
processes. This chapter evaluated different types of hybrid additive manufacturing
processes such as hybrid additive/subtractive manufacturing, multi-energy field
coupled hybrid additive manufacturing, and hybrid additive/semi-forming manufac-
turing. Hybrid additive/subtractive manufacturing can obtain complex components
with high accuracy. Multi-energy field coupled hybrid additive manufacturing can
improve printing stability and produce high-quality components comparable to
forged counterparts. Hybrid additive/semi-forming manufacturing was also shown
as an effective method to decrease the production costs for large-scale components
with regular structures. The discussed benefits of hybridization make hybrid additive
manufacturing an attractive and cost-efficient process for high-quality products.
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1 O Case Studies

10.1 LIGHTWEIGHT OPTICAL SURFACE FABRICATION

10.1.1 APPLICATION

Optical surfaces are extremely smooth to allow light to be transmitted or reflected,
which can be characterized by extremely low surface roughness. Roughness
measurements can be performed based on several parameters, such as the most
common arithmetic mean height (Ra), the average maximum peak to valley height
(Rz), the root mean square or quadratic average (Rq), and the asymmetrical height of
the mean line (Rsk). An optical surface is typically defined by surfaces with roughness
values in the nanometric range (<10 nm).

These optical surfaces are used in almost all industries, with the most common
products being lenses and reflectors. For instance, optical surfaces are necessary for
windows, head lights, and mirrors in vehicles. These surfaces typically transmit light
over the visible (380-700 nm) and infrared (780 nm—1 mm) light spectrums. More
advanced optical surfaces involve capturing light at smaller wavelengths in the ultra-
violet (<380 nm) spectrum. Instances of such advanced optics include the reflective
surfaces used in space exploratory telescopes. Reflective mirrors on telescopes are
designed to concentrate and magnify the light emitted from distant objects and chan-
neled into a detector. The reverse of light being channeled through the optical lens
is the working principal of light transmission, such as lasers. The transmission of
light demands surfaces with geometric features in the range of 1/10-1/20 Rq of the
desired wavelength. Additional requirements are necessary to reduce light scattering
by further improving the optical surface quality in the range of 1/200-1/500 Rq of the
desired wavelength. This explains the stringent surface finish requirements necessary
for optical transmission. Aside from functionality, optical surfaces are also aesthetic-
ally more appealing with shinier surfaces for commercial products such as those used
for mobile phones.

One of the goals during fabrication of optical lenses, especially for space
applications, is to meet the need for lightweight solutions. A traditional optical mirror
has a contoured back that is designed for easy mounting, but the mass of material
used for this structure can be substantial and could result in costly payloads for space
optics. To address this issue, lightweight core structures were developed for weight
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reduction while still providing adequate support for mirror distortion prevention
(Barnes 1972). Examples of these core structures include the honeycomb, periodic,
and aperiodic structures. One side of these core structures is the mirror surface while
the other side is left open or covered with a sandwich backing. The open back is
lighter and uses less material, but the sandwich configuration is structurally stiffer.

Conventionally, lightweight mirrors with innovative core structures were
manufactured by securing the mirror surface onto the core structures using adhesives,
which tends to be problematic structurally and functionally when subjected to
prolonged stress and when experiencing thermal distortion. The solution to these
problems is through AM technology, which widens the type of internal structures
that are not easily achieved using traditional cutting methodologies. Hence, the focus
of this case study is on the procedures to produce optical mirrors on an additively
manufactured surface. There are other notable considerations to account for in the
additive manufacturing of optical mirrors, such as the morphology of the internal
structure, but this section will focus on processing optical surfaces. The issue, as
themed in this book, is the limited technological maturity for additive manufacturing
as a sole process to produce products with optical-grade surface finishing. Hence,
the manufacturing workflow involving traditional material removal processes.
Specifications for the types of processes to produce a lightweight optical mirror will
be discussed in further detail.

10.1.2 MATERIAL SELECTION

Materials are selected based on their optical performance, which include parameters
such as the reflectance and thermal expansion coefficient. Reflectance varies over
different wavelengths and is the primary optical property of a mirror. Thermal expan-
sion coefficient determines the distortion of the mirror due to temperature changes,
which is particularly important when capturing high resolution imaging and where
micro-optics are involved. In this case study, the maturity of AM technology to pro-
cess a material, the material density, and its machinability are important factors to
consider and affect the overall cost in manufacturing.

For metallic mirrors, aluminum, silver, and beryllium are often considered for
selection due to their optical reflectance. Aluminum is a relatively easier metal to
machine, is light, and can exhibit strong mechanical properties with the right alloying
elements. Beryllium has nearly no thermal expansion coefficient at cryogenic
temperatures, which makes it highly suitable for space use. However, it has relatively
poor machinability and exhibits high thermal expansion at high temperatures, which
limits its usage in general as an optical material. Silver is an expensive precious metal
and is generally employed as a coating material. Thus, aluminum-based alloys —
AlSil2, AlSi40, and AlSi10Mg — are favorable metals for this case study on light-
weight optical mirror manufacturing.

10.1.3 Process FLow

Optical surface fabrication on an additively manufactured material involves addi-
tive manufacturing followed by a material removal process to achieve the optical
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surface. But within this seemingly simple task lies multiple processes that were
implemented to efficiently achieve the desired result of a surface with nanometric
roughness.

The mirror will first be fabricated using AM with two faces, the optical face, and
the back face where the latter would be constructed on support structures. The part
will then be removed from the building chamber by sawing followed by milling of
the support structure remnants. The back surface will then be lapped to achieve a flat
surface, which will form the reference plane for further processing of the optical sur-
face. The optical surface will then be diamond turned on an ultra-precision machine
center where the mirror can be attached onto the spindle by positioning the back face
on a vacuum chuck. Diamond turning of the optical surface will produce nanometric
surface roughness, which would suffice for infrared wavelengths despite the presence
of cutting tool feed marks on the surface. Further material removal processes can be
subsequently employed to improve the surface quality, such as magnetorheological
finishing (MRF) to smoothen the surface and chemical mechanical polishing (CMP)
to lower the surface roughness.

Support structure removal will depend on the way the mirror is constructed. Hilpert
et al. (2018) determined that an angle of 41° was optimal for the part to be tilted
during construction to minimize overhanging features without support structures,
particularly for the internal features. These overhanging features come from holes
on the circumferential and internal surfaces to remove powder particles left within
these internal structures of the sandwich mirror. With the mirror tilted at 41°, the main
support structures — illustrated in Figure 10.1 — will require mechanical sawing and
milling to remove the remaining features. The back surface is then milled and lapped.
In the case of an optical mirror with a 76 mm diameter, up to 30 um of material will
be removed to achieve a flat surface (Hilpert et al. 2019).

10.1.4 SHApPeE GENERATION BY DIAMOND TURNING

The mirror is inverted to machine the optical surface into the target shape (e.g.,
convex/concave) or micro-pattern formation. In cases where the initial surface
roughness of the additively manufactured part is significantly high (~10 um Ra),
milling is the preferred choice to first lower the surface roughness (<1 pm Ra)
before diamond turning is performed using an ultra-precision machine tool. The
reason for such a procedure is to reduce undesirable mechanical stresses that lead
to machine tool degradation on the ultra-precision machine when used on highly
uneven surface asperities.

Machine tool parameters include the spindle speed, feed rate, and nominal
cutting depth. The spindle speed, measured in revolutions per minute, determines the
effective cutting speed at an instantaneous radius of the workpiece. Additionally, the
spindle speed coupled with the feed rate (v) determines the tool feed (f), as shown in
Figure 10.2 and determined by Equation 10.1. Single crystal diamond cutting tools
are typically round-nosed for stronger mechanical strength during machining. The
nose radius (r,), nominal cutting depth, and feed determine the effective cutting area
during diamond-turning, which have an impact on the machined surface quality when
cutting brittle materials (Blackley and Scattergood 1991).
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FIGURE 10.1 CAD drawing of an optical mirror (gray) with support structures (blue)
constructed by selective laser melting. Reprinted with permission from SPIE (Hilpert
et al. 2019).

f:VWf (10.1)

The cutting tool has other parameters such as rake angle, clearance angle, and tool
edge radius (r) as illustrated in Figure 10.2. Cutting brittle materials typically employs
negative rake angles to induce hydrostatic stresses for the suppression of crack propa-
gation (Komanduri, Chandrasekaran, and Raff 1998), while ductile materials generally
involve positive rake angled cutting tools to promote chip flow. The clearance
angle is designed to maintain cutting tool integrity and reduce the obstruction of
elastic recovery on the machined surface. The clearance angle must be sufficiently
large for the machined surface to elastically recover but a larger clearance angle for
a positive rake angled tool will cause the tool to be extremely sharp and susceptible
to brittle failure during machining. The tool edge radius has particular significance
when the cutting length scale is of similar magnitude with the edge radius. This is
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FIGURE 10.2 Tllustration of the diamond turning process and machining parameters.

known as the tool-edge radius effect (Zhao et al. 2017) or the relative tool sharpness
(Rahman et al. 2017) where cutting length scales smaller than the edge radius can
result in change in material removal/deformation mechanism (Rahman, Rahman, and
Kumar 2018).

