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Chapter 1 ®)
Introduction Check for

1.1 Composite Materials

New materials are necessitated by the increasing performance expectations of modern
technological applications. It is challenging to meet much higher and more detailed
quality criteria with single materials. As a result, composite materials are created
by combining two or more conventional materials to generate a unique combina-
tion of qualities. According to the ASM Handbook [1], composite materials are a
macroscopic mixture of two or more distinct materials with a visible interface. By
decreasing the weight of the components, these materials improve the overall effi-
ciency of the construction. Composite materials offer a wide range of applications
in demanding sectors such as space vehicles, wind power generators, and rail transit
due to their superior features, such as higher specific modulus, higher strength, and
structural designability [2]. Composite materials are used extensively in airplanes;
for example, composite materials account for approximately half of the Boeing 787’s
total weight. Furthermore, composite materials account for 53% of Airbus’s current
model, the A350 [3]. Composite features, such as directional and structural prop-
erties, can be modified to fulfill specific design needs. Numerous researchers are
designing hybrid composites to attain better qualities by modifying the orientation
of fibers, volume fraction, and other factors [4—7]. The matrix and reinforcing mate-
rials define the composite material [8]. The matrix phase is continuous, whereas
the reinforcement phase might be either continuous or discontinuous. The interface
between the matrix and reinforcement is the composite’s third phase. Based on the
matrix material, composites are categorized as Polymer matrix composites (PMC—
250-310 °C), Ceramic matrix composites (CMC—1200-1400 °C), and Metal matrix
composites (MMC-450-550 °C). In recent years, the rapid development of PMCs has
been fueled by the increased need for lightweight materials [9] in all industries. PMCs
are becoming a potential material for numerous structural and automotive applica-
tions due to their favorable mix of mechanical properties [10]. Because of their lower
density, good thermal/electrical characteristics, improved chemical inertness, and
easier manufacturing techniques, PMCs are widely employed in aircraft, electronics
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engineering, and everyday consumer electronics. Figure 1.1 shows how compos-
ites are classified according to the type of reinforcements used [11]. The two most
common types of polymers are thermoset and thermoplastic. Thermosetting poly-
mers are insoluble and infusible during cure because the chains are rigidly connected
with stronger covalent bonds. Phenolic, melamine, vinyl esters, vulcanized rubber,
epoxy resin, and silicones are common thermoplastics in everyday life. Polyvinyl
chloride, polybenzimidazole, polyethylene, acrylic, polypropylene, Teflon, and nylon
are all examples of thermoplastics. PMCs are made up of a thermoplastic or ther-
mosetting resin with fillers such as fibers, particles, and other materials. Due to the
decreased density of the constituent elements, PMCs have good specific charac-
teristics. Polymers have low strength and stiffness when compared to metals and
ceramics. Nonetheless, reinforcing fillers can improve their characteristics. PMCs
may also be easily molded into a range of forms and sizes because their processing
does not require high pressure or temperature. In comparison with composites with
other matrices, PMCs have fewer issues with reinforcement deterioration during
manufacture. In addition, the equipment required for PMCs is less complicated.
Recent research in TPC manufacturing and joining techniques has encouraged its
use by lowering production costs and enabling the effective assembly of basic compo-
nents to create massive and intricate structures [12]. This is a significant achievement
because one of the primary challenges until now has been that the fabrication of TPC
is limited to fairly simple geometries due to the high resin melt viscosity of ther-
moplastic polymers and the fiber restrictions [13, 14]. Additionally, the high melt
viscosity makes it difficult to saturate the fiber bundles and wet the fibers, hindering
continuous-fiber TPC production. Continuous fiber arrangements are preferred for
structural applications as they produce a significantly higher modulus and strength
[15]. This is especially true for TPC, as thermoplastic polymers typically have lower
strength and stiffness than thermoset ones due to their lower cross-link density [16].
In this situation, unidirectional prepreg tapes made of thin sheets of continuous rein-
forcement fibers impregnated with thermoplastic resin and obtained straight from the

|
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Fiber Reinforced
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Fig. 1.1 Composites based on the nature of reinforcement



1.1 Composite Materials 3

fiber roving and thermoplastic melt should be used to create TPC parts with contin-
uous fiber reinforcement [17]. The capacity of TPC to melt is their main advantage.
Due to a unique property of thermoplastic polymers, TPC may be “reprocessed,”
which makes them completely recyclable and well suited to joining and repairing
processes involving local melting and re-consolidation employing fusion bonding
techniques [18]. Given that it complies with the present environmental standards,
many people view this feature as the next development in composite scientific mate-
rials [17, 19, 20]. Fusion bonding, which occurs at several interfaces, specifically
between various yarns and plies of a laminate, is another technique utilized to make
TPC pieces [21]. A huge heat-impacted zone would result from external volumetric
heating using a hot instrument or infrared radiation because polymers often do not
conduct heat well. Internal heat generation is hence more appropriate for joining and
repairing TPC-damaged sections [22].

Syntactic foam (SF) composites are unquestionably superior to other traditional
composites for weight savings without compromising structural performance, espe-
cially with a focus on lightweight materials. SFs are classified as a particular kind
of structural composite. They have grown increasingly popular in recent years due
to their higher specific strength, low moisture absorption, bending stiffness, and
outstanding damping qualities. Because of its lower density, SF is an excellent mate-
rial for space, marine, sports, and aeronautical applications [12]. SFs are porous
lightweight composites used as buoyancy support systems in deep-sea scenarios
[13]. They are used in airplanes, spacecraft, and ship structures, among other things
[14]. Because of their larger porosity fractions, SFs can also be used to insulate
gas and oil pipelines. Because of their reduced thermal expansion coefficient and
dimensional integration at higher temperatures, SFs are also employed in electronic
packaging, composite tooling, and thermoforming plug aids. The ability to customize
the mechanical and thermal properties of SFs by careful material selection, hollow
particle wall thickness, and particle volume % has aided in the rapid growth of
these applications. Syntactic foams provide several advantages over typical particle
and fiber composites, including the capacity to design and build according to the
application’s physical and mechanical property requirements [15].

1.1.1 Filler/Reinforcement

Behavioral requirements and intended usage influence filler choice. In the thermo-
plastic industry, organic and inorganic fillers are widely used [16—19]. Particulate
reinforcements provide various advantages, like lower resin prices and more freedom
in tailoring characteristics [20, 21]. Fillers can change surface, mechanical, magnetic,
and electrical properties [22, 23]. Ceramics, mineral particles, metal, polymer, and
various industrial by-products can all be used as reinforcements in polymers [24].
The commonly explored fillers are alumina [25], glasses [26], iron particulates [27],
glass microballoons, and carbon fibers [28]. The target composite qualities play a
significant role in filler selection. The form of the filler particles has a considerable
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influence on the characteristics of the composite. Filler particles come in various
forms, including spherical, blocks, cubical, flaky, and fibrous. Because of their regular
shape, better crushing strength, low surface area-to-volume ratio, improved rheology,
tightly controlled particle size, and control of surface qualities, spherical particulate
fillers are more common than other types [29]. The usage of hollow particles such
as glass microballoons (GMBs) and cenospheres (fly ash) in the production of high
damage-tolerant and low density composites has increased dramatically in recent
years [30-33]. The use of hollow fillers in the reinforcing matrix reduces the matrix
volume percent, resulting in lightweight composite structures known as SFs. They
have superior mechanical qualities and can generate complicated functioning parts
that can replace expensive resin, reducing carbon emissions [34, 35]. Compared to
manufactured glass microballoons, accessible fly ash cenospheres contain various
surface flaws [36]. As a result, GMBs are the most widely used filler. These hollow
GMB particle fillers can drastically reduce a matrix’s weight and be used efficiently
for weight-sensitive structures. GMBs are a free-flowing powder that originated in
the 1960s from the manufacturing of solid glass beads. GMBs are commercially
created in a variety of methods. Due to growing process technology and raw material
supply in many places, GMBs are less expensive than polymeric ones [37]. GMBs
are made in a vertical tube furnace that is fired with a propane-butane combination.

A powder combining glass and a porofor is sprayed at the tube’s bottom. Porofor
is a chemical blowing agent that inflates partially fused monolithic particles by
producing gas at the glass melting point. The heated gas then propels the micro-
spheres to the tube’s top, where they are cooled and cleaned with water to remove
any defective microspheres. After that, they are acid-treated to improve their chem-
ical resistance and softening temperature [37]. Sodium silicate microballoons are
made by mixing sodium silicate with ammonium pentaborate and spray-drying the
mixture to create hollow microballoons [38]. The micrograph of as-received glass
micro balloons is shown in Fig. 1.2.

Fig. 1.2 GMB micrograph ’
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GMBs are categorized into grades based on physical characteristics, including
crushing strength, wall thickness, and density. The major factors for selecting hollow
GMBs for a certain application are their strength, density, chemical stability, water
resistance, and alkalinity. The material qualities of weight (density) and strength
are critical for aeronautical, naval, and automotive components. GMBs are candi-
date fillers with promising behavior in manufacturing low-cost, lightweight thermo-
plastics without affecting the material’s mechanical characteristics [23]. Developing
newer and useful material systems using glass microballoons with near isotropy will
be interesting.

1.1.2 Matrix

Polymers are materials made up of lengthy chains of molecules that are repeated.
Monomers are repeating structural units bonded together by covalent bonds, and
the process is called polymerization. Ductility, formability, and corrosion resistance
are all desirable features of polymers [24]. Polymer characteristics are determined
by the sort of molecules and their bonding. Continuous chilling and heating can
be used to remold thermoplastic polymers (rubber, polyester, etc.) without affecting
their properties [25]. While thermosetting polymers (epoxies, glass, and so on) are
tough and long lasting, they remain stiff when heated unless they are charred [25].
A widely explored thermoplastics like PMMA [26], polylactide [27], ABS [28], PC
[29], and PEA [30]. Thermoplastics are utilized for semi-structural and many func-
tional applications, as they exhibit processing flexibility through different routes
and are environmentally friendly. Plastics that can efficiently substitute metals like
aluminum in small devices and structures with limited mechanical qualities have
been dubbed engineering plastics. Compared to traditional materials, engineering
plastic is the primary source for manufacturing composites with enhanced stiffness,
specific strength, atmospheric, and chemical inertness [31]. Polymer matrices are
often employed in composite materials due to their inherent characteristics. The
cost of PMCs can be reduced by reinforcing the plastic with low-cost fillers like
hollow GMBs. Plastic demand grew in India because of the widespread usage of
plastic products in daily life. Grocery bags, soda and water bottles, cloth fabrics,
tablets, computers, food containers, automotive components, and toys are all made
of polymers. In 1997, India’s estimated per capita plastic usage was 0.800 kg, one
of Asia’s lowest usages [32-35]. In the year 2000 A.D., the estimated demand was
2.16 kg/capita [36]. Because of economic liberalization, India has seen an upsurge
in plastic usage since 1991. India’s plastic use has increased from 0.85 million tons
in 1990-91 to 1.79 million tons in 1995-96. Demand for commodity plastics is
growing at 15% per year. The overall capacity to produce polyvinyl chloride (PVC),
polystyrene (PS), polypropylene (PP), and polyethylene (PE) was 1.39 million mega
tons (MMT) in 1995, according to the All-India Plastic Manufacturers Association,
with demand increasing to 1.8—1.9 million mega tons in 1996-97. According to Plas-
tindia reports, this is split into three major sectors: infrastructure, which accounts for
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Fig. 1.3 Polymer consumption in India

30% of the total and includes bridges, buildings, electricity, roads, and telecommu-
nications; packaging, which accounts for 25% of the total; and water and agriculture,
which accounts for 24% [37]. Figure 1.3 depicts India’s polymer consumption in kilo
tons (Kt). Polymers used in packaging account for about half of this consumption.
Containing the present pace of plastic use, thermoplastic syntactic foam compos-
ites with fillers like hollow GMBs can help with plastic management and environ-
mental concerns. When a matrix is reinforced with fillers, the function of the interface
between them and any associated compatibility issues must also be addressed.

1.2 Syntactic Foams

Syntactic foams are particle composites developed in the 1960s and employed
in marine structures because of their inherent buoyancy and low moisture
absorption. Because of these foams, a wide variety of mechanical properties
have been widely utilized in the core material for sandwich composites envis-
aged for lightweight applications [38]. Mixing hollow filler particles (micro
balloons/microspheres/cenospheres) with the matrix material creates syntactic
foams. Depending on the working conditions, various thermoplastic and thermoset-
ting polymers are used as matrix resin [39]. Similarly, depending on availability, sili-
cone, ceramic, or metal microballoons can be used [40]. Low heat conductivity and
high specific strength characterize these foams [41]. For weight-sensitive structural
applications, the buoyancy provided by SFs with higher compression strengths and
modulus is critical [42]. One of the most significant benefits of such closed cellular
materials is their capacity to form composites with the characteristics needed for
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Fig. 1.4 Schematic representation of two, three, and multiphased syntactic foams

specific needs. There are two phases in the structure of SF: matrix resin and microbal-
loons. Open-cell and closed-cell foams are the two forms of foam. Because of their
low compressive modulus and strength, open-cell foams are cellular materials that are
constantly limited [43]. Syntactic foams are closed-cell foams that have been created
to address these concerns [44]. Nonetheless, some air gets trapped in the structure
during the creation of SFs and is present as open-cell structural porosity. Voids are
the imprisoned air that makes these foams three-phase structures (matrix, microbal-
loons, and voids). When SFs are reinforced with fibers, they produce a multiphase
structure. Figure 1.4 represents SF structure.

Closed-cell foams, also known as syntactic foams, offer more design flexibility in
structural applications. As a result, tailor-made qualities for a variety of applications
can be created by varying the vol. percent of such hollow filler in matrix material
[45, 46]. The particle survivability in these lightweight foams and the processing
procedures utilized to synthesize them is key to achieving these qualities [23, 47].
As a result, it is important to characterize these materials for mechanical behavior
when they are created using modern manufacturing techniques like 3D printing.