With this in mind, optimal process parameters can be selected for the fabrication of
the optical surfaces. Table 10.1 lists several combinations of parameters employed in
diamond turning aluminum alloys and the achievable surface quality with nanometric
roughness. It is important to clarify that some of the listed alloys were not additively
manufactured and the table of parameters may only be used as a guide to parameter
selection for diamond turning. As a guiding principle, the kinematic machined sur-
face peak-to-valley height is determined using Equation 10.2 as a function of the feed
and nose radius. This information is representative of the surface roughness, which is
determined in the average mean height using Equation 10.3.

2
Re=d" (10.2)
SrH
2
Ra=00322" (10.3)
r

n

A surface with roughness of 1 nm Ra would require a feed of approximately 2.8 um/
rev with a I mm nose radius diamond tool, which would correspond to an example
combination of 2.8 mm/min feed rate and 1,000 rpm spindle speed. The decrease in
feed theoretically improves the surface roughness. However, drastically reducing the
feed effectively sets the uncut chip thickness within the uncut shoulder (Figure 10.2)
to be mostly smaller than the tool edge radius. This effects the relative tool sharpness
where the material removal mechanism may no longer be shearing but ploughing,
which results in a different type of machined surface formation.

A large feed will also result in a larger cutting area and consequently larger volume
of material being removed, which may induce undesirable stress—strain conditions
and tool-tip vibrations that cause degradation of machined surface. The geometrical
parameters on the machine tool parameter selection are theoretically sufficient for
optical surface generation and an ideal range of the feed will avoid tool edge radius
effects and tool-tip vibrations.



TABLE 10.1
Diamond Turning Parameters for Aluminum Alloys

Feed rate
Material Spindle speed (rpm) (mm/min)  Feed (um/rev)  Cutting depth (um)  Surface roughness  Reference
AlSi10Mg 1,200 - 2.0 2.0 8.0 nm Rq (Han et al. 2019)
AlSi10Mg 1,500 2.0 - 2.0 2.9nm Rq (Wang et al. 2021)
AlSi10Mg - - - - 3.6 nm Sq (Atkins et al. 2018)
Al6061 1,000 2.0 - 2.0 2.2 nm Ra (Cheng et al. 2014)
Al6061-T6 1,500 3.0 - - 3.0 nm Ra (Chabot et al. 2019)
Al6061 2,500 - 1.0 5.0 2.6 nm Ra (Cardenas et al. 2015)
Al6061 2,000 25.0 - 2.0 12.5 nm Ra (Cheung and Lee 2000)
Al6061 3,000 5.0 - 5.0 3.8 nm Rq (Gubbels et al. 2008)
Al6061 1,000 2.0 - 1.0 2.1 nm Ra (Cheng et al. 2015)
RSA6061 1,000 2.0 - 1.0 1.5 nm Ra (Cheng et al. 2015)
RSA6061 3,000 5.0 5.0 2.3nm Rq (Gubbels et al. 2008)
RSA6061 1,500 3.0 - - 1.7 nm Ra (Chabot et al. 2019)
RSA6061 1,000 2.0 - 2.0 1.7 nm Ra (Cheng et al. 2014)
AlSil2 9.1 nm Sa (Hilpert et al. 2018)
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The next factor for consideration is the machining time, which can be shortened
by increasing the feed rate. In the example above, the feed of 2.8 pm/rev may be
assumed to be ideal to achieve a surface roughness of 1 nm Ra. An increase in feed
rate to 5.6 mm/min would then require an increase in spindle speed to 2,000 rpm
as determined in Equation 10.1. However, the increase in spindle speed indicates
the increase in effective cutting speed, which would lead to other metal deformation
events that may affect the machined surface quality. In the case of aluminum alloys,
the increase in cutting speed promotes the production of low roughness surfaces
(Revel, Khanfir, and Fillit 2006). However, this trend of metal deformation events
may not hold true for other metals where an increase in cutting speed promotes for-
mation of machined surface defects and increases surface roughness from the theor-
etical value. An increase in cutting speed often leads to an increase in heat generation,
which can beneficially soften the material to ease machinability but can also result in
thermal instabilities for both the cutting chip and the cutting tool, leading to undesir-
able events such as tool-tip vibrations (Wang et al. 2011).

The described causes for the machined surface deterioration while employing
different cutting speeds is largely correlated to the microstructural properties of
the work material, which is an important aspect to understand as part of the post-
processing workflow for the fabrication of an optical surface.

10.1.5 MICROSTRUCTURE MODIFICATIONS

Heat treatment is a post-processing procedure intended to relieve residual stresses
developed during solidification of particles in the AM process. However, heat
treatment also results in the alteration of microstructural features, which largely affect
the material properties and its machinability.

For instance, a comparison of AlSiMg0.75 microstructures (Figure 10.3) present
the micro-segregation of the Si phase along cell boundaries of the Al matrix in the
as-built (AB) sample (Bai et al. 2020). After heat treatment at 300 °C for 3 h followed
by furnace cooling, the dissolution and scattering of Si particles occurred throughout
the heat treated (HT) microstructure. Dendrite structure widths will increase together
with the formation of Si particles after stress relieving via heat treatment of AISil2 at
200 °C (Siddique et al. 2015).

It is apparent the precipitation of silicon particles within the aluminum matrix is
a common occurrence. Machining performance would be affected by the presence
of these precipitations (Kikuchi et al. 2003). Cutting forces are known to decrease
with the increase in silicon precipitation due to decrease in tool-chip interfacial
adhesion (Zhang et al. 2020) and the easy breakage of chips (Kamiya et al. 2008).
Silicon precipitation also affect the accumulation of material and dislodging of hard
particles to severely affect the machined surface (Santos et al. 2016). In the case of
Al6061, heat generated during machining itself has also been reported to be sufficient
for the precipitation of Mg,Si particles to subsequently affect the machined surface
quality (Wang et al. 2015). Figure 10.4 presents optical images of machined surfaces
on AISiMg0.75 and illustrates the impact of precipitates on the machined surface
quality. The hard precipitates embedded within the ductile aluminum matrix were
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FIGURE 10.3 Microstructure comparison between as-built (AB) and heat treated (HT)
microstructures in A1SiMg0.75: (a) AB top surface; (b) AB side surface; (c) HT top surface;
(d) HT side surface. Reprinted with permission from Elsevier (Bai et al. 2020).
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FIGURE 10.4 Optical imaging of the AISiMg0.75 machined surfaces after: (a) orthogonal
micro-cutting (v, = 20 mm/min, a,= 20 um); (b) diamond turning (N = 1,500 rpm, f= 5 um/rev,
a,= 3 um). Reprinted with permission from Elsevier (Bai et al. 2020).
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dragged along the tool path to produce micro-scratches on the surface degrading the
surface roughness to 10.2 nm Ra.

10.1.6 ALTERNATIVE SHAPE GENERATION METHOD 1: ULTRASONIC ELLIPTICAL
VIBRATION-ASSISTED MACHINING

Understanding the material characteristics to optimize machining parameters is one
method to further improve the surface condition of the diamond-turned optical sur-
face. However, the stringent optical requirements for visible and UV light applications
require even lower surface roughness profiles that are typically achieved by MRF and
CMP. There are, however, other proposed solutions to augment the fabrication pro-
cess of an optical surface on the additively manufactured part, such as applying a
coating and implementing advanced tooling systems to the ultra-precision machining
process.

Ultrasonic elliptical vibration-assisted machining (UEVAM) is a suitable solution
to overcome the issue of hard precipitates scratching the machined surfaces (Bai
et al. 2020). This is an innovative cutting tool holder that is designed to allow micro-
scopic movements of the tool at a high frequency to induce an alternative chip forma-
tion mechanism. These tool motions can occur along up to three dimensions, but
are more commonly found in two-axial (2D) applications, where the axes are parallel
and perpendicular to the cutting direction (Brehl and Dow 2008). In a 2D scenario,
the effective motion of the cutting tool relative to the work material would appear to
be elliptically shaped when also accounting for the feed of the tool holder relative to
the work piece. In other words, a 2D tool vibrational motion would be circular if the
tool holder is stationary, while the additional motion of the tool holder with respect
to the workpiece causes the effective vibrational motion to be elliptical, as illustrated
in Figure 10.5. Thus, it is common for this process to be referred to as elliptical
vibration-assistance rather than vibration-assisted cutting. The vibration motion is
induced by piezoelectric or magnetostrictive actuators that are actuated by the input
of sinusoidal voltage signals, thus giving the vibration motion harmonic motions at
high frequencies in several tens of kHz.