1.2.1 Processing of Syntactic Foams

Physical, mechanical, and processing qualities are unique to each material system.
A suitable manufacturing procedure must be chosen to turn the material into its
final shape. In the twentieth century, the technologies for fabricating composite parts
shifted from skilled labor operations to complex microprocessor systems that auto-
matically run the equipment. Early researchers used manual lay-up techniques or
spray-up in open molds to construct the finished sculpture by mixing raw mate-
rials and drying them at room temperature. The advantages of PMCs have pushed
them into practically every other industry on the planet, from consumer goods to
automotive and marine to fundamental structural components of planes and bridges.
Material technology, design processes, and production procedures had to be devel-
oped quickly to keep up with the rapid increase in product applications [48]. To
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reinforce hollow particles into the resin while generating SFs efficiently, the manu-
facturing route must be properly planned. It is feasible to prevent particle breakage
and the inevitable result of increasing matrix porosity by stabilizing gas bubbles in
the polymer matrix. Wetting homogenous reinforcement dispersion in the resin mate-
rial, minimizing clusters without affecting the reinforcement, and avoiding hollow
particle breaking are all requirements of the manufacturing procedures. Figure 1.5
[49] displays a typical reinforced SF production process.

This procedure uses a three-step mixing approach. In the first stage, the reinforce-
ment is mixed with pure resin. After the reinforcement has been thoroughly combined
and agitated until a slurry of constant viscosity has been achieved, hollow particles
are inserted. The hardener or catalyst is added to the resin and mixed carefully in the
final stage. The liquid is poured into molds and allowed to cure in accordance with the
resin’s specifications. The reinforcement is properly blended before hollow particles
are added to limit the danger of hollow particle breakage during processing. Hand
layup, autoclave, and oven cured are three open mold methods that are routinely
employed on the factory floor. Closed mold methods include compression, injec-
tion, transfer, and heat stamping. Figure 1.6 depicts the fabrication possibilities for
thermoplastics and thermosets.

Compression and injection molding are commonly used to manufacture Partic-
ulate Reinforced Thermoplastics, as seen in Fig. 1.6. Nonetheless, fused filament
fabrication/fused deposition modeling (FFF/FDM)-based additive manufacturing has
taken a giant leap recently to process PMCs.

Resin + Resin + Resin + reinforcement +

reinforcement reinforcement + microballons + hardener
microballons

Fig. 1.5 Schematic of reinforced SF processing [50]
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1.3 Sandwich Composites

Two thin, stiff face sheets are joined to either side of low density core material or struc-
ture Fig. 1.7 in a sandwich structure. The separation of the facings by a lightweight
core significantly improves the second moment of area of the material cross-section.
It thus increases the bending stiffness with only a little increase in weight. The “sand-
wich effect” is the name for this phenomenon. Sandwich composites are widely used
in marine, civil, wind, aerospace, automobile, and other associated fields, owing to
the several benefits over conventional material systems, like higher specific strengths,
stiffnesses, higher damping response, excellent corrosion, and fatigue resistance [S1—
54]. The theory of sandwiches can be dated as earlier as 1849 CE [55]. During World
War II, however, the possibility of sandwich design is recognized. The necessity
for lightweight, high-strength, and damage-resistant constructions arose because of
aerospace innovations wherein weight-saving potential without compromising the
mechanical properties is crucial.

Sandwich composites are made up of a core, which is a thick lightweight slab,
and two skins, which are thin and stiff face sheets [56]. The required qualities and

BOTTOM SKIN

Fig. 1.7 The structure of a sandwich composite
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associated applications determine the core and skin thicknesses. The materials used
in sandwich composites are chosen based on the stress circumstances, cost, quality,
availability of constituent materials, and functional needs. In aircraft constructions,
multilayered carbon epoxy and graphite facings are widely employed, whereas vinyl
esters or glass epoxy are commonly used in marine and civil system frames [51]. The
damping and load-bearing capabilities of sandwiches are influenced by the thickness,
design, and materials of the core-skins, as well as the material orientation [51]. The
selection of appropriate filler and matrix materials, and volume/weight fractions of
constituent elements makes them achieve tailored behavior. Depending on the appli-
cation and performance requirements, a variety of materials can be employed as cores
[57]. Lower density materials, such as closed- and open-cell foam morphologies,
higher density cellular forms, such as honeycombs, and corrugated forms, such as
trusses, are all common core materials. The core structure affects the contact between
the skin and the core, resulting in the building of sandwiches based on the needs of
the operating scenarios. In sandwich composites, the closer cell foamed core struc-
tures enable higher moduli, improved strength, decreased moisture absorptions, and
impact, blast, and flexure resistance [58—61]. Tailor-made responses can be achieved
based on shape, size, and pores composition. To construct sandwich composites, it
is crucial to control the pore shape and size in the foams. Because of the need for
high stiffness and strength in sandwiches, two different routes [62] of the closed-cell
foams have been developed: first, sandwiching between stiff face sheets to increase
flexural strengths [63, 64]. Secondly, porosity integrations using hollow microspheres
provide effective reinforcing effects based on their thickness (wall) and volume %.
As previously mentioned, these foams embedded with hollow balloons are known
as SFs. Because of the wide variety of mechanical properties of these foams, they
are utilized used as cores in sandwiches for lightweight applications [38, 65, 66].
Nonetheless, the freedom of sandwich processing is not effectively exploited [58].
To date, only a very few standard configurations, such as honeycomb [67-69], BCC
lattice [70], pyramidal lattices, square honeycombs, tetrahedral lattices [71], and
diamond honeycombs [72], are being synthesized using conventional approaches
of manufacturing. Due to production constraints, traditional sandwich production
procedures are limited to simple geometries [73]. To handle severe stresses under
impact conditions, elaborate geometrical sandwich patterns are required. Traditional
production, multistage production, and tooling present obstacles in creating func-
tionally integrated complex-shaped sandwiches. Furthermore, the standard manu-
facturing procedure needs a complex and expensive bonding process that comprises
adhesive joining of the skin and core generated separately [74—76]. The interfaces
between the skin and the core are critical for load transfer. Sandwiches become weak
across the skin—core interfaces due to parent material’s absence and differential pres-
sures acting across the interface bonding, resulting in debonding/delamination and
shear failures. Sandwiches’ inherent failing can thus be eliminated if they are devel-
oped as a concurrent material system. This can be accomplished efficiently by using
a good processing technology, such as 3D printing, to create a sandwich structure at
the same time (skin—core-skin).
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1.4 Additive Manufacturing (AM)

For global competitiveness, advanced manufacturing is driven by rapid expansion and
advances in the manufacturing area. The development of novel materials and manu-
facturing techniques to manufacture next-generation items is critical to any country’s
economic prosperity. In comparison with traditional processing technologies, AM
technology has grown significantly in recent years, steadily changing the focus
away from traditional application methods and attracting attention to boost manufac-
turing sector competitiveness [52, 77]. AM allows for more customization options,
increased productivity, greater flexibility, and lower production costs. AM also elim-
inates traditional part geometry limitations by swiftly manufacturing highly compli-
cated components with less material and resources. It removes the need for expensive
tooling and complicated drawings, cutting the time from concept to commercializa-
tion in half, and enhances the renewable energy economy by lowering energy inten-
sity, resulting in a paradigm change in the design-to-manufacture process. Tradi-
tional reductive processes, such as milling or lathing, remove material to create
a component, whereas AM creates a part by adding material progressively. AM
allows for rapid prototyping and, in some cases, can be utilized directly in manu-
facturing for small-scale production. It also allows for low-volume output to be
produced quickly and cost-effectively, as well as adaptive enhancements. This might
be highly valuable for designers, as a physical sense of an object can reveal details
difficult to discern from 3D representations on a computer screen. Because of the
rapid evolution of AM’s methodology, its uses are no longer limited to rapid proto-
typing. Rapid advancements in additive manufacturing techniques have propelled
them beyond prototypes to actual product development in the aerospace, automotive,
and medical industries [78]. The AM/3DP process chain is depicted in Fig. 1.8 [79].
Individual ideas/imaginations are transformed into concrete CAD models utilizing
Computer-Aided Design, Computer Tomographic (CT) scanning, or 3D laser scan-
ning processes. These are then optimized by software to a final shape and size. The
stereolithography (STL)/Standard Tessellation Language format is used to save the
CAD model. The STL file is loaded into slicing software, which acts as a conduit
between the computer and the 3D printer. It also enables the setting of various printing
process parameters, the generation of structure geometry, and the slicing of the CAD
model into thin layers. The machine’s operating system runs the G-code created by
the software, which describes each layer’s printing route. The printing process begins
with applying the first layer to the bed/substrate, followed by depositing the next layer
to the previous layer as per the model description. The procedure is repeated until
the complete model has been printed. After the part has been completely printed, it
is taken from the bed or substrate and subjected to additional post-processing proce-
dures such as priming and painting. Various AM techniques have distinct methods
for separating the support structure from the actual component due to variances in
method and materials employed. Even though unique AM techniques differ substan-
tially, they all have one thing in common: all fabricated parts are created using a fast,
precise, fully automated, and customizable manner directly from a 3D CAD model.
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There is a plethora of AM systems available in the business market right now.
The ASTM F42 committee divides AM processes into seven categories, as shown in
Table 1.1. Fused Deposition Modeling (FDM) or fused filament fabrication (FFF),
Stereolithography (SLA), Selective Laser Sintering (SLS), and Multi-jet/Poly-jet
modeling (MJM) are four of the seven AM classes that are frequently utilized in
the processing of polymers [80]. The amount of area required, the cost, the layer
heights, and the materials utilized vary among these systems. The FFF approach is
an AM process in the advanced manufacturing domain that can create items with no
geometric limits and has several advantages, including lower costs, a wider range
of materials, minimal environmental impact, and simple post-processing [81-83].
S. Scott Crump invented the FFF technology in the late 1980s, and Stratasys Inc.,
which he cofounded, commercialized it in 1990 [84].

In the recent past, studies on fused filament fabricated product characteristics
such as build quality [86-89], dimensional quality [90-92], and surface roughness
[90, 93-98]. Using 3DP processes, the FFF process is the most frequent technique
to reduce lead times. The FFF approach is depicted schematically in Fig. 1.9.

The present study uses FFF technology to 3D print a thermoplastic-based syntactic
foam core and sandwich composite. In weight-sensitive components, the composites
3DP are based on polymer matrices exhibiting higher specific stiffnesses [99]. FFF
is a layer deposition of material addition method that creates 3D things by digitally
slicing computationally planned virtual 3D objects to generate the desired printing
path [85, 100]. Slicing software includes KISSlicer, Simplify 3D, and Slice3r. This
data is used by the slicing program to generate G-code, which is subsequently
executed by the machine. After being unwound from a spool, the filaments are
pulled through electromechanical feeding units. The heat from the heated nozzle
would be sufficient to melt the plastic. The semi-molten material is deposited in
raster’s/roads on the bed, and the entire component is printed layer by layer as
time passes [101]. The adherence of the polymer layers deposited, their liquid—
solid conversion, and the ease with which prints can be removed post-printing are
all crucial factors for generating defect-free components in the FFF process. Due
to differential shrinkage (volumetric), solidification, crystallization, and adhesion
at the skin—core interfaces, printing multimaterial systems at the same time, such
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Table 1.1 AM process classifications [85]

13

Process type Brief description | Related technology | Companies Materials
Binder jetting Liquid bonding Powder Bed and 3D system Polymer, foundry
agent is Inkjet Head (USA), ExOne | sand, metals
selectively (PBIH), (USA)
deposited to join | plaster-based 3D
powder material | printing
Direct energy Focused thermal | Laser Metal Optomec Metals
deposition energy to fuse Deposition (LMD) | (USA),
material by POM (USA)
melting as the
material is being
deposited
Material Material is Fused Filament Stratasys Polymers
extrusion selectively Fabrication (Israel), Bits
dispensed through | (FFF)/Fused from bytes
a nozzle or orifice | Deposition
Modeling (FDM)
Material jetting | Droplets of build | Multi-Jet Modeling | Objet (Israel), | Polymer, waxes
material are (MIM) 3D system
selectively (USA)
deposited
Powder bed Thermal energy | Electron Beam EOS Metals, polymers
fusion selectively fuses | Melting (EBM), (Germany),
regions of powder | Selective Laser 3Dsystem
bed Sintering (SLS), (US), Arcam
Selective Heat, (Sweden)
Sintering (SHS),
and Direct Metal
Laser Sintering
(DMLS)
Sheet lamination | Sheets of material | Laminated Object | Fabrisonic Paper, metals
are bonded to Manufacturing, (USA), Mcor
form an object Ultrasonic (Ireland)
Consolidation
Uo)
Vat photo Liquid Stereolithography | 3D system Photopolymers
polymerization | photopolymer in a | (SLA), Digital (USA),
vat is selectively | Light Processing EnvisionTEC
cured by (DLP) (Germany)
light-activated
polymerization

as in sandwiches (core and skin), is difficult. The fused filament fabrication-based
three-dimensional printing can be used to actualize sandwich production in a single
step. The 3DP process may be used to print sandwich composites in which the skin
and core feedstock filaments are fed separately by utilizing a 3D printer for layered
and controlled deposition, allowing for good skin and core bonding. Developing
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Fig. 1.9 Schematic of FFF process

the lightweight closed-cell foam filament with minimized particle breakage shall
enhance the specific response in prints for weight-critical regimes like nose cones
for autonomous underwater modules or even 3DP the entire tubular designed body
with all the internal structures details at once. If produced through 3D printing, auto-
motive and aerospace components with no connections (integrated components) can
provide structural integrity while improving performance. In a marine environment,
pressurization/depressurization causes foam fracture. Hence, adhesive junctions are
the weakest elements in the structure. Foams with 3DP can remove adhesive bonding
between several blocks, making them suitable for deep-sea applications. The ever-
demanding need for automotive, marine, and aerospace functional components is to
make complex shapes and contours without the use of adhesives, foamed printing,
and the production of specific weight-sensitive filaments. Most AM activities use
polymers and metal systems as input feed materials due to numerous material and
processing problems, while SF filaments are still in their infancy. There has been very
little research and development into 3D printing GMB-based SF core and sandwich
composites, and no data on the characteristics of sandwich composites fabricated all
at once has been reported (skin—core-skin). Novel material compositions with appro-
priate properties and processing parameters must be devised and optimized for AM
of lightweight components using the 3DP technology. This book chapter addresses
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these concerns and lays the groundwork for the use of additive manufacturing to
create SF core and sandwich composites. The proposed technology in this paper can
be directly implemented or used by the 3D printing industry to create sophisticated
integrated parts that do not require joints or adhesive bonding. This research aims to
find ways to reduce costs and increase efficiency by implementing large-scale AM
systems. The goal of the project was to assist POLYMER INDUSTRIES that make
high density polyethylene (HDPE) components with injection molding machines
that require expensive equipment. HDPE is reinforced with GMBs to create a cost-
effective yet relatively pricey matrix for developing SF filament in widely available
3D printers. The recent research effectively proved the development of lightweight
feedstock filament, expanding the material options accessible for commercially avail-
able 3D printers. The SF core and their sandwiches are 3D printed successfully, all
at one go (concurrently), with no flaws. Mechanical assessment of filaments and 3D
printed samples is performed to determine their adaptability and feasibility for 3DP
in weight-sensitive applications.