Amplitude

’ Machined surface ‘

H
o
‘ Cutting direction ‘

FIGURE 10.5 Tool trajectory in 2D ultrasonic elliptical vibration-assisted machining and its
effectiveness at tackling the embedded particle problem.
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FIGURE 10.6 FEM simulations of the differences in interaction between: (a) a conventional
tool motion, and (b) the elliptical tool motion in UEVAM. Reprinted with permission from
Elsevier (Bai et al. 2020).

In the case of hard particles, it is believed that UEVAM can effectively remove
them from the cutting zone to avoid scratching of the machined surface. Finite element
method (FEM) simulations illustrate the benefits of UEVAM to address the particle
problem, as shown in Figure 10.6. With a vibrational amplitude and frequency of 4
pm and 38.87 kHz, the surface quality of AlSiMg0.75 alloy could be reduced from
11.03 nm Ra by conventional diamond turning to 5.10 nm Ra with UEVAM (Bai et al.
2020). Turning parameters were set at 1,500 rpm spindle speed, 2 um/rev feed, and 3
um cutting depth for this case. Interestingly, the improvement in surface quality with
UEVAM was greater than that after heat treatment, where a roughness of 10.07 nm
Ra was achieved by conventional diamond-turning after thermal treatment at 300
°C for 3 h. This demonstrated the marginal impact of thermal treatment to improve
machinability of the alloy and the potential adoption of UEVAM to shorten the post-
processing procedure.

Vibration-assisted machining generally benefits other manufacturing processes in
achieving superior surface finishing as well as milling of Ti6Al4V (Su and Li 2022)
and burnishing of AlSil0Mg (Teramachi and Yan 2019), but it may not always be
the case as reported for vibration-assisted micro-milling of AISI 316L steel (Greco
et al. 2021) and the burnishing of maraging steel (Ituarte et al. 2020). Other common
benefits of vibration-assistance include the reduction in cutting forces and lower
tool wear.

Vibration-assisted machining is, however, limited by a maximum cutting speed
defined by Equation 10.4.
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V._=2nf,A (10.4)

ccrit

where f, is the resonant vibration frequency and A is the vibration amplitude. If
the effective cutting speed during diamond turning exceeds the critical cutting speed
V_.» tool-workpiece separation will no longer occur and the cutting process may be
assumed to be similar to the conventional cutting process where the tool is perpetually
in contact with the work material. Therefore, this may cause certain limitations to the
overall machining time. A limitation on the cutting speed will limit the spindle speed,
and consequently affects the maximum feed rate (Equation 10.1) and the machining
time. Aside from this, the benefits of vibration-assisted machining have made the pro-
cess highly favorable to be included as part of advancing additive manufacturing in
hybrid manufacturing (Sealy et al. 2018). Table 10.2 lists several UEVAM parameters
employed for conventional metal processing as a guide for further applications on
additively manufactured metals.

10.1.7 ALTERNATIVE SHAPE GENERATION METHOD 2: REPLACING OPTICAL
SURFACE WITH NICKEL-PHOSPHOROUS COATING

Hilpert et al. (2018) determined that diamond turned AlSil2 could not attain the
desirable surface quality of an optical mirror, with the best achievable surface
quality of 9.1 nm Sa. Therefore, the alloy surface was electroplated with a 100 um
thick amorphous layer of 11-12 wt.% phosphorous with nickel (i.e., NiP plating).
Electroplating is the process using controlled electrolysis to transfer material from an
anode to the part to be coated (the cathode). The electrolytic cell comprises an elec-
trical current source, a cathode, an anode, and an aqueous electrolyte (Figure 10.7).
The setup is relatively cheap and operable at ambient conditions (i.e., room tempera-
ture and pressure).

Electrodeposition of NiP involves the main deposition of nickel ions (Ni*?) with
the co-deposition of phosphorous oxyacid onto the cathodic workpiece. Nickel ions
are formed in the aqueous solution at the soluble nickel anode in Equation 10.5.
Concurrently, an oxyanion such as hypophosphite is reduced by Equation 10.6 to form
phosphines that interact with nickel ions to form the nickel-phosphorous material on
the cathode in Equation 10.7.

Ni—2e~ = Ni* (10.5)
H,PO,” +H* +6H, = PH, +3H,0 (10.6)
2PH, +3Ni?* = 3Ni+2P + 2H"* (10.7)

Phosphorous content in the coating is also an important factor contributing to machin-
ability where higher phosphorous content increases the ductility of the coating and
reduces tool wear to improve surface finishing during diamond turning (Pramanik



TABLE 10.2
Ultrasonic Elliptical Vibration-Assisted Machining Parameters for Metals
Spindle Cutting depth
Material Amp. (um) Freq. (kHz)  Surface roughness speed (rpm) Feed (um /rev) (um) Ref.
AlSil0Mg 4.0 38.87 5.10 nm Ra 1,500 - 2.0 (Bai et al. 2020)
MB5 1.0 100.0 3.4 nmRa - 5.0 1.0 (Xing et al. 2020)
SUS303Se 3.0 40.0 26 nm Rz 90.0 3.0 3.0 (Moriwaki and Shamoto 1991)
SUS420J2 2.5 21.8 14 nm Ry 380.0 3.0 3.0 (Shamoto and Moriwaki 1999)
SUS420J2 2.0 36.2 16 nm Ra 6.0 - - (Zhang et al. 2019)
Stavax 2.0 38.87 10 nm Ra 15.0 2.5 10.0 (Zhang et al. 2011)
Ti6Al4V 6.0 29.75 <30 nm Ra 8.0 5.0 5.0 (Tan et al. 2020)
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FIGURE 10.7 Additively manufactured AlSil2 optical mirror with NiP plating and
lightweight internal structure. Reprinted with permission from Elsevier (Hilpert et al. 2018).

et al. 2008). Despite several studies on tool wear, NiP is considered to be a machinable
material with reports of optical surface generation even after 200 km of machining
(Pramanik et al. 2009). Generally, better surface finishing through diamond turning
and polishing is achievable after heat treatment, but this comes at the expense of
cutting tool life (Casstevens and Daugherty 1978).

Thermal treatment of the coating is needed to enhance the mechanical strength
(Lelevic and Walsh 2019) and coating-substrate adhesion (Apachitei et al. 2002) of
the coating. Treatment temperatures need to exceed 260 °C before observing any
changes in the mechanical properties of the coating (Staia et al. 1996). Surface refine-
ment can then be performed after ensuring adhesion of the coating to the aluminum
substrate.

Diamond turning of the NiP coating will reshape the optical surface to the target
geometry and an optical surface with roughness of between ranging between 2.9 nm
Rq (Hilpert et al. 2019) and 5.4 Rq (Hilpert et al. 2018). Figure 10.7 presents an
example of the machined optical surface on a NiP coated aluminum alloy constructed
with a lightweight internal structure by selective laser melting. The machined sur-
face quality of NiP was reported to be unaffected by the cutting speed but increases
together with feed rate and cutting depth (Chon and Namba 2010). However, the
achievable surface deteriorated as the feed and cutting depth reduced further, due to
relative tool sharpness (Yu et al. 2021). Table 10.3 lists several parameters used in
diamond turning nickel phosphorous optical surfaces.

10.1.8 FINISHING PROCESSES

The machined surface after diamond turning with or without UEVAM will inevitably
leave behind feed marks, as shown in Figure 10.8(a), which will result in light
diffraction and scattering — particularly in X-ray applications. This requires additional
processes such as polishing to further reduce the surface roughness of less than 0.3 nm
Rq (Figures 10.8(b) and 10.8(c)) for shorter wavelength applications (Namba et al.



TABLE 10.3
Diamond Turning Parameters for NiP

Feed rate  Feed Nose radius  Cutting depth

8€T

%P Surface roughness  Spindle speed (rpm) (mm/min) (u/rev) (mm) (um) Reference

8.5 3.5nm Rq - - 2.54 254 - (Casstevens and Daugherty 1978)
10 2.54 nm Ra - - 1.0 3.0 1.0 (Chon, Namba, and Yoon 2006)
8.5 5 nm Ra 1,000 - 2.0 2.0 4.0 (Pramanik et al. 2003)

13 6.8 nm Rq 1,000 - 2.54 0.8 0.64 (Taylor et al. 1986)

10-11 ~8 nmRa 1,000 - 10.0 2.0 2.0 (Pramanik et al. 2009)

13 3nm Rq 1,000 2.54 2.5 - 2.54 (Syn, Taylor, and Donaldson 1986)
13 10 nm Ra 2,000 - 1.0 0.5 3.0 (Zhou, Huang, and Nguyen 2017)
11 25 nm Ra 2,000 - 1.0 0.5 3.0

11 10-14 nm Ra 1,000 - 10.0 - 2.0-4.0 (Pramanik et al. 2008)

- 4.2 nm Ra 2,000 - - 1.0 2.0 (Bai et al. 2018)

- 2.11 nm Rq 1,500 2.0 - - 2.0 (Wang et al. 2021)
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FIGURE 10.8 Machined NiP surfaces measured by scanning probe microscopy: (a)
diamond-turning; (b) cloth-polishing; (c) float-polishing. Reprinted with permission from
Elsevier (Namba et al. 2008).
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FIGURE 10.9 Schematic of the MRF process. Reprinted with permission from Elsevier
(Jain 2009).

2008). A popular choice is through magnetorheological finishing (MRF) due to its
unique ability to smoothen the spatial frequencies of aspherical and free-form optics
(Jeon et al. 2017; Dumas, Golini, and Tricard 2005), and the higher material removal
rates compared to traditional pad polishing processes (Golini et al. 1999).

MREF utilizes a magnetorheological (MR) fluid to be fed to the polishing zone
as a ribbon on a rotating carrier wheel (Figure 10.9). A nozzle feeds the fluid to
the polishing zone and the fluid is then collected in a suction cup to be deposited
into a fluid mixer. This close-looped configuration allows for fluid mixture mainten-
ance and its reuse. As the wheel rotates delivering the MR fluid ribbon, the workpiece
also sweeps across the ribbon for surface smoothening by the converging gap
between the workpiece and the carrier. Beneath the carrier wheel is an electromagnet
designed to direct a magnetic field to the polishing zone and stiffen the MR fluid
while conforming to the local curvature or topography of the part being polished
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TABLE 10.4
Ranking of MRF Parameters on the Different Geometrical Removal
(Yang, Peng, and Hu 2022)

Desirable outcome  Parameter ranking (More important on the left)

Affected area Working depth  Field intensity ~ Polishing Fluid ribbon
wheel speed flow rate

Volume removal Field intensity =~ Working depth ~ Polishing Fluid ribbon
efficiency wheel speed flow rate

at that position. Material is then removed by plastic shear force exerted by the con-
formal fluid ribbon as it converges and gets clamped through the gap. It is evident that
the important parameters in MRF include the wheel speed, fluid flow, magnetic field
strength, and the working depth to determine the effectiveness of the fluid ribbon to
polish the workpiece.

The MR fluid comprises non-magnetic polishing abrasives (e.g., diamond, cerium
oxide, aluminum oxide, silicon carbide, etc.), magnetic particles, and a carrier liquid
mixed with additives or stabilizers (e.g., grease, glycerol, oleic acid, etc.) (Hashmi
et al. 2022). The fluid alone involves multiple considerations such as the type and size
of abrasive and magnetic particles, and the carrier fluid concentration and viscosity
(Sidpara 2014).

Over the years, the MRF process has been adapted with multiple variations
to accommodate complex geometries beyond the basic planar surface, such as
the magnetorheological abrasive flow finishing (MRAFF) (Jha and Jain 2004) to
tackle internal surfaces, MR jet finishing method (Kordonski, Shorey, and Tricard
2004) for freeform geometries and steep cavities, and ball-end MRF (Chen et al.
2016) for concave or spherical surfaces. While the main parameters remain mostly
the same for each of the different processes, the range of each parameter for selec-
tion can largely vary. Thus, it is not advisable to prescribe a range of parameter
selections. It is, however, useful to understand the influence of each parameter on
the machining process. Yang, Peng, and Hu (2022) concluded the importance of
parameters with respect to the different desirable outcomes listed in Table 10.4.
As a gauge, processing parameters for their work included the fluid ribbon flow
rate (55-75 liters/h), polishing wheel speed (200-280 rpm), magnetic field inten-
sity current (2—4 A), and the working depth (0.1-0.3 mm). With these parameters
and the use of silicon dioxide as the abrasive in the mixture, an optical surface
roughness of 1.897 nm Ra was achievable on NiP. A superior NiP surface of
0.851 nm Ra can be achievable by MRF using an unconventional fluid with 1.5
um iron magnetic particles at a concentration of 37% and 0.2% of nano-alumina
abrasives (Bai et al. 2018).

Carbonyl iron particles (CIP) influence the MR effect under the magnetic field
due to the elongation of CIP particle chains. Together with the increase in concentra-
tion and size of abrasive particles, material removal rates can be increased to reduce
the overall machining time. However, the concentration of these particles together
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influences the overall viscosity of the MR fluid, which would affect the fluid circula-
tion through the fluid delivery system. Thus, a balance must be struck between these
few parameters regarding the MR fluid composition. An increase in wheel rotational
speed also increases material removal rates due to the increase in shear forces acting
at the tool-workpiece gap.

Despite MRF designed to remove diamond turning feed marks that result in spatial
frequencies observed in the power spectrum, MRF too is a unidirectional process that
would produce surfaces with smaller scales of these characteristic spatial frequencies.
Hence, an additional multidirectional polishing process is required to reduce these
effects (Moeggenborg et al. 2006). Hilpert et al. (2018) advised to employ chemical
mechanical polishing (CMP) as the final finishing process to achieve a final surface
quality of 0.4 nm Sa on AlSil2. It is still important to employ MRF after diamond
turning to reduce the surface roughness before engaging polishing techniques to
avoid long polishing periods.

CMP is a material removal process that involves the chemical reaction of the sur-
face to form an oxidized layer that will be mechanically removed by slurry abrasives
in a polishing pad at low pressures (1-3 psi). The combined chemical and mechanical
processes are optimal for relatively higher material removal rates and lower subsur-
face damage compared to traditional polishing processes such as lapping. However,
these polishing processes are still limited by the inability to process curved surfaces
(Sidpara 2014).

The benefits of these two processes led to the evolution of a combined variation
known as chemo-mechanical magnetorheological finishing (CMMRF) (Jain et al.
2010). The concept for material removal remains the same as CMP where a chemical
reaction occurs to modify the surface layer for easy mechanical removal, except
that the method for mechanical removal in CMMREF follows the MRF process, as
illustrated in Figure 10.10. MR fluid compositions will then have to be recalibrated to
be equipped with the chemical reactivity of the workpiece. Table 10.5 lists the various
constituents of a typical MR fluid. In the case of aluminum, the MR fluid will com-
prise de-ionized water as the carrier fluid with a mixture of ammonia and citric acid
for chemical interaction (Kumar and Singh 2021). A surface roughness of 0.6 nm Ra
was achievable on A17075-T6 by CMMREF (Figure 10.11) with a unique finding that

TABLE 10.5
Constituents of MR Fluid (Kumar and Singh 2021; Ghai et al. 2018; Hashmi
etal. 2022)

Constituent Examples

Base fluid Deionized water, oil

Abrasive particles Aluminum oxide, silicon carbide, boron carbide, cerium oxide,
zirconium dioxide, diamond

Magnetic particles Carbonyl iron particles, electrolytic iron powder, iron-cobalt alloy
powder

Agglomeration control ~ Glycol, glycine, glycerol, oleic acid
Passive layer formation  Citric acid, ammonia
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FIGURE 10.10 Schematic of the CMMRF process: (a) Setup; (b) MRF component;
(c) interaction of MR fluid with chemically modified surface layer on work material. Reprinted
with permission from Elsevier (Ranjan, Balasubramaniam, and Jain 2017).

FIGURE 10.11 Comparison of A17075-T6 surfaces: (a) as lapped (58.9 nm Ra) and (b) after
CMMREF (0.597 nm Ra). Reprinted with permission from Elsevier (Ghai et al. 2018).

superior surface finishing was only possible with an alkaline solution in contrast to a
more acidic solution for other metals (Ghai et al. 2018). To date, there has yet to be a
report on the employment of CMMREF on NiP coatings, which might be attributed to
the easy machinability of NiP with MRF and CMP as standalone technologies.