1.5 Issues for 3D Printable Materials

The 3DP polymeric composites are commercially successful due to the relatively
inexpensive printer. These thermoplastics can be combined with the right fillers
to improve their mechanical qualities. A1203 [102], glass [103, 104], iron particle
[105], fly ash cenospheres [104—108], carbon, and glass fiber [109] are a few of the
fillers that are frequently employed in the manufacture of blends. These composite
blends can produce prints with improved structural responsiveness. There are signif-
icant attempts being made to comprehend and evaluate the quality of the printed
components by adjusting the various processing factors. The extruded polymeric
strands adherence, deposited layers solidification with adequate raster diffusions,
and component removal post-printing are the main requirements for creating goods
with no defects in the FFF-based 3DP. However, because of differential volumetric
contraction and adhesion difficulties, realizing the 3D printed semi-crystalline ther-
moplastic sandwich composite all in one go is quite a challenging task. The realiza-
tion of seamlessly connected components can be greatly improved with the help of a
developing technology called composite printing, which also significantly shortens
the production lead time [110]. Researchers are interested in 3D printing because of
its design flexibility and because it opens new possibilities for composite develop-
ment [111-114]. The incorporation of hollow microspheres into the matrix results
in composite foams (also known as syntactic foams). One of the materials with
low density and more damage-tolerant morphologies is foam [115-117]. Open- and
closed-cell foams are two types of syntactic foams, often known as cellular mate-
rials. Open-cell foams have interconnected cells with higher porosity levels because
of struts [117]. Open-cell foams have poor stiffness and strength, which reduces
their load-bearing capacity. If the skin is wounded, the foam will absorb more mois-
ture. As a result, sandwich architectures frequently use closed-cell/syntactic foams
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as their core [38, 118—121]. Due to their superior load-bearing capacity and dimen-
sionally and thermally stable design, synthetic foams have begun to take the role of
conventional materials in automotive, marine, aerospace, and civil structures [122,
123]. By proper selection of the hollow particle type, the wall thickness, and the
volume % of filler particles, these closed-cell foams can have specific features [45,
124, 125]. Syntactic foam is produced using a lot of hollow particles, such as carbon,
glass, phenol, alumina, and silicon carbide. For a particular application, these micro-
spheres are tailored to achieve a defined range of wall thickness diameters. Glass
micro balloons (GMBs), which are hollow glass particles, are frequently used as
fillers in SFs and are the fillers in the current study. Sandwich composites are unusual
material groups made up of a lightweight core and often two thin, stiffer skins [126].
Low density, greater bending stiffnesses, damage-tolerant architecture, etc., are key
sandwich properties. The right choice of core and peel makes sandwiches more flex-
ible to a larger range of applications and various climatic scenarios. The choice of
skin is essential since it will be in close touch with the load and the surrounding
environment. Extrusion, expansion, and corrugation are used to create the core, but
only for core designs with simpler geometrical patterns [127]. It is necessary to make
development efforts toward 3DP because these traditional procedures do not permit
geometrically complex integrated core fabrication [128—130]. Sandwich composites
produced using traditional methods as opposed to 3D printed ones have weaknesses at
the skin—core interface and cannot produce cores with intricate geometrical designs.
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Chapter 2 ®)
Material Systems and Methods oo

2.1 Constituents

To make lightweight thermoplastic syntactic foam composites, hollow glass
microballoons (GMBs) are employed as fillers, and high density polyethylene
(HDPE) is used as a matrix. The sections that follow go over these components
in further depth.

2.1.1 Glass Microballoons

Hollow glass microballoons of grade iM30K are procured from 3 M Corporation,
Singapore. GMBs are used under as-received conditions (Fig. 2.1a), without surface
treatment. Table 2.1 shows properties of GMBs in as-received condition.

2.1.2 Matrix

IOCL-supplied HDSOMA180 is used as the matrix. The resin is in granular form
(~3 mm diameter). Table2.2 presents the details of the matrix used. HDPE (Fig. 2.1b)
is also used in the as-received condition.
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(a)

Fig. 2.1 As received a GMB in powder form and b HDPE granules [1]

(b)

Table 2.1 Properties of iM30K hollow glass microballoons?®

Shape Thin-walled hollow spheres

Composition Soda-lime-borosilicate glass

Appearance Off-white, powdery

Particulars Typical value | Unit Test method

True density 0.60 (g/ce) 3MQCM 14.24.1
Isostatic crush strength 27,000 (psi) 3MQCM 14.1.8
Packing factor 63 % -

Oil absorption 335 g 0il/100 cc ASTM D282-84
Softening point 600 °C -

Flotation (density < 1.0 g/cc) | 90 % (in volume) 3MQCM 37.2
Volatile content (by weight) | Max. 0.5 % 3MQCM 1.5.7
Alkalinity <0.5 Milliequivalents/gram | 3 M QCM

pH (5% loading in water) 9.5 - ASTM D3100—1982
Diameter (average) 18 microns 3MQCM 193.0
Softening temperature 600 °C -

Thermal conductivity 0.05-0.20 Wm~! K~! @20 °C
Dielectric constant 1.2-1.9 - @100 MHz
Minimum fractional survival | 90 % -

2 Supplier data

2.2 Blend Preparation and Filament Extrusion

To combine HDPE and GMB, a 16CME SPL Brabender is utilized. The blender’s
speed is set at 10 rpm, whereas 160 °C temperature is maintained consistently, based
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Table 2.2 Characteristics of HDPE grade HD5S0M A 180*

Property Test method Typical value Unit

Melt flow index (190°C/2.16 kg) ASTM D 1238 20.0 gm/10 min
Density @ 23°C ASTM D 1505 0.950 gm/cm?
Tensile strength at yield ASTM D 638 22 MPa
Elongation at yield ASTM D 638 12 %
Flexural modulus ASTM D 790 750 MPa
Hardness ASTM D 2240 55 Shore D
Vicat softening point ASTM D 1525 124 °C

4 As Provided by the supplier

on the results of pilot tests to avoid GMB breaking [2, 3]. As demonstrated in Fig. 2.2,
the GMB and HDPE are plasticized in a Brabender. Figure 2.2b shows that mixing
occurs in a restricted chamber with two screws. The material is fed into a feeder,
which melts in the heating zone before being moved to twin screws/lobes (Fig. 2.2b).
The pelletized blend of GMB/HDPE from Brabender is displayed in Fig. 2.2¢c. H20,
H40, and H60 are the blend compositions, with H denoting the high density polyethy-
lene and 20-60 denoting the volume percent of GMB present in the HDPE matrix.
The GMB volume percent is fixed in the 20-60 range, as mechanical properties do
not change significantly below 20%. Further, above 60% blend viscosity rises signif-
icantly [2]. Figure 2.3 presents a flow chart of the envisaged work as part of this
work.

The stiffer GMB particles in HDPE can produce dimensionally stable prints. The
20, 40, and 60% GMBs by volume % are combined with an HDPE matrix before
being extruded as filament form. A single-screw extruder is also used to extrude
neat HDPE from their pellets. Filaments are extruded using a single-screw extruder.
Barrel and die temperatures, screw, and take-off unit speeds affect the quality of
extruded filament. Solid pellets are transformed into semi-solid and extruded from
the die without material blockage at the proper barrel and die temperatures. The screw
speed and take-off speed affect filament size. To create the filament with a diameter of
2.85 £ 0.05 mm, HDPE and foam pellets are fed into the extruder with a temperature
profile of 145-150-155-145 °C from the feed to the die section, screw, and take-off
unit speed, respectively. These factors include the HDPE melting temperature, the
uniform and homogenous mixing of GMB in HDPE without breakage, the rheological
behavior of blends, and the presence of porosity, if any, during extrusion, have been
taken into account. For extruded H-H60 filaments, void % increases as GMB content
increases. If these extra porosities are transferred to printed samples, they could
create a three-phase syntactic foam that could improve damping properties. These
filaments are fed into an FFF-based 3DP for the immediate fabrication of a sandwich
with a syntactic foam core, HDPE skin, and GMB/HDPE core. The key factors
affecting print quality are the extrusion temperature, nozzle and bed temperatures,
print orientation, infill percentage, raster width, and layer height.
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Fig. 2.2 a Plasticizer b mixing chamber and ¢ GMB/HDPE blend [4]

2.3 Physical Properties

2.3.1 Density

According to ASTM D792-13 [5], experimental densities of all the samples are given
by,

pc:pfvf+pmvm (2.1)

where p., V, f, and m are the density of composite, volume fraction, filler, and
matrix, respectively. The theoretical density of sandwich composites is determined
by,

Pth = Vsps + chc (22)
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where s and ¢ are skin and core of sandwich composite. Furthermore, the difference in
o' (theoretical) and p®* (experimental) density gives Ay % (void), which is deduced
as [6],

oy = (2.3)
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In this study, GMB/HDPE blend filler contents are made and tested for rheology and
melt flow index (MFI). Tensile tests and differential scanning calorimetry (DSC)
are used to analyze the extruded mix filaments. Lightweight filaments that have
been extruded are then fed into a 3D printer, where the printed objects are exam-
ined using tests for DSC, coefficient of thermal expansion (CTE), rheology, flex-
ural behavior, and tensile strength. In order to compare the GMB/HDPE composite
foam results produced via 3D printing to other composite outcomes produced using
traditional fabrication techniques, a property map is then created. Such a comparison
serves as a compass for choosing materials in accordance with particular end-product
specifications.

3.1 Polymers

3.1.1 Compression Molding

Compression molding (CM) is the oldest and most widely used process for molding
plastic components into near-net form pieces [3]. Because of its simple process,
compression molding has been a typical production method of polymer compos-
ites for a very long time. Initially used to fabricate thermoset polymers and rubber
compounds, this technique is predominantly used in the automobile sector to create
massive, thin, and durable parts. The lower portion of the heated mold, which typi-
cally covers approximately half of the mold surface area, is initially filled with the
necessary proportion of raw material, known as a charge. The material is then steadily
compressed as the top half of the mold quickly rises to the top of the charge. The
strong pressure during mold closing causes the polymer to deform and fill the mold
cavity. When the compressed charge has filled the hole, the mold is held closed while
the pressure is kept constant to allow the material to cure and solidify. Finally, the
hardened component is removed from the mold and cooled outside. It is a closed mold
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technique that uses two matched metal molds, one of which is fixed and the other
of which is moveable. Within the mold, a thermoplastic composite layup is intro-
duced, which is preheated to a specific temperature depending on the constituent
materials. Furthermore, pressure is delivered to the mold via a hydraulic system
to form the desired shape. The curing occurs in the oven, where the pressure of
mold is kept constant. In a compression molding process, a combination of heat and
pressure results in little void formation and a good surface finish on the finished
product. Complex and high-strength fiberglass reinforcements can be molded with
CM. Itis also possible to use unidirectional tapes, woven fabrics, a randomly oriented
fiber sheet, or chopped strands in advanced composite thermoplastics. Compression
molding is a more cost-effective solution than injection molding and stamping. For
thermosets, the mold remains heated throughout the compression molding process.
As soon as amolded component is evacuated, a new charge of molding powder should
be supplied. Unlike thermosets, thermoplastics must be cooled before they harden.
Compression-molded HDPE composites are investigated for impact and wear prop-
erties [4]. Compression molds are usually fabricated from hardened tool steels, like
injection molds. To resist raw material abrasion and provide a good surface finish,
a high level of hardness and polish are necessary. The production rate is relatively
high, with a standard cycle time varying between 1 and 3 min depending on the
size and thickness of the products because the polymers are typically treated below
their melting temperatures. On the other side, the restricted raw material flow limits
the geometric complexity of the produced pieces, and surface flaws like pitting and
waviness may develop.

The mechanical properties of multi-walled carbon nanotube-reinforced
HDPE/cenosphere sheets compression molded at 15 MPa pressure and 160 °C are
investigated [5]. Deepthi and colleagues investigated the mechanical properties of
HDPE reinforced with silicon nitride and nano clay. Compression molding is less
efficient than injection molding regarding cycle time, part complexity, and yield
volume.

3.1.2 Injection Molding

The most extensively used manufacturing technique for producing plastic parts is
injection molding. It is also utilized to make a variety of sizes, designs, levels of
complexity, and applications. A long screw is installed within a barrel, a hopper is
used to send material in the form of pellets/granules into the barrel, and a heater
is used to melt the material inside the barrel. With the help of a moving screw, the
material inside the barrel is melted and pumped into the mold, where it cools and
hardens into the finished product. The material is fed into the split mold using a sprue
gate feeding mechanism, and the part is subsequently extracted from the mold. One
of the most frequent thermoplastic production technologies is injection molding. It
is viewed as a great alternative for bulk manufacture of polymer micro/nano-tailored
surfaces due to its fast production rate, low material cost, and variety of material
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options. Injection-molded items have superior thermal, acoustic, and mechanical
qualities over their compression-molded equivalents. Thermoplastic materials like
low and high density polyethylene are widely used in the injection molding process
[1, 6]. Injection molding makes it possible to produce quality plastic parts in various
shapes and geometries at a reasonable cost. Using these resins to manufacture SFs
could result in weight savings in current applications and the development of novel
material systems [2, 7]. The flexibility to use quick production industrial procedures
is one of the advantages of using thermoplastic resins for SF components. On the
other hand, current research has not used such widely used industrial production
processes to create these SFs. Using such rapid production procedures, the cost of
lightweight syntactic foam components can be decreased [8]. Physical and mechan-
ical property study on cenosphere/HDPE-based syntactic foams developed using
injection molding is carried out by [9]. Although this approach of producing fly as
cenosphere/HDPE SFs using injection molding is successfully explained, the weight
decrease is not accomplished due to greater particle failures during processing. Due
to higher particle failures inside the matrix resin, mechanical characteristics are
less influenced. The available research on thermoplastic syntactic foams normally
produces high-quality SFs by processing materials in a laboratory under controlled
conditions. On the other hand, material manufacturing at the industrial level will not
be able to produce foams of the same grade. Though injection molding is a quick
processing method, tooling is quite expensive (molds). 3D printing is an alternative
to this, as it allows for more flexibility in the creation of complicated shapes. The
number of low-cost additive manufacturing equipment accessible for home usage
has exploded in recent years. The media’s attention and interest have been drawn to
additive manufacturing machines because of this. There has recently been a slew of
low-cost desktop printers released, and the industry has sparked a wave of innovation.

Complex goods with precise dimensions can be produced with high yields using
injection molding, and the three-dimensional shapes are made possible by integrating
numerous voids. Flexible rubbers to stiff plastics can be used to create the parts, and
the surfaces have highly repeatable surface details. High pressure in injection molding
is the main drawback. Additionally, the stock temperature must be higher than the
polymer’s glass transition temperature to ensure flow, which could cause material
degradation from heat exposure.

3.1.3 Blow Molding

Blow molding is most frequently employed to fabricate hollow plastic components,
particularly plastic bottles, and containers. A wide variety of thermoplastics can be
used in the molding process because the tube of the molten polymer is enlarged by
airflow and then solidifies during the melt’s cooling. The most common thermo-
plastics are polyethylene (PE), polypropylene (PP), polyvinylchloride (PVC), and
polyethylene terephthalate (PET). As hydrophobic polymers, PE and PP exhibit high
water barrier properties but cannot halt oxygen migration. On the other hand, PVC
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and PET can serve as materials that operate as barriers against moisture but not against
oxygen. Extrusion blow molding can be used to create large and relatively complex
hollow objects. A die head extrudes a molten polymer tube vertically into an open
mold. The head controls the tube size, and the melt expands and drops as it emerges
from the extrusion die. As a result, the viscous material must be strong enough to
maintain its shape and have consistent swell and sag characteristics. Extrusion should
happen quickly as well. The mold is shut, and the tube bottom is pressed after it has
reached the proper length. The material is then inflated to fill the mold’s cavity using
compressed air provided by the head. After blowing, the sections with large diame-
ters will exhibit a thin wall in a straightforward tube with uniform wall thickness. In
contrast, the ones with small diameters will exhibit a thick wall. Certain die changes
can produce a tube with varied wall thickness throughout their length, enhancing
the finished part’s strength and wall thickness uniformity. Most of the cycle time is
spent when the polymer makes contact with the mold surface and begins to cool and
solidify under the force of the air. The finished item is ejected from the mold in the
final stage.

3.2 Metals

Costs for all processes developing MMC:s are still costly because MMC technology
is currently barely out of the R&D stage. The matrix and reinforcement must be well
bonded during manufacturing, and there must be no unfavorable interactions between
the matrix and fiber. Primary and secondary processing techniques can be used in
MMC production, albeit these divisions are not as clear-cut as they are with mono-
lithic metals. Combining and consolidation operations are two subsets of primary
processes first utilized to generate the material. Shape-changing or joining procedures
are both examples of secondary processes. Net-shape procedures are crucial produc-
tion processes, just like with ceramics. Due to the fact that MMCs are extremely
abrasive and require diamond tools, machining MMCs is both difficult and expen-
sive. In addition, given the high cost of the raw materials, it is preferable to decrease
the amount of scrap generated during the machining process. The matrix’s main job
in composite materials is to distribute stress among the reinforcing fibers and shield
them from mechanical harm. The strain at the break of a matrix material must be
greater than the strain of the fibers it is retaining. The two most well-known production
methods for metal matrix composites are in the liquid and solid states. The number
and distribution of the reinforcing components, the composition of the matrix alloy,
and the application are all significantly influenced by choice of the best technique.
A metal matrix composite can be produced by including the reinforcing phase in the
matrix. Although the composition and quantities of the components remain the same,
different characteristic profiles can be obtained by modifying the manufacturing
process, the finishing, and the form of the reinforcement components. Reinforcing
particles are injected into a solid or liquid matrix as part of the materials’ strength-
ening mechanisms, either via a powder metallurgy technique or a liquid metallurgical
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route via casting or another. Fabrication methods for MMCs are classified into three
main groups: liquid-state fabrication, solid-state fabrication, and in situ fabrication.
To create metal matrix composites, a reinforcing phase is added to the matrix using
one of the following methods: powder metallurgy processing, spray atomization and
co-deposition, plasma spraying, stir casting, or squeeze casting. The most widely
utilized liquid-state method for making MMC:s is stir casting. It offers a reasonably
equal dispersal of particles while being modest in action and cost-efficient. The most
often used solid-state manufacturing process is powder metallurgy. Although more
expensive than stir casting, it ensures homogeneous particle distribution. Due to the
increased properties of metal matrix composite, such as strength-to-weight ratio,
hardness, stiffness, wear resistance, abrasion resistance, and many more, its replace-
ment of conventional materials is growing exponentially. MMCs’ qualities can be
tailored and tuned to match specific applications, which has led to an increase in their
use in a variety of applications. Therefore, to manufacture MMCs and meet demand
in various sectors, researchers are developing new, cutting-edge technologies such
as continuous binder powder coating (CBPC), metal injection molding (MIM), and
mechanical alloying.
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4.1 Blend Characterization

4.1.1 Melt Flow Index (MFI)

MFI estimates material flowability. Melt flow rate refers to the rate at which ther-
moplastics are extruded through an orifice at a specified temperature and load.
ASTM D1238 is used to estimate MFI of H-H60 pellets by using Dynisco LMI5000
(Fig. 4.1). The MFI values are utilized for choosing the multiplier (flow rate) in 3D
printer. The flow rate is varied based on the compositions avoiding the temperature
variable.

MFI measures the flowability of a system. Due to filler resistance to polymer
flow, increasing GMB concentration reduces MFI [1]. The MFI of neat HDPE is
noted to be 17.94 gm/10 min, whereas H20 (13.77), H40 (8.12), and H60 (4.85) have
exhibited a declining trend. MFI reduced by 23.29, 54.79, and 72.97%, respectively,
whereas GMB increased by 20, 40, and 60% [1, 2]. Particularly for foams with larger
filler loadings, reduced MFI should be properly investigated, either by boosting the
printing temperature or increasing the print extrusion multiplier. To reduce warpage,
the printing temperature is maintained between H and H60; as a result, the multiplier
factor is adjusted for greater GMB%.

4.1.2 Rheological Study of GMB/HDPE Blends

The rheological characteristics investigation is necessary to understand how fillers
influence manufacturing processes. The effect of filler on the rheology of the manu-
factured blends is examined using an Anton Paar MCR 502 rotational rheometer. For
frequency and temperature sweep, specimens with a 25 mm dia. and thickness of
1 mm are employed. The frequency sweep is conducted at 0.1-10 Hz, 150 °C, and
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Fig. 4.1 Melt flow indexer A \
(Dynisco LMI5000) £

5% loading rate. The effect of frequency and GMB content on n” (complex viscosi-
ties), G’ (storage), and G” (loss moduli) is investigated. Similarly, in the temperature
range of 130-150 °C, a temperature sweep is performed at 1 Hz. An average of five
replicates is considered for all the experiments.

4.1.2.1 Frequency Sweep

Increased filler infusion raises the polymer’s melt viscosity, which can be seen
throughout the frequency sweep [3] (Fig. 4.2a). HDPE has a shear-thinning zone
at higher frequencies. The restriction of polymer chain motions by GMBs causes
H20-H60 to behave similarly, with a minor increase in complex viscosity (). H60
has the highest of all the foams. Complex viscosities for H to H60 are 1080.52—
636.75, 2045.4-1048, 2729.6-1324.2, and 4331.5-1701.6 Pa-s, respectively, at 0.1
and 50 rad/sec. SFs have larger storage moduli (G’) than H (11,808 Pa at 50 rad/sec)
due to the existence of a large number of stiff particulate matter (Fig. 4.2b). The G’
of H20-H60 foams rises from 20,019 to 32,163 Pa. Due to the complete relaxation of
polymer chains, high density polyethylene and H20 exhibit normal homopolymer-
like terminal behavior at low frequencies [4]. The modulus of H20 is higher than
that of pure HDPE. For H40 and H60, the Plateau region is seen less frequently,
indicating viscoelasticity. For all samples, the loss modulus (G”) rises with higher
frequency and % filler amount (Fig. 4.2c). At 0.1 rad/sec, the loss moduli for H and
H60 are 107.55-429.57 Pa, respectively, which is ~ 4 times higher for H60 than for
H. The constrained matrix flow circumventing the stiff intact microspheres might
lead to such a multifold rise in G”.
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Fig. 4.2 a Complex viscosities, b storage, and ¢ loss moduli of HDPE and blends [5]

4.1.2.2 Temperature Sweep

Figure 4.3 shows temperature sweep plots of HDPE and associated foams at 1 Hz.
Throughout the temperature sweep, the storage moduli of neat HDPE and foams
fall as the temperature rises, as seen in Fig. 4.3a. As temperature rises, the distance
between storage modulus curves narrows. This means that at higher temperatures,
GMB content has a smaller impact on storage modulus than at lower temperatures.
The distance between storage modulus curves widens at low temperatures, and all
curves become widely separated. Since the storage modulus in viscoelastic materials
represents the molecular elastic response, its effect decreases as the temperature
increases. Reduced storage modulus at higher temperatures could be explained by
lower bonding strength and increased mobility of polymer chains. Loss modulus
yields a similar result, as seen in Fig. 4.3b. The loss modulus is higher than the
storage modulus, implying more viscous segmental friction between GMB and the
polymer melt, leading to higher viscosity. Tan 8§ results are displayed versus temper-
ature in Fig. 4.3c. The viscous (loss modulus) ratio to elastic section is called tan
d. The melting behavior is determined by tan § values (liquid or solid). The viscous
component contributes the most to the temperature sweep, as shown by the tan 3
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Fig. 4.3 a Storage, b loss moduli, and ¢ tan § of H-H60

curve. It is also clear from previous discussions that an increase in GMB content also
increases melt viscosity.

MFI and rheological responses render selection criteria for choosing suitable
printing parameters for sound-quality prints. As a result, processing parameters must
be carefully studied based on rheological and MFI investigations.

4.2 Filament Development

The most popular process for shaping polymers is extrusion. It is an uninterrupted
process that employs a screw/barrel operation to drive polymer melt through a die to
make products, including films, pipes, plates, tubes, profiles, etc. It can be used for
compounding or palletizing polymerization. An extruder comprises an Archimedean
screw that rotates inside a heated barrel, eventually melting polymeric granules or
powder and delivering it to a die for shaping. The polymer is melted by a combination
of electrical heaters along the length of the barrel and frictional heat produced by
the melt being sheared by the screw rotation. Solids conveying or feeding, melting
or transition, and metering or pumping are the three-primary functional/geometrical
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zones of an extruder screw. To develop a good quality GMB/HDPE syntactic foam
filament, the issues related to particle breakage, formation of voids, and improper
mixing must be carefully considered. For clarification, a schematic representation and
a photograph of a single-screw extruder used to develop HDPE and foam filament are
depicted, respectively, in Fig. 4.4a and b. The single-screw extruder’s specifications
are listed in Table 4.1 for reference.

To extrude HDPE and foam filaments, a 25SS/MF/26 type single-screw extru-
sion system was procured from Aasabi, India, and had a 25:1 L/D ratio. The HDPE
granules and H20-H60 blends are dried in an oven for 24 h at 80 °C to remove
moisture, if any, prior to feeding into the extrusion hopper. Extruded filament quality
is influenced by the barrel and die temperatures and screw and take-off speeds. Solid
pellets are converted to a semi-molten state and are subsequently extruded without

12

11

1. Motor 2. Power transmission 3. Gear reducer 4. Thrust bearing 5. Hopper 6. Thermocouple
7. Heater 8. Barrel 9. Screw 10. Die 11. Water trough 12. Take-up unit.

(b)

Fig. 4.4 a Schematic representation of the industrial-scale single-screw extruder and b experi-
mental setup
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Table 4.1 Single-screw extruder specifications

Specification Details

Cooling Water cooling

Die sizes 1.75,2.5, and 3 mm

Drive 3 HP ACVF Drive, Max. RPM 60

Heaters Ceramic in SS cover, 4 nos. with load up to 5 Kw

Heating control panel PID controllers with 5 zones, Accuracy £ 1 °C, Max. Temp. 450 °C

Hopper Min. 3 kg, SS sheet with discharge chute

Make and model Aasabi Machinery (P) Ltd. Dombivli, Mumbai, India. (25SS/MF/26,
L/D ratio of 25:1)

Pelletizer Helical type, minimum 4" dia. x 4” L with 0.5HP ACVF drive

Screw High tensile nitride hardened alloy steel to sustainable up to 450 °C,

Dia. 25 mm with length 26D having uniform discharge

Spooling arrangement | Take up rollers with 0.5 HP ACVF drive with height adjustments and
castor wheels

material blockage from the die at the appropriate barrel and die temperatures. The
semi-viscous material post-extrusion is made to pass through a water bath before
being pulled over by the take-off assembly. The diameter of the filament is deter-
mined by the extruding rate (screw/take-off speeds). The screw of the extruder rotates
at a rate of 25 rpm. The filaments from the extruder are spooled using an 11.5 rpm
take-off device. The 2.85 £ 0.05 mm dia. filaments are extruded using all the afore-
mentioned parameters to realize the representative filament, as depicted in Fig. 4.5.
In addition to speed limits, the distance (radial) between the pair of rollers on the
take-off assembly of the extruder can be adjusted to reduce the ovality of the extruded
filaments. All these values were determined based on high density polyethylene’s
temperature of melting, homogeneous and uniform GMB mixing in a matrix having
minimized breakage, blend rheological behavior, and the existence of porosity, if
any, while extruding the filament. The filler-matrix interactions, filler percent, and
matrix porosities influence the performance and behavior of extrusion of the foamed
filaments. Spooling strength and stiffness are required for filaments to be utilized
in 3D printers. As a result, testing to determine the density, morphology (in this
section), and tensile properties of extruded filament are carried out prior to printing
to ensure that the filament has the quality, stiffness, and strength required for usage
in a commercially available printer.