10.1.9 SummARIizED WORKFLOW

Figure 10.12 sums up the discussion on the process chain for the post-processing
of additively manufactured aluminum alloy optical mirrors. The initial stages of
post-processing encompass the typical part handling measures of support structure
removal and part alignment on machine tools. Conventionally, diamond turning is
performed for desired shape generation where good control of the feed enables the
fabrication of relatively good surface quality (up to 10 nm Ra). Heat treatment may
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FIGURE 10.12 Variations of process flow to produce optical surface on additively
manufactured aluminum alloys.

be employed to remove residual stresses but also generates new microstructures and
precipitation that hinder the machined surface quality. Two alternative solutions can
avoid such issues —to either replace the optical surface with a nickel-phosphorus
coating to be diamond turned or adopt advanced tooling systems such as ultrasonic
elliptical vibration-assisted machining. While both methods can improve the surface
roughness to <5 nm Ra, turning feed marks remain an issue hindering lower
wavelength applications. Thus, further polishing by magnetorheological finishing
(MRF), chemical mechanical polishing (CMP), or the hybridized chemo-mechanical
magnetorheological finishing (CMMRF) would be necessary to achieve atomic-level
surface finishing.

10.2 INTRAVASCULAR STENT PRODUCTION

10.2.1 APPLICATION

Cardiovascular diseases cause millions of deaths annually. A large portion of the
deaths are caused by the blockage of blood vessels due to the build-up of plaque.
A surgical procedure to tackle this issue is placing a stent (i.e., a tubular mesh) inside
the blood vessel to keep the vessel open and smoothen the blow flow. Stents can
be made of polymers and metals such as stainless steels, titanium alloys, cobalt
chromium alloys, nitinol (a metal alloy comprising nickel and titanium with shape
memory properties), and others.

Conventional manufacturing methods for metallic stents include laser cutting and
braiding. In laser cutting, a hollow metal tube rotates as the laser cuts out the gaps on
the tube surface to form a tubular stent. Laser cutting is only limited to the formation
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of tubular stents. The process will lead to sharp corners and an oxidized layer that
will require secondary processing for improved surface quality. In braiding, more
complex stents can be generated using expensive fixtures and tools to braid metal
wires into specially designed stents. These fixtures and tools are normally developed
for one stent design and changes of the stent design would require the development
of new equipment, which drives up the cost of this method. Furthermore, braiding is
a labor-intensive operation.

Employing AM to fabricate stents has several attractive advantages. First,
AM allows great freedom for customization for stent designs that can have added
functions. Moreover, the short production cycle and capability for on-site fabrication
allow point-of-care product delivery which is useful and convenient for hospitals and
clinics to produce personalized stents for patients without worrying about inventory
and delivery. However, there are disadvantages of the AM process that hinder this
application in practical. For example, poor surface finish and inadequate dimensional
accuracy require post-processing technologies such as chemical etching (Tyagi et al.
2019), magnetic abrasive finishing (Zhang, Chaudhari, and Wang 2019), vibration-
assisted conformal finishing (Zhang et al. 2018), and others to come into the picture.
In this case study, the design, printing, and post-processing of AM stents will be
discussed.

10.2.2 Process CHAIN

The manufacturing process chain for stents is presented in Figure 10.13.
Conventionally, raw materials comprise tubes, wires, sheets, and bars to be processed
by laser cutting and braiding into the designed stent geometries. AM employs metal
powders as the raw material to produce stents with customized designs and complex
geometries followed by post-processing such as heat treatment, surface treatment,
inspection, quality assurance, and packaging. Using AM to fabricate stents may pose
new challenges for post-processing.

1
Raw material . ! ‘ Surface treatment
» = Laser cutting '» Heat treatment

= braiding (Stress release) Blasting, polishing
electropolishing. ..

Tube, wire,
sheets, bars

packaging Quality assurance

Process chain with AM

» Conventional process chain ‘ .
Clean room Inspection and

FIGURE 10.13 Manufacturing process chain for stents.
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FIGURE 10.14 Stent design with the top view of a cross-sectioned strut (Zhang 2019).
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FIGURE 10.15 (a) SEM image of the 316L powders used for printing and (b) the printed
stents on the substrate.

10.2.3 DESIGN AND FABRICATION

Figure 10.14 shows a typical example of a stent designed with an outer diameter
(OD) and inner diameter (ID) of 4.8 mm and 4.2 mm, respectively. Each strut is part
of a ring measuring 150 um in width and 300 pm in thickness. A 6 mm-diameter
and 3 mm-tall bases is designed for clamping during post-processing and can be
subsequently removed. Such a stent structure made of 316L stainless steel can be
fabricated by LPBF with parameters listed in Table 10.6 for good mechanical prop-
erties. Examples of stents producible by LPBF on an EOS 290M SLM printer with
stainless steel powder (Figure 10.15(a)) are shown in Figure 10.15(b). The stents
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TABLE 10.6
Selective Laser Melting Parameters to Fabricate
the Designed Stents

Parameters Values
Laser power 195 W
Laser power for support 100 W
Scanning speed 960 mm/s
Scanning speed for support 850 mm/s
Hatch distance 0.09 mm
Layer thickness 0.04 mm
Powder material 0.02 mm
Powder diameter 316 L
Scan strategy Mixed

were constructed vertically to eliminate the need for support structures inside the
stent. Support structures are necessary in the printing base where a 2 mm thick
support was constructed between the base of the stent and the building platform.
Different printing parameters should be employed to aid the easy removal of the
stents. The materials of the stent can also be biocompatible alloys such as nickel
titanium (Nitinol) and CoCr.

Defects will arise from the additive manufacturing process — such as partially
bonded particles, balling effect, staircase effect, and ripple effect — which greatly
deteriorate the dimensional accuracy and surface finish of the fabricated parts. As
discussed in earlier chapters of the book, there are many conventional finishing
techniques such as machining, mechanical polishing, and electrochemical polishing
that have been applied for post-processing. However, the complex geometry of stents
requires post-processing methods with high accessibility and material removal effi-
ciency. Mechanical and electrochemical material removal mechanisms will be
discussed as these two methods can employ media to reach the internal surfaces.
For instance, micro-blasting employs micro-sized abrasives that can flow through
the stent and mechanically abrade the internal surfaces. Chemical reactants can
also involve solid particles that flow and contact the internal surfaces but features a
different material removal mechanism.

10.2.4 MEcHANICAL-BASED FINISHING

Blasting is a common practice to remove the partially bonded particles on the as-
printed parts and to provide a particle-free surface for further processing. Micro-
blasting employs micrometer-scale spheres and a miniature nozzle to produce
controllable particle flow to process small and intricate parts. The concept of micro-
blasting is illustrated in Figure 10.16(a) where the stent is mounted onto a motor to be
rotated while a nozzle blasts spherical ceramic abrasive balls that are 150-200 um in
size (Figure 10.16(b) to process the stent. The important parameters of micro-blasting
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FIGURE 10.16 (a) Schematic of developed micro-blasting setup and (b) SEM imaging of the
ceramic abrasive balls (Zhang 2019).

TABLE 10.7

Micro-Blasting Parameters for the SLM Stents

Parameters Values

Nozzle diameter 5 mm

Media Ceramic balls with a diameter of 150-200 pm
Spindle rotating speed 30 rpm

Linear slide velocity 1 mm/s

Gap 18, 27, 36 mm

Air pressure 1,2, 3 bar

Coverage 100, 200, 300%

are listed in Table 10.7, which include the blast pressure, workpiece-nozzle gap dis-
tance, and coverage. The blast pressure is controlled by an air valve. A higher blast
pressure results in a higher particle speed and a larger material removal rate. Too high
blast pressure may lead to abrasive embedding into the workpiece. The work-nozzle
gap distance controls the processing area and the impact energy imposed on the work-
piece, thus affecting the material removal rate. A small gap distance enables a large
material removal rate on a limited region, while a large gap distance can process a
large area with low efficiency.

The coverage indicates the process cycles — e.g., 100% coverage means the whole
surface of the sample was micro-blasted once, and 300% coverage means another two
process cycles are repeated. More materials will be removed after more coverages,
which, however, does not necessarily lead to a better surface finish since the surface
roughness will saturate after a certain coverage.

10.2.5 PERFORMANCE OF MICRO-BLASTING

The printed 316L stents were processed with the parameters listed in Table 10.7.
with a 3? full-factorial experiment design considering the effect of coverage, gap, and
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FIGURE 10.17 Finishing of inner surfaces: (a) overall image of the stent and (b) enlarged
image of internal surface.