Density estimates, void percent, and the weight reduction potential of filament
(F) and print (Pnt) are listed in Table 4.2. Due to their hydrophobicity, the observed
(experimentally computed) and theoretical density of H filaments deviate in a narrow
range, indicating low void formations. Voids affect the mechanical response of HDPE
and their foams as the effective load-bearing area decreases. GMB % raises void
contents in filament (2.50-7.70%) and improves print quality (6.14-9.73%). The
presence of more voids in prints than in filaments indicates a transfer of the void
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Fig. 4.5 Representative extruded H60 feedstock filament [5]

Table 4.2 Filament (F) and Prints (Pnt)—Physical properties [5]

Material | ®; (vol. | pth PSP (kg/m?) Dy (%) Weight-saving
%) (kg/m?) potential (%) w.r.t H
F Pnt F Pnt F Pnt
H 0 950 942 £8 9274+ 12 (0.84 |242 |- -
H20 20 880 858+ 15 |826+13 [2.50 |6.14 |8.92 10.90
H40 40 810 780+ 11 |746 £18 [3.70 |7.90 |17.20 19.53
H60 60 740 683+ 12 |668 =10 |7.70 |9.73 |27.49 27.94

space from the extruded filament to the prints. In addition, H-H60 prints have addi-
tional porosities of 1.58, 3.64,4.2, and 2.03%, respectively. Air gaps (residual micro-
porosity) between the raster cause porosity additions in 3D prints with an infill of
100%. These extra porosities combine to generate 3-phase SFs (GMB, HDPE, and
raster gaps), which improve damping even more.

Even after 24 h of immersion in liquid nitrogen, the extruded filaments did not
break. As a result, micrographs are sliced with a knife. The material flow lines
are apparent in the micrographs due to the use of the knife (Fig. 4.6). Figure 4.6a
shows a circular cut section of a sample, H20 filament, which confirms the suit-
able extrusion setting’s adequacy. Figure 4.6b presents a lower magnification micro-
graph of H60, which exhibits a consistent distribution of undamaged GMBs in the
HDPE-compliant matrix and few voids. In case these voids get transferred during
3D printing, such pores/voids may further increase three-phase SFs compliancy, ulti-
mately leading to the increased damping. In a higher H60 micrograph magnification,
poor interfacial bonding between HDPE and GMB can be seen (Fig. 4.6¢). It is
clear because constituent materials are employed in their natural state, without any
surface modifications, to save time, money, and the difficulty of matching attributes
with inconsistently coated layer thickness.
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Fig. 4.6 Filaments SEM a cross-sections of H20 and H60 at b low and ¢ high magnification [5]

4.3 3DP of SF Core and Their Sandwiches

An industrial-scale FFF 3D printer is depicted in Fig. 4.7a and b, respectively. The
printer has dual brass nozzles and an overhead gantry with an extrusion/printing
head that includes a melting unit and two nozzles, one for part material and the
other for support material. The heating block above the nozzle provides the heat
needed for filament melting. Appropriate built-in heating elements can maintain the
temperature of the enclosed printing chamber. A fixed glass bed with embedded
heating components is used in the chamber. The loading spools of part and support
material are facilitated through a hanger arrangement. The machine control unit uses
individual stepper motors to monitor the movement of the printing head in the X, Y,
and Z directions. The technical characteristics of the 3D printer utilized in this study
are listed in Table 4.3.
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Fig. 4.7 a Schematics of FFF printer and b FFF printer utilized in the present work

4.3.1 3DP of SF Cores

H-H60 filaments were obtained and used as an input material for 3D printing core
and sandwiches. AHA 3D, India, had developed a customized FFF-based Star series
3D printer with two 0.5-mm-diameter nozzles. Pilot experiments (Table 4.4) are
conducted to determine the best printing parameters for core and sandwich printing.
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Table 4.3 Specifications of FFF-based 3D printer

Specification Details

Build chamber Up to 100 °C

Build platform Upto 150 °C

Build volume 500 x 500 x 500 mm?

Data import format STL, AMF, OBJ

Filament diameter 3 mm (Standard)

Layer height 100 to 500 p

Make and model Aha 3D Innovations Pvt. Ltd., Jaipur, Model: Star

Max. extrusion temp

Basic tool head: 300 °C, Standard tool head: 500 °C

Number of extruders

2

Positional accuracy

50 p (stepper), 20 p (servo), 4 p (dual servo)

Power requirement

220 V AC, three phases

Printing materials

All engineering thermoplastic and plastic composites, ABS, HIPS,
PC, Nylon, TPU, TPE, carbon fiber composite, etc

Rate of production

Basic tool head: up to 15 cm3/hr., standard tool head: Up to 150
cm?/hr

Screw High tensile nitride hardened alloy steel to sustainable up to 450 °C.
Suitable compression ratio (at least Dia. 25 mm with length 26D)
having a uniform discharge at metering zone

Technology Fused filament fabrication (FFF)

Tool head cooling

Liquid cooled

Workstation compatibility | Windows XP, Windows 7, Linux

Compared to totally dense molded components, the appropriate temperatures and
flow rate are established per the pilot trials to obtain an entirely stiff complete solid
(infill—100). Printing at high temperatures can assist produce uniform tempera-
ture distribution and the annealing effects, resulting in improved layer adhesions
and dimensional stabilities. Incorrect material flow via the nozzle and non-uniform
bonding of the bottommost layer with the high density polyethylene plate put on the
printer’s bed occurred when the nozzle and bed temperatures were below 200 and
60 °C, respectively. For bed and nozzle temperatures over 100 and 240°C, respec-
tively, higher melt flows through the nozzles, and substrate distortion is observed.
The results of the experimental studies to find optimal printing parameters for HDPE
are shown in Fig. 4.8.

The temperature of the nozzle is maintained higher than the Vicat softening point
of high density polyethylene (124 °C). For printing HDPE, the printing and bed
temperature are changed between 200-230 °C and 60-100 °C, respectively. The
trials are done using 3DP HDPE since it has the most warpage when compared to
foams.

3D printed samples are left in the 3D printer’s chamber until they reach ambient
temperature. Printed samples show uniform layer bonding with the least amount of
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Table 4.4 Remarks on different 3D printing parameters

Printing temperature (°C) | Print bed Observation Figure 4.8
temperature (°C)

200 60 Improper layer deposition a

220 60 Interlayer defects

220 100 Bottom layers diffusion with c

substrate
240 100 Maximum warpage, defective part | d
220 80 Smooth layered deposition, no e

defects between layers, smoother
peeling off of the part, no
distortions

(2) (b)

(e

Fig. 4.8 Challenges in 3D printing of H (Table 4.4) a incorrectly deposited layers, b defects between
layers, ¢ higher diffusion, d maximum warpage, and e defect-free print [5]
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(b)

Fig. 4.9 SEM of printed a HDPE along and b across the thickness/deposition direction [5]

warpage (Fig. 4.9a). At increased magnification, the highlighted area in Fig. 4.9a
indicates very smooth diffusion across the layer. This fact verifies the feasibility of
the HDPE printing/processing parameters (Table 4.4). Figure 4.9b shows SEM of
freeze-fractured high density polyethylene.

4.3.2 Three-Dimensional (3D) Printing of Sandwich Samples

By feeding HDPE and foamed filaments into nozzle “1” (N1) and nozzle ‘“2” (N2),
respectively, for developing SH20-SH60 SF-cored sandwich composites, the sand-
wich (S) printing can be done all at once (concurrently). The pilot tests (Table 4.5)
are used to simultaneously determine the best printing parameters for printing SF-
cored sandwiches. To obtain adequate values, SF-cored sandwiches of 180 x 18 x
8 mm? are printed with various nozzles, chambers, bed temperatures, and printing
speeds. Table 4.5 summarizes the results of the experiments used to determine the
best printing settings for the core and sandwiches by adjusting N1 (Fig. 4.10a) and
N2 (Fig. 4.10b) temperature, bed, and chamber temperature (Fig. 4.11a) at various
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printing speeds (Fig. 4.11b). Table 4.6 summarizes the most appropriate printing
parameters based on Table 4.5’s findings. To achieve better adhesion, eliminate
shrinkage, and limit residual stresses, all samples are printed on HDPE substrate
at chamber and bed temperatures of 60 and 80 °C, respectively. N1 deposits 1 mm
of bottom HDPE skin at a temperature of 220 °C. Following that, N2 is used to
deposit the foamed core for the subsequent 6 mm at temperatures of 220 °C for H20
and 240 °C for H40—H60. Further, on the topmost layer of the previously printed
core, N1 prints high density polyethylene skin of 1 mm. Using a simplified 3D tool
path, G-codes are generated to build sandwiches (SH20-SH60) with an 8§ mm total
thickness by following the N1-N2-N1 sequence. All the core and sandwich coupons
have a rectilinear pattern with a y-axis orientation. To ensure appropriate clearances
between the prints and nozzle, a layered thickness of 0.32 mm was chosen. To opti-
mize the surface smoothness and reduce warpage, all samples are printed at a constant
speed of 30 mm/s. MFI estimates have set a multiplier of 0.9 for H—H40 and 1.3 for
H60. With a printing speed of 30 mm/s, layers can be deposited without difficulty
for up to 60% MFI reduction. Because nozzle blocking occurs at higher MFIs, 1.3
multiplier is used for H60 with a specific temperature level.

Table 4.5 Experimental test observations during 3DP of SF-cored sandwiches

Parameter and range Typical value | Observation Figure No
Nozzle-1 temperature °C 200 Non-uniform layer deposition | Figure 4.10a
(200-230) 230 Bulk material flow at multiple
locations
220 The material flow is continuous
and smooth without any
difficulty
Nozzle-2 temperature °C 230 Improper flow of material and | Figure 4.10b
(230-250) rough surface finish
250 Lumped depositions
240 Good print with excellent

surface finish

Bed (60-100) °C and chamber | 60 and 40 Shrinkage/warpage at the ends | Figure 4.11a
temperature °C (40-80) 100 and 80

Comparatively less warpage at
ends

80 and 60 Samples without any warpage

Printing speed mm/s 25 Small islands formations on the | Figure 4.11b
(25-35) surface
35 Formation of small voids on the
surface
30 Sample with smooth surface

finish
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(b)

Fig. 4.10 Prints with different a N1 and b N2 temperatures

The micrograph of 3D printed H60 in Fig. 4.12a reveals consistent GMB distribu-
tion as well as elongated spaces. Lower MFI and reduced melt viscosity result in elon-
gated gaps with greater filler volume percent. Because of air gaps/raster gaps/residual
microporosities between neighboring rasters (Fig. 4.12b), prints have a higher void
content than filaments (Table 4.2). Due to lower matrix content, high melt viscosities,
and lower CTE, air gaps increase as GMB content increases. As previously stated,
such microporosities may improve compressive and damping capacities.

SH20-SH60 sandwiches are printed using the selected printing parameters, and
Fig. 4.13a shows a SH60 micrograph spanning three separate zones (top—bottom
skin). The micrograph in the thickness direction is shown in Fig. 4.13b. Both micro-
graphs show flawlessly diffused layers along and across the prints, showing that the
printing conditions described in this paper are suitable.
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60°C and 40°C

100°C and 804

[
(a) (b)

Fig. 4.11 Prints with a different combinations of chamber and bed temperatures and b different
printing speeds

Table 4.6 Processing parameters

Parameters H H20 |H40 |H60 |SH20 |SH40 |SH60
N1 (°C)—HDPE filament 220 |- - - 220 220 220
N2 (°C)—Foam filaments - 220 240 240 220 240 240
Extrusion multiplier 0.9 0.9 0.9 1.3 0.9 0.9 1.3
Temperature (°C)—bed 80

Temperature (°C)—chamber 60

Speed of printing (mm/s) 30

Thickness of layer (mm) 0.32

% Infill 100

Raster pattern Rectilinear

Raster angle + 45°
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(a) (b)

Fig. 4.12 Micrograph of printed a H60 and b associated raster gaps (residual microporosity) in
H60 [5]

(a) (b)

Fig. 4.13 As-printed sandwich SEM of a across and b along the direction of thickness [6]
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Chapter 5 ®)
Mechanical Testing oo

5.1 Static Testing

5.1.1 Differential Scanning Calorimetry (DSC)

The melting and crystallization characteristics of filaments and prints with H-H60
mixtures are estimated using a PerkinElmer DSC-6000 from the USA. In a 30 L
Al crucible, a 10 mg sample is heated to a temperature range of 0-200 °C and then
isothermally cured for roughly 3 min at 200 °C. After removing the thermal history
caused by previous processing phases, samples are cooled down to 0 at 10°/min. After
three minutes of chilling at O °C, the cupons are heated from 0-200°C. Exothermic
and endothermic peaks, which indicate enthalpy of melting at cold crystallization,
can be seen on DSC graphs. It is determined that Crystallinity% (ocrys) is [1],

AI_Im
ACryst = ™ x 100, (5.1)
AHm (1 - WGMB)

where AH,, = fusion heatin J/g and AH,,* = fusion heat/gram of HDPE, i.e., 293 J/g
[2] and WgMmp= weight fraction of GMBs.

Table 5.1 shows the thermal response of HDPE-H60 (T cryst, Tmen» and CTE).
Figure 5.1 shows DSC graphs for H-H60. The endothermic peak for pure HDPE
is detected around 108 °C, which is noted to be on the rise for foams. Figure 5.1
also shows a drop in endotherm and a rise in crystallization temperature as GMB
concentration increases. This clearly shows that as HDPE cools, melt nucleation
creeps in on the GMB surface at higher temperature, resulting in thick crystal lamellas
and higher T'cys [3]. In comparison with H,O, melts inertia is ignored because the
foams temperature of crystallization changes in a narrowed range of 2.2% (Table
5.1). As shown in Table 5.1, increasing the filler volume percent has no effect on
the T'ver; of both prints and filaments, indicating that the subsequent thermal history
creeped in due to 3D printing after extrusion process has not resulted in additional
thermal residual stresses, and printing/processing temperatures for the samples can
© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 53
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Table 5.1 Thermal behavior of samples [4]

Material Tcryst (°C) Acryst (%) Tmere (°C)

F Pt F Pt F Pt
H 105.70 110.82 59.54 61.74 131.47 130.88
H20 112.67 113.12 49.12 50.72 132.51 131.24
H40 112.92 113.23 33.71 37.01 130.45 131.29
H60 112.59 113.27 25.79 28.59 130.86 130.90

be kept similar (elaborately discussed in the earlier section). With increased GMB
content, there is a decrease in Crystal (56.68%) for foamed filaments.

Crystal fell from 61.74 (H) to 28.59% in printed samples, demonstrating a similar
pattern (H60). As noted in the previous section, the related prints have a greater

« Endo.
Heat flow (arb. units)
«Endo

Heat flow (arb. unit)

| - | | | L | - 1 " | | L 1 L 1 . 1 L | L
25 50 75 100 125 150 175 30 60 90 120 150 180
I'emperature (°C) Temperature (°C)
(a) (b)

Heat flow (arb. unit)
« Endo.

Heat flow (arb. units)
«Endo

1 1 " | 1 1 " 1 N
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25 50 75 100 125 150 175 5 2
Temperature (°C) l'emperature (°C)

(c) (d)

Fig. 5.1 Crystallization peaks: cooling cycles in a filament and ¢ printed cupons. Melting peaks:
heating cycles (2nd) in b filament and d printed cupons [4]
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cryse than filaments and are expected to exhibit higher dimensional stabilities and
lower shrinkage. The filaments are quenched after extruding and pass through the
water bath. As a result, relatively less energy and time are available for filament melt
crystallization than in prints where materials cool gradually on the bed of the 3D
printer [S]. acys declines in foams together with the crystal domain reduction of
HDPE due to the resistance provided by glass microspheres to the polymer chain
flow [6, 7]. As a result, the dimensional stability of the foamed prints increases with
no distortions.

5.1.2 Coefficient of Thermal Expansion (CTE)

CIPET, Chennai’s dilatometer, is utilized to calculate CTE for prints [8] with dimen-
sions of 75 x 12.7 x 3 mm. Warpage is qualitatively displayed by CTE values,
which also connect filler loading’s impact on dimensional stability and microstruc-
tural studies [9]. CTE is performed in the temperature range of 20-90 °C. An average
of five samples is reported for investigation.

As seen in Table 5.2, adding GMB to the HDPE matrix lowers CTE [10, 11].
Dimensional stabilities can be achieved by incorporating GMB into H at higher
printing temperatures, as demonstrated in the previous section, where significant
warpage reduction is observed in printed cupons with dimensional stabilities and
decreased thermal residual stresses [10]. In addition to the larger discrepancy in
CTE values between GMB and HDPE, the entrapped gas/air within GMB provides
resistance to heat transfer, resulting in reduced thermal conductivity. Furthermore,
CTE aids in the comprehension of the raster’s diffusion and the generation of air gaps
in 3DP. Because of the higher CTE values make warpage a critical and problematic
issue when printing neat HDPE, as seen in Fig. 4.8d. Nonetheless, using the right
printing and bed temperatures has solved the problem. Furthermore, owing to the
lower thermally conductive gases/air within hollow GMB limiting heat flow, dimen-
sionally stable printed cupons are observed in these foams [12]. The H60 print had
the lowest CTE of all the foams, resulting in negligible raster diffusion and air gaps
(Fig. 4.12b). As seen in Table 4.2, such air gaps/residual microporosities make SFs
lighter (2-4%).

Table 5.2 CTE of printed

Material | CTE x 1070 ("C) | % decrease compared to HDPE
samples [4]

H 135 +3.29 -
H20 106 &+ 3.85 21.48
H40 88 +2.65 34.81

H60 75 £ 1.15 44.44
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5.1.3 Tensile Response

The Zwick Roell make Z020 is used to tensile test filament and 3D printed materials.
The filament length is kept at 176 mm, with a 76 mm as the distance between
the two grips. The test is conducted at a continuous loading rate of 5 mm/min.
The strain is measured with an extensometer (gauge length 50 mm). The printed
samples are tested using an extensometer with a gauge length of 25 mm, according
to ASTM D638-14, at comparable crosshead displacement. An extensometer is used
to measure the initial load elongation of 0.1 MPa. The load and displacement data
are used to determine stress and strain. The five specimens’ average modulus and
strength values are examined for each arrangement. The matrix phase’s reinforcing
phase distribution, size, constituents interaction, and inherent qualities influence the
tensile response.

5.1.3.1 Tensile Response of Filaments

To utilize feedstock filament material in a printer, filament must match certain
specifications, such as form retention (shape and size) without excessive deforma-
tions/bending and the ability to sustain frictional force as it passes between drive
rollers [13]. Bending can be prevented by maintaining the filaments firm enough to
sustain the push of the driving roller without disturbing the corresponding printer
elements. The tensile stress—strain graphs of filaments are shown in Fig. 5.2. When
compared to H20, H40, and H60, stronger intact GMBs enhance filament moduli
by 8.171, 14.402, and 46.812%, respectively (Table 5.3 and Fig. 5.2b). Due to
its ductility, HDPE filament can be stretched more than 1000% without breaking.
Figure 5.2a, however, only depicts strain up to 400%. Figure 5.2b shows that H40
and H60 failed at 25% strain. With a UTS of 12.63 MPa, H20 has the maximum
strain of more than 40% among foams. According to Fig. 5.2¢, a larger concentra-
tion of matrix in H20 efficiently resists the tensile forces by plastically deforming
the entire cross-section. The highlighted region in Fig. 5.2c depicts the creation of a
new surface, which increases strain at the bulk scale. Among the foams, H60 had the
largest void of 7.7% (Table 4.2), resulting in substantially early filament fracture due
to effective area reduction caused by elongated pores collapse/merging (locations
1-4 in Fig. 5.2d). Despite this, H60 has the maximum modulus due to the greater
number of unbroken GMB microspheres (encircled area in Fig. 5.2d). Because of the
weaker bonding between HDPE and GMB, strength falls as filler content increases,
as shown in Fig. 4.6¢c. Furthermore, when the GMB content increases, the volume
of HDPE drops, lowering the compliant ductile phase and leading in lower strength
values. Surface treating GMB particles to improve interfacial bonding can increase
filament strength; however, it is outside the purview of this study. Coupling agents
induce brittleness and increase spooling stiffness, and hence, such a surface treat-
ment strategy requires careful attention. The processing time and associated cost
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are reduced to a minimum, boosting the industrial adaptability of components with
similar moduli and strength.
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Fig. 5.2 Stress and strain plots of a HDPE and b H20-H60. Micrographs of ¢ H20 and d H60
filaments after tensile test [4]
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5.1.3.2 Tensile Response of 3D Printed Samples

The stress—strain response of 3D printed H-H60 follows a similar pattern, and the
values are reported in Table 5.3. Pure H filament does not break even after a 1000%
strain, whereas HDPE prints can only withstand a 45% strain, demonstrating a
behavioral transition from ductile (compliant) to brittle phase during 3DP. Extru-
sion of HDPE occurs twice: first during filament creation and again in the printer
extruder of the nozzle. Multiple extrusion cycles cause polymer chain realignment
and crosslinking due to thermal processing, which leads to the hardening phenomena.
The printed H40 and H60 foams have 21.67 and 14.48% failure strains, respectively,
whereas H20 has up to 30.47% strain. Due to raster fibrillation, which results in
broom-like fibrous ends, HDPE has a lengthy necking region (Fig. 5.3a). Because
of substantial plastic deformation, new surface forms arise in fibrous endings (SEM
of the encircled area in Fig. 5.3a). The H40 and H60 foamed prints have no necking
regions and fracture normally, as seen in the fractographic area, where matrix plastic
deformations are barely visible (Fig. 5.3b).

All the microspheres appear to be intact, indicating that substantial weight savings
of 28% (Table 4.2) were realized after printing. At increasing filler percentages,
intact GMB particles form a load-carrying matrix, which crumbles early due to post-
printing-induced stiffness/brittleness. The modulus and strength of the filament and
printed coupons improved by 12.22, 10.83, 36.28, 13.14%, and 7.8, 22.49, 2.59,
and 18.02%, respectively, in a comparative examination. The results of HDPE/GMB
prints are compared to injection-molded HDPE/cenosphere foams. When compared
to injection-molded SFs, 3D printed HDPE has a greater elastic modulus of 53.17%,
indicating that it has a higher UTS. At UTS, 3D printed foam elongates and has a
fracture strength of 47.45%, which is three times that of injection-molded specimens
[14].

Foam modulus rises as GMB percentage rises (Table 5.3). H60 has the highest
foams modulus, at 48.02% more than HDPE print. With no tooling costs, 3D printed
H-H60 has 1.6—1.7 times stronger moduli than molded counterparts. When compared
to H., the fracture strength of foam prints is 1.16—1.56 times higher. Because printing
offers flexibility in constructing integrated (jointless) components with complicated
designs, particular qualities of foams are necessary for weight-critical regimes. H60
and H20 are the foams with the highest specific strength and modulus, respectively.
Table 5.4 indicates the weight reducing potential of GMB/HDPE based on E/n esti-
mates (n = 1, 2, and 3). Table 5.4 shows that printed foams can be utilized effi-
ciently in integrated complicated designs such as buoyancy modules, automotive,
and aerospace components.

5.1.3.3 Property Map

The tensile response versus composite density manufactured utilizing various
processing techniques is shown in Fig. 5.4 [15-17]. In comparison with solid-filled
material systems, closed-cell foamed composites have promising qualities that can be
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Fig. 5.3 3D printed a HDPE and b H60 after tensile tests [4]

g;lt)(l; [544]1 Weight reducing Material % a l% b p_E3 c
H 0.87 0.94 1.02
H20 1.05 1.27 1.54
H40 1.51 2.02 2.71
H60 1.80 2.69 4.02

2 MPa/kg/m?, ® MPa/(kg/m3)? x 1073, ¢ MPa/(kg/m>)3 x 107°

used in weight-sensitive regimes. GMB-based 3D printed foams have a density that
falls in between compression and injection-molded foams. Except for wood-filled
composites, the tensile moduli of printed composites overpower compression and
injection-molded composites (Fig. 5.4a). GMB foams had comparable strength to
compressive and injection-molded prototypes (Fig. 5.4b). The selection of optimal
printing and extrusion factors with minimalized particle breakage resulted in a large
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weight decrease of 28%. Weight reductions of this magnitude for complexly designed
integrated printed components would improve performance while lowering carbon
emissions.

5.1.4 Flexural Behavior of 3D Printed Core and Sandwich

Flexural testing of a 3D printed core with a sample dimension of 127 x 12.7 x 3.2
mm? (ASTM D790-17) and a sandwich with a sample dimension of 180 x 18 x
8 mm? (ASTM C393-16) is carried out in a three-point bend configuration using
a computer-controlled Zwick (Zwick Roell Z020, ZHU) machine with a load cell
capacity of 20 kN. It is assumed that the strain rate is 0.01 S-1 and that the preload is
0.1 MPa. With a 16 (span length):1 (depth ratio), the loading rates of 1.37 mm/min
for core and 3.41 mm/min for sandwich samples are maintained. The averaged values
with standard deviation are presented after testing a minimum of five samples. The
test is terminated at a strain of 10% when cupons did not fracture completely. Flexural
modulus is computed using,

L3m

= (5:2)

Ery

where L is the support span (mm), b is the width of beam (mm), d is the thickness
of beam (mm), and m is the slope of the tangent to the initial straight-line portion of
the load—deflection curve. The flexural stress (ogs) is calculated by,

_3PL
T 2bd?’

Ofs (5.3)

5.1.4.1 Flexural Behavior of 3D Printed Core Samples

As shown in Fig. 5.5a, the flexural test is performed in a three-point bending arrange-
ment with samples placed. As shown in Fig. 5.5b, the printed core begins to give as
the load is gradually applied. The crack started from the tensile zone and spread
throughout the loading directions until it reached the other compressive region
(Fig. 5.5¢), indicating flexural failure. Surprisingly, the crack failed to propagate
within the deposited layers, indicating that the printing conditions were appropriate
(Table 4.6). In comparison with H, which did not break until 10% strain, foams
showed brittle fracture (Fig. 5.6a). The presence of GMB in HDPE causes brittleness.
Figure 5.6b shows that increasing GMB content increases flexural modulus. Table
5.5 summarizes the results. Due to weaker interfacial bonding between constituent
pieces and the presence of raster’s gaps (Fig. 5.6d), the flexural strengths are reduced
(Fig. 5.6¢). When compared to foam samples, HDPE had the strongest strength, with
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Fig. 5.4 Tensile, a moduli and b strength of high density polyethylene composite [14—16]
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1.21, 1.47, and 1.67 times the strength of H20-H60 foams. The modulus of H60 is
1.37 times greater than that of H, which is owing to undamaged GMB microspheres
even at the greatest filler embedment (Fig. 5.7c). Compared to H60 (Fig. 5.7c), fewer
filler quantities result in more widespread plastic deformation (Fig. 5.7a, b).