200 pm

FIGURE 10.18 Strut damage after micro-blasting (Sample #6): (a) overall image and
(b) zoom-in image (Zhang 2019).

blast pressure. After micro-blasting, the outer diameter and strut widths of the stent
lattices were reduced by an average of 83 um and 32 um, respectively. This reduction
is mainly caused by the removal of partially bonded particles. Analysis of variance
(ANOVA) revealed that the gap distance has the most influence on mass loss and strut
width reduction. As seen in Figure 10.17, the micro-blasting has the capability of
processing the inner surfaces of the stents. However, high pressures in micro-blasting
may also lead to strut damage shown in Figure 10.18. Thus, pressures should be high
enough for efficient material removal but limited to prevent damage to the fragile
structures generated by AM. The surface roughness can reach below 2 um Ra from
the initial 6-10 um within several minutes.

In short, one can conclude that micro-blasting is a suitable rough finishing process
for SLM stents. It can efficiently remove most of the partially bonded particles and
prepare a relatively smooth surface for the following finishing process.
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Fixture

FIGURE 10.19 Dry mechanical electrochemical polishing (DMECP) of SLM stents: (a)
the DMECP machine (GPA Innovation DLyte 11+Ti) and (b) stents mounting on the fixtures
for DMECP.

10.2.6 PERFORMANCE OF ELECTROCHEMICAL POLISHING

Chemical etching and electrochemical polishing can remove the partially bonded
particles and produce smooth surfaces on AM lattice structures (Pyka et al. 2012;
Demir and Previtali 2017). In this case study, the dry mechanical electrochemical
polishing (DMECP) concept is used for comparison with micro-blasting considering
that both processes only employ solid particles to contact the internal surfaces during
the polishing process. A DMECP setup is shown in Figure 10.19(a) where the stents
are secured onto fixtures (Figure 10.19(b)) to be embedded inside the polishing media
of polymer spheres (DRYLYTE-DLYTE-02). After polishing for 1 h with a voltage
set at 30V, the stent surface can be polished to a roughness of 4.14 pm by DMECP
alone as presented in Figure 10.20. However, partially bonded particles at the corners
between two adjacent struts remain as it can be difficult for the polishing media to
access these regions.

A combination of micro-blasting and DMECP works best where partially bonded
particles are more easily removed during micro-blasting followed by the polishing
action of DMECP. This procedure can achieve surfaces with a roughness of ~60 nm
Ra as given in Figure 10.20(d). However, local deformation can still occur in the form
of a circular shape as highlighted by the yellow lines in Figure 10.20(d), due to the
continued etching of stuck polymer spheres.
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FIGURE 10.20 Hybrid process for stents. (a) as printed, (b) micro-blasted, (c) electropolished
and (d) micro-blasted followed by electropolishing.

10.2.7 SummARIZED WORKFLOW

Post-processing surface quality is critical for AM stents. Despite the variety of avail-
able processes that can reach the internal surfaces, it is evident that there are rough
polishing and finish polishing processes. Micro-blasting can serve as the rough
finishing method to effectively remove most of the surface defects, such as partially
bonded particles, balling, and staircase effect, and achieve a surface with <5 um Ra.
Caution should be taken to avoid failure and severe deformation of fragile structures.
After micro-blasting, conventional electrochemical polishing (EP) or dry mechan-
ical electrochemical polishing (DMECP) can be employed as the secondary finishing
method to enhance the surface quality (sub-micrometer scale). Post-cleaning may be
needed to remove the residual chemicals for further testing.
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1 1 Future of Post-Processing

11.1  REVIEW ON POST-PROCESSING TECHNOLOGIES

As this book draws to a close, it is fitting to summarize the various post-processes
discussed to evaluate the technological readiness of post-processing technologies
for additive manufacturing. Various types of material removal processes have been
covered in this book, which were categorized based on the type of energy employed
(i.e., mechanical, abrasive, thermal, and chemical). However, material removal tech-
nologies to achieve precision surface finishing often come with a hefty price tag
and require highly sophisticated equipment and environment conditions. Table 11.1
compiles short descriptions of several process with key advantages and disadvantages
for consideration. Table 11.2 lists each of the post-processes that have been covered
in this book and a comparison of the achievable surface quality alongside the different
material removal rates and cost comparisons.

Innovative techniques employed for conventional machining can be proposed to
improve the material removal efficacies of additively manufactured metals, which
will be described in Section 11.2. Last, the idealized future of hybrid manufacturing
will be discussed in Section 11.3.

As the maturity of understanding metal additive manufacturing technology is far
from complete, research on the machinability of additively manufactured metals con-
tinues to expand with three key areas of focus:

(1) The machinability of other metal alloy formulations that will be fabricated by
additive manufacturing.

(2) Machinability of special structures such as thin walls, thin columns, and com-
plex geometrical structures with low stiffness.

(3) Design of new cutting tools and surface processing strategies to accommodate
difficult-to-cut materials.

11.2  SURFACE PROCESSING INNOVATIONS

This book has shown that post-processing of additively manufactured (AM)
components does not only involve considerations for material removal mechanisms
but also microstructural characteristics that determine the mechanical properties of
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TABLE 11.1

Types of Post-Processing Technologies

Process

Description

Micro-turning

Micro-milling

Plasma arc
machining

Ion beam
machining

MRF

CMP

Micro-EDM

Surface
grinding

MDIF

A diamond cutting tool driven into a workpiece along a designated tool
path remove material by chip formation; (+) Easy design of cheap
cutting tools, precise tool path generation with nanometric resolution;
(-) Susceptible to high tool wear due to constant tool-workpiece contact,
lower material removal rates compared to multi-point cutting tools.

A process employing a multi-point cutting tool that rotates to
intermittently remove material by chip formation. (+) High material
removal rates for large area machining, relatively lower tool wear;
(-) Challenging to produce micro-milling tools, intermittent cutting
leading to fluctuating loads and potential chatter.

Channeling a high-velocity jet of ionized gas to produce a plasma arc
that melts and remove material. (+) Effective against almost any metal
at high material removal rates without chatter due to the contactless
nature; (-) High-cost equipment, high temperatures leading to oxidation,
typical reports of tapered surfaces.

Accelerating a channel of electrically charged ions at high energies to
displace workpiece atoms by transfer of energy and momentum (i.e.,
sputtering); (+) Precise control of target positioning and material
removal rates on almost any material to achieve superior surface
quality; (-) Expensive equipment with very low material removal rates.

Delivering a magnetorheological (MR) fluid, which conforms to the
geometry of the polishing area under magnetic-field excitation, to
remove material by shearing. (+) Extremely accurate and stable to
achieve precision optics; (-) Expensive MR fluid and unsuitable for
cylindrical components.

Hybrid application of chemical etching delivered by the slurry and
abrasive polishing achieved by a pad; (+) Capable of achieving uniform
planar surfaces; (-) Work material subject to corrosion and non-uniform
material removal of multi-material components.

Applying an electric voltage to a cathode and anode in proximity within a
dielectric fluid to create an electric arc (spark) that melts work material;
(+) Capable of machining materials regardless of hardness without
tool-workpiece contact to avoid chatter and mechanical stress on the
workpiece; (-) Unsuitable for non-conductive metals, material subject to
thermal residual stress.

A grinding wheel covered with diamond grits as a multi-edged cutting
tool; (+) Self-sharpening abrasive action during low pressure work;
(-) High-cost tools that are constantly degrading while having low
material removal rates.

A spherical magnet bonded with abrasives to rotate and polish internal
surfaces under the influence of an external magnet; (+) Capable of
reaching internal surfaces inaccessible by conventional methods; (-)
Presently limited to circular internal structures.
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TABLE 11.1 (Continued)
Types of Post-Processing Technologies

Process Description

Sandblasting A stream of abrasives directed to erode material under high pressures;
(+) Easy to perform and effective for most materials; (-) Potential
environmental pollution requiring safety equipment and precautions for
operators.

AFM A high-pressure stream of viscous abrasive-laden medium to erode
material along its path. (+) No tool-workpiece contact to avoid chatter
or vibration, easy implementation to process thin sections; (-) Low
material removal rates, unsuitable for soft metals, non-recyclable
abrasives, potential environmental pollution.

MAF Magnetic abrasive particles forming a non-rigid polishing brush for
material removal under the influence of a magnetic field; (+) Easy to
perform with adaptable tool geometry; (-) Time consuming to setup
resulting in high cost of production, unsuitable for mass production.

CAF Integrating hydrodynamic cavitation erosion (collapse of a fluid cavitation
bubble) with microparticle abrasion; (+); (-)

Laser polishing  Utilizing laser technology, which may include pulsed, continuous, or
combinations of both to melt and resolidify a thin layer of surface
material. (+) Contactless process without tools and capable of
machining high aspect ratios; (-) Thermally induced residual stresses
and oxidation on surface.