When compared to HMBs, GMBs inserted in the HDPE matrix enhance the
specific moduli twice (Table 5.5). In comparison with molded counterparts, the
moduli of H-H60 printed foamed cupons are 1.39-1.08 times greater, although
strength is higher and comparable in HDPE and H20. The printed H40 and H60
samples have a drop-in strength of 1.14 and 1.27 compared to fully dense molded
samples due to greater matrix porosity caused by raster gaps [18]. Due to decreased
CTE values, the volume of these raster gaps grows as filler loadings increase.
Nonetheless, overlapping layers can eliminate these gaps, which will be investigated
further in future studies. As previously stated, flexural strength is observed to decline
as constituent elements are used in the received condition. Furthermore, adding filler
increases the amorphous percentage, resulting in more constrained matrix flows and

- | "zéckkop

_andssample failure

Fig. 5.5 a H60 in flexure mode, b deflection, and ¢ discontinuity propagation [4]
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Table 5.5 Flexural responses [4]

Material | Moduli in Strength in | Fracture Fracture Specific Specific
MPa MPa strength in | strain modulus in | strength in
MPa % MPa/kg/m* | MPa/kg/m?® x
1073
H 990 £ 11.28 ({254 +£0.12 |- - 1.068 27.40
H20 1210 £ 19.56 | 21.0 £ 0.58 | 20.34 4= 0.32 | 6.88 £ 0.09 | 1.465 25.42
H40 1280 4+ 11.87 | 17.1 £0.47 | 16.89 £ 0.41 | 6.04 £ 0.11 | 1.716 22.92
H60 1360 £ 11.23 | 15.1 £0.72 | 15.00 £ 0.79 | 3.15 £ 0.07 | 2.036 22.60
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(c)

Fig. 5.7 Post-flexural tested printed, a H20, b H40, and ¢ H60 cores [4]

restricted mobilities of polymer chains augmented by the weaker interfacial bond-
ings. Enhancing constituents bonding with appropriately selected coupling agent
may improve strength, compromising significant ductility reductions, which could
impede filament extrusion and the 3DP process.

5.1.4.2 Property Map

The flexural behavior as a function of composites density manufactured utilizing
different manufacturing techniques is shown in Fig. 5.8 [14-16]. GMB-based 3D
printed foams have a density that falls between compression and injection-molded
foams. The flexural modulus of GMB-based 3D printed composites is higher than
that of conventionally manufactured syntactic foams (Fig. 5.8a). Composites made
by compression and injection molding have similar flexural strength (Fig. 5.8b).
Optimal extrusion and printing conditions with minimal filler breakage can be used
to reduce density. Figure 5.8 shows how filler percent and printing settings can be
used to manipulate flexural response over a wide range.
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Fig. 5.8 Flexural, a moduli and b strengths of HDPE composite [14—-16]
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5.1.4.3 Flexural Behavior of 3D Printed Sandwich

Table 5.6 lists the physical properties of the 3D printed sandwiches. As the amount of
GMB in the sandwich increases, the density of the sandwich lowers. Because of the
additional HDPE layered skin on the foamed cores, the densities of SH20-SH60 are
higher (6.45-8.36%) than the corresponding foam cores (H20-H60). In SH60, the
highest weight reduction noted is 22%. With such higher weight reducing avenues,
the synthesized SF-cored printed sandwich might potentially replace several compo-
nents in buoyancy modules, providing increased specialized mechanical qualities
and integrated geometrical features (without any joints).

Figure 5.9 shows the SEM of printed SF-cored sandwich flexural prints that have
been freeze cracked. These micrographs show continuity in interfacial bonding at
the core-skin interfaces in all the printed configurations, implying that the printing
settings are suitable.

In the flexure of the sandwiches, the stress changes over the thickness, from
compressive (topmost skin where the loading pointer hits) to tensile (bottom-most
skin) region. Further, shearing force creeps in along the printed cupons length in
traditionally produced sandwiches, leading to core-skins debonding and subsequent
failure. As a result, the orientations of the origin and spread of cracks can be used
to identify the different kinds of stresses that lead to failure Fig. 5.10 illustrates the
yielding and midpoint deflections of an SH20. SH20 did not show failure until the
test reached 10% strain and had the highest strength among the sandwiches. A brittle
fracture was found in SH40 and SH60 (Fig. 5.11a). The discontinuity in sandwich
composites starts in the bottom-most skin and travels along with the core below the
loading point. Failure starts on the tensile side at the loading point and progresses
to the compressive side. Due to the appropriate printing parameters used, similar
failure features are seen for all printed SF core sandwich composites, avoiding shear
failure/crack together with the deposited layers. The moduli rise as the GMB % rises
(Table 5.7 and Fig. 5.11b). When compared to various sandwich compositions, SH60
has the highest modulus. The moduli of SH60 are enhanced by intact GMBs with
greater filler loading, as seen in Fig. 5.12b. Flexural strength diminishes when GMB
content in the core increases, as seen in Fig. 5.11c. SH20 and SH40 fully disintegrated
into two pieces, displaying the typical brittle fracture. The strongest component is
SH20, which may be attributed to efficient load transmission between the elements.
The absence of plastic deformation in H, as seen in Fig. 5.12a, supports this conclu-
sion. SH60 performs worse than SH20 due to excessive polymer deformation of

Table 5.6 Physical properties of the printed sandwiches [19]

Material | ¢/ oM (kg/m?) | pP (kg/m3) | ¢y (%) | % Weight reduction compared to
(vol.%) HDPE

SH20 20 879.35 + 14 |897.5 2.02 5.14

SH40 40 77738 £ 16 | 845 8.00 16.14

SH60 60 72387 £ 11 |792.5 8.66 21.91
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Fig. 5.9 SEM of sandwich, a H20, b H40 and ¢ H60 at core-skin interfaces [19]

the matrices at higher filler %. Despite this, SH60’s specific strength is 1.1 times
greater than SH20’s. The crack began in the mid-span in SH40 and SH60, spread
vertically through the thickness of the core, and reached the upper HDPE skin. The
increasing breakdown of the top skin reduces the rate of stress reduction and adds
extra strain before failure. In shear stress, interfacial failure is a prevalent occurrence
that has influenced sandwich composites. Nonetheless, due to excellent and seamless
bonding, none of the concurrently printed SF core sandwiches described in this work
showed interfacial separation/debonding between core and skin (Fig. 5.9).

5.1.4.4 Comparison of Core and Sandwich Flexural Properties

Comparing 3D printed sandwich composites’ flexure properties to those of their
corresponding cores. Figure 5.13 compares the flexural characteristics of the printed
core and the corresponding sandwiches. Though the addition of GMBs reduces
strength, it increases specific strength, which is a critical aspect in weight reducing
scenarios. The strength of the sandwich cores is 1.05, 1.22, and 1.35 times more
than that of the H20-H60 cores, respectively, indicating the potential benefit of
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Table 5.7 Flexural behavior of sandwich prints [19]

5 Mechanical Testing

Materials | Experimental Theoretical Strength in Fracture Fracture strain
moduli in MPa | moduli in MPa | MPa strength in (%)
MPa
SH20 927 +18.46 | 1067.83 21.80 £045 |- -
SH40 1000 £ 13.58 | 1126.09 20.53 £0.52 |20.25£0.57 |7.13+£0.15
SH60 1050 £ 12.86 | 1186.57 19.72+0.80 | 19.72 £0.77 |5.20£0.10

(b)

Fig. 5.12 Micrograph of post-flexural tested, a SH20 and b SH60 [19]

producing an SF-cored sandwich using 3D printing. Sandwich composites printed in
3D have 1.04, 1.17, and 1.18 times the flexural strength of cenosphere-based cores
printed in 3D [20]. Based on the findings of this study’s investigations, SH60 has
the maximum specific moduli and strength magnitudes that can be employed for
potential weight-saving scenarios without sacrificing mechanical behavior.
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5.1.4.5 Theoretical Prediction of Sandwich Properties

Theoretical computations are based on the mechanics of composite beam theory
[21]. The core and face sheets are assumed to be homogeneous in this hypothesis.
A sandwich with a span length of L, a width of b, and a total thickness of i are
shown in Fig. 5.14a. Two radius R rollers overhang the specimen kept far by a
distance L, and load P is applied to the topmost layer via a radius R anvil. Theoretical
moduli and failure loads values for printed SF-cored sandwiches are calculated using
an experimental technique using the skin and core properties evaluated separately.
Figure 5.14b shows the terms used for deducing theoretical values and comparative
graphs for 3D printed sandwich composites.

The load is delivered progressively at the center in flexure loading circumstances,
and the deflection includes skin and core deformation. When the wedge comes into
direct contact with top skin in the presence of multiaxial stress, the mechanical
characteristics of the top skin deteriorate. As a result, in theoretical deflection calcu-
lations, the thickness of the topmost skin where the load is applied is ignored [22, 23].
Equation 5.4 can be used to compute this deflection [24]. The sandwich’s theoretical
moduli, derived using the law of mixtures, can be used to measure the skin—core
bonding efficiency of the properties of printed sandwich construction (Eq. 5.8). The
total deflection at the midpoint equals sum of the deflections caused by face sheet

Loading Anvil
DR =10

All dimensions are in mm

(a)

SKIN ]

d CORE c h

SKIN $t

b
(b)

Fig. 5.14 a Dimensions and flexural test samples, b sandwich terminologies [19]
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bending and core shear [25].

PL3 PL
§= +
48(El)eq  4(AG)q

5.4

Here Elq is called flexural rigidity, which is estimated using Eq. 5.5 and (AG)q
is shear rigidity calculated using Eq. 5.6. The shear moduli of the core are (G¢)
computed using Eq. 5.7.

bt’E, btd*’E, bCE,

Ely = 5.5
eq 12 + 4 + 12 (3.5)
bd*G.
AGe = —2¢ (5.6)
C
E.
c=5a (5.7
20+ w)
E=EV,+E./V. (58)

From Table 5.3, the skin and core moduli are taken. Table 5.7 provides values for
the flexural modulus that are observed to be in good agreement between experimental
and theoretical data (Fig. 5.15a). For SH20, SH40, and SH60, the theoretical and
experimental modulus results differ by 13.18, 11.19, and 11.50%, respectively. The
vacant contents in the printed sandwiches are to blame for these variances. Strength,
in addition to sandwich rigidity, is quite important. Understanding the failure mech-
anisms covered in the subsequent section is necessary to calculate the critical loads
reached for a sandwich post-elastic region. Equations 5.9, 5.10, and 5.9 depend on
the neutral axis, the moment of inertias, the moment of resistance, and the failure
load of the sandwich (Eq. 5.11).

_ (AYEYYY) + ACECYC

(5.9
(AsEs) + (ALEL)
E.l + E,I,
I, = (Ecl. + Ely) (5.10)
E.
nM Yax
O fmax = (511)
I;
P L
M= xZ (5.12)
2 2

The critical load estimates for printed sandwiches are shown in Table 5.8 and are
shown to be lowering with increasing GMB volume percent. Larger void contents
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with higher filler loadings are the cause of this. These gaps may create a three-phase
SF shape and contribute to the damping property’s improvement. Up to 50% of the
maximum load, the difference between theoretical and experimental loads is reported
to be in extremely good agreement (Fig. 5.15b). These theoretical methods aid in
the prediction of the sandwich properties, which determine a wide range of potential
applications. Figure 5.15¢ shows the load—deflection curves for both theoretical and
experimental predictions.

5.1.4.6 Failure Mode of 3D Printed Sandwich

The skin shape, strength, and core material all play a role in the sort of sandwich
failure [26]. Indentation, shear, and microbuckling/face wrinkling are the three prob-
able failure modes in sandwiches under flexure. During core indentation and shear
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Table 5.8 Critical loads [19]

Material | Experimental critical load (N) | Theoretical critical load (N) from | Deviation (%)
Eq.5.9

SH20 135 138.67 2.64

SH40 133 138.57 4.01

SH60 118 135.60 12.97

failures, the sandwich faceplates remain elastic [27]. As shown Fig. 5.16a, indenta-
tion occurs when compressive yield strengths match stresses developed across the
core thickness. The overall indentation region is made up of the plastic indenta-
tion zones (Ap—core reactive force = core compression strength) and the elastic
indentation zones (he—reactive force equals kw). The radial shear strain in the core
surpasses the failure strain in the case of shear failure. Faceplate contribution has
been overlooked in previous studies [25, 28], whereas circumferential hinges work
has been taken into account [26]. The bottom skin fails first due to strain, whereas the
top skin suffers from micro buckling and face wrinkles (compression side). Sand-
wiches with ductile skins collapsed in the bottom-most skin, while those with brittle
skins failed in the top with microbuckling [29]. When a load is given to a sandwich
construction, the skin usually experiences tensile/compressive failure, while the core
usually experiences shear failure. For all the sandwiches examined, there is no shear.
A linear indentation is detected where the wedge directly contacts the top skins, and
as the load rises, compressive stresses are created on the top skin, causing wrinkling
in the center for SH20 (Fig. 5.16¢). As can be seen in the typical image Fig. 5.16d,
indentation failure is detected in SH40 and SH60 samples in this study. In shear,
none of the samples failed. Except for SH20, all the samples shattered in a nearly
straight line slightly below the loading point (Fig. 5.16d). On the shattered surface of
the top skin, the indentation is positioned in the designated area of Fig. 5.16d. Also,
due to a higher proportion of stiffer GMBs inclusion resulting to brittle behavior,
SH40 and SH60 show crack initiations at the bottom-most skin and shear failure of
core. Except for shear, the printed sandwiches generated in this study show similar
failure characteristics [24, 29, 30, 31].

5.1.5 Compression Response of Printed Cores
and Sandwiches

The compression tests of 3D printed core and sandwich samples [32] are conducted
using a Zwick (Zwick Roell Z020, ZHU) computer-controlled universal test system
with a 20 kN load cell. The test is conducted at a constant crosshead displacement
velocity of 0.5 mm/min. The criteria for the end of the test are set at 20 kN load. An
in-house developed MATLAB code is used to analyze the data. The peak stress at the
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end of the elastic region determines the compressive strength. At least five samples
of each volume fraction are examined to ensure accuracy.