Electron beam Accelerating a high-velocity electrons through a beam with high energy
polishing to heat and vaporize work material. (+) No pressure or force acting on
workpiece during precision machining, capable of precise targeting and
high aspect ratio machining; (-) Expensive and low material removal
rates.

the part. These aspects are inseparably connected with regard to the surface finishing
quality. It is, therefore, of interest to further innovate solutions to augment conven-
tional machining processes that attend to the as-built material state prior to other
surface processing.

While several of these solutions have been explored on AM metals, there is still a
vast variety of innovations that have proven concepts on the material removal processes
for conventional materials and it is meaningful to review these implementations. It
should be noted that the techniques mentioned in this book are non-exhaustive and
designed to demonstrate the available possibilities and potentially give readers inspir-
ation to explore other non-conventional post-processing techniques.

The first two sub-sections 11.2.1 and 11.2.2 will provide short descriptions
on the available innovations that have been successfully explored for various
materials processed by single-point diamond turning, where the fundamentals of
material removal can be applied to most other conventional machining processes.
To date, these techniques have yet to be explored on AM metals and therefore
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TABLE 11.2
General Comparison Between Post-Processing Technologies

Expected surface

Process quality (Ra) Material removal rate  Cost
Micro-turning <0.01 pm
Micro-milling 0.05-0.4 ym

PA machining 0.4-3.0 um

IB machining 0.001-0.008 pm
MRF 0.3-1.0 nm
CMP 0.2-1.0 nm
Micro-EDM 0.2-1.0 ym
Surface grinding  0.025 - 0.4 um
MDIF 0.1-1.0 pm
Sandblasting 0.7-1.5 um
AFM 0.3-5.0 pm
MAF 0.15-0.7 pm Ra
CAF

Laser polishing 0.2-4.5 um

EB polishing 0.7-1.2 um
ECM

PC machining

PA: Plasma arc; IB: lon beam; MRF: Magnetorheological finishing; CMP: Chemical-mechanical
polishing; EDM: Electric discharge machining; MDIF: Magnetic-driven internal finishing; AFM: Abrasive
flow machining; MAF: Magnetic abrasive finishing; CAF: Cavitation abrasive finishing; EB: Electron
beam; ECMM: Electro-chemical machining; PC: Photochemical

outlays the potential to further improve the machinability of AM parts during post-
processing. Section 11.2.3 will then discuss the challenges of post-processing
internal surfaces.

11.2.1 Surrace Errects

The nanoscopic characteristics of the surfaces desired in precision manufacturing is
relatively close to atomic scale interactions on the surface of materials. These geo-
metrical similarities tend to increase the magnitude of influence from surrounding
factors that would substantially affect micrometric material removal processing.
These effects were classified into three categories (Figure 11.1) — physical, chemical,
and physicochemical.

The physicochemical effect involves interatomic chemical interaction coupled
with the mechanical stimulus during material removal. It employs simple surfactants
including household items such as inks, glue, and alcohols (Udupa et al. 2018), which
can substantially lower micro-cutting forces when applied before cutting (Chaudhari
et al. 2018). The surfactant or surface-active medium (SAM) supposedly degrades
the mechanical stability of the surface and reduces the strength (Shchukin et al. 1978)
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FIGURE 11.1 Categorization of surface effects in microscopic material removal processing.

Reprinted with permission from Elsevier (Lee and Wang 2020).

resulting in embrittlement (Rehbinder and Shchukin 1972). This is the change in
surface energy of the work material due to favorable bonding between the SAM and
the work material atoms (Lee and Wang 2020). Multiple benefits have been reported
in applying physiochemical effects in micro-cutting of metals such as the reduction in
cutting forces (Zhang, Lee and Wang 2020), improved machined surface
quality (Zheng et al. 2021), microstructural changes (Zhang, Lee, and Wang 2021a;
Zhang, Lee, and Wang 2021b), and suppressed diamond tool wear (Lee, Shen, and
Wang 2020).

The definition of a physical surface effect requires the physical presence of a matter
on the work material to disrupt the conventional flow of material during removal. This
physical matter may be in the rigid or deformable form for both solids and aqueous
solutions.

Extrusion-cutting (de Chiffre 1976) is a rigid physical surface effect where a con-
straint tool is applied ahead of a cutting tool (Figure 11.2). During chip formation,
the cutting tool and the constraint remain fixed at a certain distance from each other,
while the work material flows through the gap between the two rigid tools. Hence,
the process was coined as an extrusion-like process. It was recently rebranded as
large-strain extrusion machining (LSEM) in view of the concept to concentrate the
strain in the primary deformation zone (Cai et al. 2015) and reduce the instabilities
caused during chip formation, which result in the uniformity of the machined surface
quality (Sagapuram et al. 2015). The improvements in machined surface quality may
be controlled by the chip compression ratio (i.e., the ratio between the deformed chip
thickness and the undeformed chip thickness) to obtain the optimal cutting forces and
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FIGURE 11.2 [Illustration of an extrusion-cutting process with a constraint ahead of the
cutting tool and the corresponding comparison in chip formation with conventional cutting.
Reprinted with permission from Elsevier (Sagapuram et al. 2015).

maintain shear deformation during the cutting process without going into complex
extrusion, which induces undesirable subsurface deformation and high energy con-
sumption (Guo, Chen, and Saleh 2020).

The physical surface effect may also manifest in the form of a high-pressured
liquid exerting hydrostatic stresses on the work material, which has been reported
to affect the deformability of various materials ranging across plastics (Pugh et al.
1971; Pae and Bhateja 1975), metals (Sakata and Okubo 1970; Sakata, Aoki, and
Tsujimoto 1971), and ceramics (Bridgman 1947). The concept is to submerge the
work material in a chamber of pressurized liquid while performing deformation tests
such as scratching (Yoshino et al. 2001) and micro-cutting (Yoshino 2016). At pre-
sent, the integration of this innovation in micro-cutting has been largely focused on
brittle materials due to the desirable notions of the external pressure suppressing
crack formation and propagation (Sakata and Aoki 1973). The theory dwells in the
fracture toughness (i.e., the criterion for crack propagation) (Equation 11.1), which

will require additional stresses under a hydrostatic pressure for crack propagation
(Equation 11.2).

K, =ome (11.1)
K, =(o, - p)Nrc (11.2)

where o is the tensile stress acting on a crack tip, c is the length of a crack, and p, is
the externally applied hydrostatic pressure.

While the theory on fracture toughness may not seem directly beneficial for appli-
cation in metal cutting, the implementation of hydrostatic pressure has an influence
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FIGURE 11.3 Tllustration of the believed similarities in the concept of applying hydrostatic
pressure and a coating during cutting. Reprinted with permission from Elsevier (Lee and
Wang 2020).

on the dislocation density that can further vary the flow stress between large and
small grains (Yuan and Wu 2014). The hydrostatic pressure can also affect the trans-
formations of the microstructure (Krawczynska et al. 2019) as heat builds up during
material removal (due to severe plastic deformation) and cooling follows in both
cutting chips and machined surfaces. Thus, it is admissible that the implementation
of hydrostatic pressure can affect the material removal process of AM metals.

In the middle of the solid rigid tool and the high-pressure fluid is the application
of a coating to induce a deformable physical surface effect. The concept is believed
to liken the application of hydrostatic pressure with a difference in the surface
stress developing from the resistance to deformation of the coating as illustrated in
Figure 11.3 (Lee et al. 2019; Lee and Wang 2021; Lee, Kumar, and Wang 2021).

11.2.2 FiELD-ASSISTED MACHINING

A magnetic field is understood to affect ferromagnetic materials by inducing mag-
netic forces of attraction and repulsion. This has led to the implementation of eddy
current damping effects to suppress the detrimental effects of tool-tip vibration
in micro-cutting (Yip and To 2017a). The theory follows that an eddy current is
generated as a conductive material moves through a magnetic field, which then
creates its own magnetic field with opposing directions relative to the external
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magnetic field. The opposing force is known as the Lorentz force, which then
serves as a repulsion to the motion of the conductive material that is perpendicular
to the magnetic field orientation. The Lorentz force is calculated based on Equation
11.3, which indicates its proportional relationship with the conductor velocity and
the magnetic field.

F,  =Exq+qxV xB (11.3)

Lorentz

where E is the electric field, ¢ is the conductor charge, v, is the velocity of the con-
ductor, and B is the magnetic field intensity. It was also believed that conversion of
kinetic energy into heat energy would occur as part of the eddy current damping
effect during machining (Yip and To 2019), which would aid in the suppression of
tool wear and improve the surface finishing of titanium alloys (Yip and To 2017b).
Enhanced plasticity in the form of elongated slip band area was also reported during
cutting of steel (el Mansori and Mkaddem 2007; Mkaddem and el Mansori 2012;
Dehghani et al. 2017).

While this theory is well-received due to the association between a magnetic
field and ferromagnetic materials, various research works have also identified signifi-
cant evidence on the influence of a magnetic field on paramagnetic and diamagnetic
materials. This is referred to as the magneto-plastic effect, which has been
implemented to improve the cutting performance of copper (Guo, Lee, Zhang, and
Wang 2022) and even a brittle ceramic (Guo, Lee, Zhang, Sorkin, et al. 2022). It
was proposed that the magnetic field affects the spin conversion in radical pairs of
dislocations and stoppers (Figure 11.4) and reduces the pinning energy to improve
dislocation mobility (Golovin 2004). The magneto-plastic effect allowed for the
reduction in cutting forces, improvements in surface quality (i.e., reduction in surface
roughness), reduced sub-grain formation and crystallographic retention, and
the enhanced plasticity for delayed ductile-brittle transition of brittle materials. The
intriguing findings on the influence of the weak magnetic field on paramagnetic and
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FIGURE 11.4 Spin conversion theory under a magnetic field. Reprinted with permission
from Elsevier (Guo, Lee, Zhang, and Wang 2022).
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diamagnetic materials during precision cutting would be highly attractive to the
post-processing of a wide range of additively manufactured metals and even other
materials such as ceramics.

Another multi-physical phenomenon is the application of heat to the cutting region,
which has been explored in the localized and generic forms. The latter indicates the
overall heating of the work material (Lee 2019), while the latter employs a targeted
heat source such as a laser to transfer heat to the material. Laser-assisted machining
has been developed over the years to overcome the brittleness of ceramics and glasses
during machining and is achieved by focusing a laser beam through a monocrystal-
line diamond tool to concurrently heat the material during cutting (Figure 11.5). The
reason for administering heat to the cutting zone is to soften the work material for
enhanced plasticity and mitigate crack formation during cutting. The innovation was
proven successful for the generation of infrared-optic surfaces on various materials
such as zinc sulfide (Navare et al. 2020), germanium (Shahinian et al. 2020), fused
silica (Shahinian et al. 2019), tungsten carbide (Kang et al. 2019), and calcium
fluoride (Bodlapati et al. 2021).

The fundamental cause for such an occurrence boils down to the excitation of
atomic kinetic energy. The vibration of atoms increases the tendency for interatomic
bonding to be broken during deformation. This manifests on a larger scale as slip
deformation where a row of atoms is granted easier mobility to glide across another
plane of atoms resulting in macroscopic plasticity. Fundamentally, this phenomenon
occurs on the primary slip systems (i.e., a network of slip planes and slip directions
for atomic displacement), but the larger input of heat energy that is converted into
atomic kinetic energy calls for secondary slip systems to also be activated, which
can further enhance the plasticity to improve machinability of brittle materials.
From the perspective of cutting metals, promoting plasticity may not necessarily
correspond well with superior surface finishing as is the case with Ti-Al alloys,
which reports the major influence of the ductile-induced microstructure on the poor
machined surface quality (Zhang et al. 2022). However, the randomness of the grain
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orientations and its influence on the material removal performance can be potentially
resolved through the implementation of heat as reported by the potential reduction in
anisotropic characteristics of single-crystalline materials (Wang et al. 2016; Wang,
Kumar, and Riemer 2018). At present, thermal-assisted cutting of metals is widely
studied but little is still known about the effectiveness of such a technique on as-built
metals in additive manufacturing, particularly the interaction of heat with micro-
structural features such as the melt pool boundaries and different material phases
emerging from the building process.

11.2.3 INTERNAL FINISHING

In the meantime, internal surface finishing remains a challenge to be resolved des-
pite the great advantages of AM to produce parts as a single component according
to internal surface designs. It may seem like achieving desirable surface quality on
AM metal surfaces is seemingly easy with the various innovations that have yet to be
explored, but the inaccessibility of most tools in reaching internal surfaces creates the
bottleneck for the uptake of AM in the manufacturing industry.

For instance, internal cooling channels are essential for cooling of molds and dies,
which would extend the life of the molds by delaying the onset of thermal fatigue
cracking, plastic deformation, and corrosion. While AM offers a revolutionary solu-
tion of producing molds with specially designed internal cooling channels in a one
stop process (compared to drilling of cooling channels), the poor roughness of these
internal surfaces can severely affect the cooling performance (Yamaguchi et al. 2021).
Thus, internal finishing remains one of the most challenging problems to resolve
in the research on metal AM. Chapter 5 discussed various abrasive based material
removal processes that have been applied to address this issue, but there has yet to be
an economical solution toward optimizing the manufacturing process for precision
surface generation on an industrial scale.

11.3 HYBRID ADDITIVE MANUFACTURING

The crux of hybrid AM is to have a single solution to integrate the full manufacturing
process from build to finish while having an emphasis on efficient management of
energy consumption and material wastage (Campatelli et al. 2020; Wippermann et al.
2020). On the side lines, the implementation of hybrid AM aims to overcome the
limitations of both AM technology (e.g., inadequate surface roughness, support struc-
ture removal, limited build size, etc.) and traditional material removal processes (e.g.,
challenges in internal surface fabrication), to create an effective solution for mass
production (Strong et al. 2018). Several successful integrations of these processes
were covered in Chapter 9 demonstrating the careful planning of inventory and the
cost effectiveness of a technologically feasible solution that accommodates a wider
range of product design specifications. A typical example centers on the integration of
DED to build the component with a milling process to achieve the desirable surface
quality, all within a single-clamping setup to reduce machine tool errors and fabrica-
tion time.
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Reprinted with permission from EDP Sciences (Popov and Fleisher 2020).

The integrative technologies further revolutionize manufacturing methodologies
promoting strong suits that make it attractive as a highly investable solution for the
future of manufacturing. Further development in this technology is postulated to
emerge as the one-stop manufacturing solution for any product type regardless of
geometry and material. Research trends in hybridization (Figure 11.6) show that the
status of the technology is still in its infancy stages with great untapped potential for
further development, and it is essential to map out the areas to be explored for the
enhancements for hybrid AM.

In the interests of precision manufacturing with hybrid AM technology, other
considerations aside from the additive and subtractive process management include
determining optimal build and tooling paths based on the assessment of the digitalized
part geometry, detection of defect formation during build/post-processing, and cor-
rective action decision-making and planning. With these considerations in mind, an
idealized concept of hybrid AM for precision manufacturing can be realized, which
combines the different aspects surrounding the integration of the additive and sub-
tractive processes with smart features.

11.3.1 ARTIFICIAL INTELLIGENCE

Artificial intelligence (AI) has been proven to boost both the performance and
product quality in both additive and subtractive manufacturing processes (Chuo
et al. 2022; Wang et al. 2020). In additive manufacturing, various machine learning
techniques have been developed to optimize the part design, optimize the process
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parameters, and monitor in-process defect formations. In subtractive manufacturing,
intelligent algorithms have been established to monitor the tool wear, optimize pro-
cess parameters, and predict the surface quality. An example for applied Al in post-
processing is the use of a broad echo state learning system to predict the material
removal rates in magnetically driven internal finishing based on the input of polishing
forces, which presented a prediction error smaller than that of physics-based models
(Zhang et al. 2022). It is believed that artificial intelligence will enhance the hybrid
additive and subtractive manufacturing processes where optimization of part proper-
ties, process planning, and manufacturing efficiency are of major concern.

11.3.2 FIELD-ASSISTED INTEGRATIONS

External excitation fields such as the magnetic, thermal, and ultrasonic, have also
presented benefits to enhance machinability. These field-assisted techniques also have
the potential to be applied during the building process. For instance, the magnetic
field has been reported to fine tune the microstructure of Inconel 625 during wire arc
additive manufacturing, which aid to obtain the desirable mechanical properties of
the fabricated components (Wang et al. 2021). However, this area of employing field-
assistance during additive manufacturing remains largely unexplored and extensive
investigations will be required to study the interaction between the applied fields, the
control parameters of the energy fields, and metal plasticity especially where micro-
structure is considered.

This book concludes having touched base with a short review on additive manu-
facturing technologies and the workflows, followed by a detailed overview on the
various post-processing technologies employed for additively manufactured metals
before ending off with a summarized comparison of these processes.
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