5.1.5.1 Compression Response of Printed Core Cupons

The compression test experimental setup is shown in Fig. 5.17a—c show the compres-
sive stress—strain graphs of 3D printed neat HDPE and H20-H60. The compressive
characteristics of the 3D printed core samples are estimated using MATLAB code
written in-house, and the results are shown in Table 5.9. HDPE has a greater modulus
and is 1.06 times higher than H60 because of its viscoelastic nature and lower glass
transition temperature. Foam modulus rises as GMB content rises (Fig. 5.17e). H60
had the highest modulus among the foams, measuring 1.18 and 1.08 times that of H20
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and H40, respectively. This is because intact GMBs are present at greater filler load-
ings. When compared to H60, HDPE yield strength was 1.23 times higher. Because
of inadequate interface bonding between constituent pieces and raster gaps, SF’s
yield strength reduces (Fig. 5.17f) when filler loading increases. Due to decreased
CTE, the volume of these raster gaps rises with filler loadings. H20 had the highest
yield strength among the foams, possibly due to effective load transmission between
constituents, and was 1.18 times stronger than H60. H60 performs worse than H20
due to severe plastic deformation of the matrix with increased filler loading. When
subjected to compressive loads, the stress plateau is one of the most important char-
acteristics of SFs and hollow particles. The stress plateau region becomes visible as
the filler amount increases. The stress plateau region gets more evident as the GMB
volume fraction increases. In the compressive stress—strain graph, the plateau region
is noticeable in H40 and H60 when compared to H20 and is noted to be between
20 and 40% strain (Fig. 5.17¢). Increased filler content boosts energy absorption at
50% strain in foams. H60 has a maximum energy absorption of 8.33 MJ/m?> at 50%.
Furthermore, as the load is increased, the plateau zone experiences a rise in stress
with minimum deformation, leading to the strain hardening effect. This considerable
rise in stress with smaller stresses is due to densification produced by the collapse of
in-situ voids and hollow GMBs. When the load exceeds the plateau zone, the filler
particles begin to collapse. The void area left following the collapse of GMB parti-
cles is filled by the HDPE matrix due to continuing compressive stresses, resulting
in the densification phenomena. Foams have superior specific characteristics than
clean HDPE (Table 5.10), indicating that they might be used in weight-sensitive
applications. H60 had the highest specific modulus and strength among the foams,
measuring 1.31 and 1.12 times that of HDPE.

The initial densification is triggered by the collapse of matrix porosities
(Fig. 5.18a, c, e). GMB begins to break as the stress level grows, producing in addi-
tional densification. Deformed resin, intact GMB, and debris can be seen at higher
magnification (Fig. 5.18b, d, f). There is no discernible difference in the look of the
fracture surface for these materials in terms of strain rate because all compression
samples are tested with constant crosshead displacement.

5.1.5.2 Compression Response of 3D Printed Sandwich Samples

The compression behavior of the 3D simultaneously produced sandwich samples
is comparable to that of the core. The experimental setup for the sandwich SH60
sample under compression is shown in Fig. 5.19a. Figure 5.19b shows the stress—
strain charts of 3D printed tidy sandwich samples. Sandwich compression properties
are determined using in-house created MATLAB code, and the results are published
in Table 5.11, just like foam core compression properties. Foam modulus rises as
GMB content rises (Fig. 5.19d). SH60 has the largest modulus, 1.48 and 1.33 times
that of SH20 and SH40, respectively. At greater filler loadings, intact GMBs improve
SH60 moduli. Sandwich yield strength falls as filler loading increases (Fig. 5.19¢)
due to poor interface bonding between ingredients and raster gaps with increasing
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Table 5.9 Compressive response of printed H-H60

Material | Modulus in Yield Yield strain | Peak stress | Plateau Energy

MPa strength in (%) in MPa stress in MPa | observed at

MPa 50% strain

(MJ/mm?)
H 348.26 + 10.35 | 30.25 £ 0.85 | 8.68 £0.19 | 68.54 £ 0.15 | — 7.96 £ 0.55
H20 280.46 + 12.25 | 28.98 £ 1.28 | 10.33 + 0.24 | 59.85 £ 0.18 | - 6.94 £ 0.26
H40 304.84 £ 11.58 | 2645 £ 1.05| 8.67 £0.15|66.42 +£0.13 | 21.46 + 0.02 | 7.49 £+ 0.37
H60 329.95 + 14.85|24.56 2098 | 7.44 +£0.18 | 60.25 £ 0.09 | 19.73 £ 0.05 | 8.33 £ 0.48

Table 5'1,0 Specific ¢ Material Specific modulus Specific yield strength
co.mpresswe response o (Mpa/kg/m3) (MPa/kg/m3) x 1073
printed cupons

H 0.376 32.63

H20 0.339 35.08

H40 0.408 35.46

H60 0.494 36.77

filler loadings. The yield strength is reduced by excessive plastic deformation of the
matrix at increased GMB concentration. The best strength is SH20, which could be
related to efficient load transfer between the matrix and filler.

SH20 has a yield strength of 1.12 times that of SH60. With increasing filler
material, the stress plateau region becomes more noticeable. Between 20 and 40%
of strain, the plateau zone for sandwich SH20-SH60 can be found (Fig. 5.19b).
The energy absorption at 50% strain in sandwiches increases as the filler amount
increases. The energy absorption rate of 10.22 MJ/m? for SH60 is the maximum
energy absorption among foams. SH60 has the highest specific moduli and strength
(Table 5.12), allowing it to be used for weight-saving applications without sacrificing
mechanical qualities.

The compressive properties of 3D printed sandwiches are compared to those of
their respective cores. A comparison of yield strength between the printed core and the
respective sandwiches is shown in Fig. 5.20a. Though the addition of GMBs reduces
strength, it increases specific yield strength, which is important in weight-sensitive
structural applications. SH20, SH40, and SH60 cores have yield strengths that are
1.22, 1.20, and 1.20 times greater than H20-H60 cores, respectively, demonstrating
the potential benefit of 3D printing SF-cored sandwiches simultaneously. Sandwiches
have a larger specific modulus than the core (Fig. 5.20b), which is an important design
element when creating weight-sensitive structures.

The densification phenomena occur at higher stress with 1 mm HDPE skin at the
top and bottom of the core in the sandwich because the HDPE skin resists the applied
compressive load. The initial densification process begins when the maximum stress
level is reached by collapsing the voids that have formed inside the core (Fig. 5.21a,
¢, and e). Additionally, when the stress level rises, GMB breaking occurs, causing
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Fig. 5.18 Micrographs of compressive tested H20 (a, b), H40 (c—d), and H60 (e—f)
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Fig. 5.19 a Experimental setup, b sandwich compressive stress—strain plots for 3D printed sand-
wich, ¢ SH60 before and after compression, d compression modulus and e yield strength as function
of GMB vol.%

additional densification. At higher magnification, Fig. 5.21b, d, f shows the deformed
resin, intact GMB, and debris of sandwich samples. Despite this, due to the excellent
and seamless bonding of skin and core, none of the printed SF-cored sandwiches
showed interfacial separation between core and skin.
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Table 5.11 Compressive behavior of printed sandwiches

81

Material | Modulus in Yield Yield strain | Peak stress | Plateau Energy
MPa strength in (%) in MPa stress in MPa | observed at
MPa 50% strain
(MJ/mm?3)
SH20 194.67 + 13.45 | 35.47 £ 1.05 | 20.71 £ 0.18 | 58.45 £ 0.12 | 23.56 £ 0.04 | 8.54 £0.36
SH40 | 217.62 £ 10.27 | 31.85 £0.98 | 16.21 £ 0.15|59.23 £ 0.11 | 19.45 £ 0.02 | 9.73 +0.27
SH60 | 288.83 £ 12.75|29.57 £ 1.20 | 10.23 £ 0.25 | 60.05 £ 0.17 | 17.68 £ 0.15 | 10.22 £ 0.58
Table 5,'12 fS3I;§CIﬁ,C d Material Specific modulus Specific yield strength
properties of 3D printe (MPa/kg/m®) (MPa/kg/m?) x 1073
sandwich samples
SH20 0.221 40.33
SH40 0.279 40.97
SH60 0.399 40.85
40 1 . 400 A
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B
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Compression property comparison of 3D printed core and sandwich

Fig. 5.20
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5.2.1 Buckling and Free Vibration Investigation

5.2.1.1 Buckling of 3D Printed Core

Buckling tests of printed H and SFs are carried out on a H75KS Tinius Olsen UTM at
0.2 mm/min crosshead displacements under axial compressive stresses. Samples with
dimensions of 210 x 12.5 x 4 mm in length, breadth, and thickness were utilized in
the buckling test [33, 34], with an average of five samples tested. Based on preliminary
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experiments, a 0.6 mm end shortening is taken into account to explore the behav-
ioral changes in the post-buckling zone. The experimental layout for the mechanical
buckling and free vibration under a compressive force is shown schematically in
Fig. 5.22.

For the estimation of the critical buckling loads and to enable reliable structural
designs, the DTM and MBC techniques are used. Figure 5.23 for a representative
printed sample shows how to create tangents for load and deflection curves produced
through experimental means for MBC and DTM methods [3, 37]. The DTM method
involves drawing tangents in the post- and prebuckling regions. The critical load is
determined by the intersection of two tangents, as shown in Fig. 5.23a. The critical
buckling load value for the MBC approach corresponds to a position on the plot
where the bisectors are drawn at the intersection points wherein both tangents meet
(Fig. 5.23b). The vibration and buckling response of 3D printed H and associated
SFs, both MBC and DTM methods, are presented for comparison.

Fig. 5.22 Mechanical
vibration and buckling setup
[35, 36] Impulse from

Hammer T

Data Acquisition
\ for buckling load
. (UTM)

3 Buckled
; Shape of Sample

Specimen

Data Acquisition UTM Fixture

For free vibration
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Fig. 5.23 Estimation of P using, a DTM and b MBC for H20 prints [35, 36]
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Figure 5.24 shows SEM of freeze-fractured printed H-H60 buckling and vibration
samples. In the case of foams, all the cupons are printed using appropriate printing
conditions (Table 5.13), resulting in ahomogeneous dispersion of GMBs in the HDPE
matrices. Figure 5.24 shows that the microballoons are intact after blending, extru-
sion, and printing, confirming the acceptability of the printing conditions utilized in
this study.

The buckled mode forms of SF exhibit a typical global buckling behavior in
the buckling investigations of 3D printed H and their associated foams. As shown

Fig. 5.24 SEM of fractured a H, b H20, ¢ H40, and d H60 [35, 36]

Table 5.13 Experimental and theoretical P, [35, 36]

Material | Experimental P, in N Theoretical | Deviations in DTM | Deviations in MBC
DTM MBC Por (N) (%) (%)

H 50+ 1.5 47+13 57.88 13.61 18.79

H20 525+24 |4841£18 | 60.03 12.54 19.35

H40 683 +3.5 |6439£26 | 81.19 15.87 20.69

H60 86.4 3.4 |83.45+22 |109.45 21.05 23.37
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Fig. 5.25 a 3D printed foamed being tested and b plots showing buckling behavior of prints [35,
36]

in Fig. 5.25a, all buckling modes exhibit the greatest transverse defections in the
center and no defection at the fixed end. Figure 5.25b depicts the observed buckling
behavior of HDPE and foams, with the data summarized in Table 5.13. It’s worth
noting that the buckling load rises as GMB percent rises. This could be related to a
rise in foam stiffness as the number of GMBs in the HDPE matrix rises. An increase
in the load-bearing performance of composite with increasing GMB content can be
related to a rise in critical buckling loads. Based on the Euler—Bernoulli assumptions
[38], the theoretical P, for clamped—clamped H and foams therein is derived as,

_ 4m2E]
cr — L2

(5.13)

By the Bardella—Genna model, E is the modulus. The moduli of GMBs are many
times higher than that of H, resulting in a larger critical load for SFs. For HDPE,
the experimentally deduced critical load is 50 N. In DTM and MBC techniques, the
P of H20, H40, and H60 is increased by 5, 36.5, 72.9, and 3.01, 37.03, 77.6%,
respectively, than H. DTM estimates a greater critical buckling load than MBC.
The difference between them is approximately 3—8%. The buckling load computed
theoretically of neat H is 57.89 N, which increases by 3.72, 40.26, and 89.08% in
H20-H60, respectively. The theoretical and practical buckling loads are very similar
at smaller filler amounts. The void volume fraction increases as the filler content
increases, resulting in greater discrepancies in experimental and theoretical results.
Both H and foams therein did not fracture due to layers delamination, according to
the buckled mode shapes (Fig. 5.25a). This is due to the high quality of composites
created using the proper printing conditions.
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Table 5.14 Comparative

values of moduli [35, 36] Material | Young’s modulus in MPa % Deviation
Equation 2.11 | Equation 5.18
H 970.05 + 13 970.05 -
H20 1031.10 £ 26 | 1012.6 1.79
H40 141530 £24 | 1376.1 2.76
H60 1887.22+30 |1874.1 0.69

Table 5.14 lists the moduli obtained from Bardella—Genna (Eq. 5.18) and the
frequency for high density polyethylene and their foams. The moduli of H20-
H60 are enhanced by 6.28, 45.88, and 94.53%, respectively, when compared to
H. As GMB content rises, modulus rises as well, providing greater resistance to
buckling. The presence of GMBs in HDPE matrices boosts the inherent frequen-
cies of SFs. According to Eq. 5.18, the variance in Young’s moduli for H20-H60
computed from Eq. 5.18 and frequency data is 1.78, 2.68, and 2.23%, respectively.
The natural frequency of SF is increasing when stiffer GMB particles are added,
perhaps increasing the overall stiffness of the foams.

5.2.1.2 Free Vibration of 3D Printed Core

The first three natural frequency of the printed high density polyethylene and their
foamed beams under axial compression loads with clamped—clamped circumstances
are recorded (Fig. 5.26). By stimulating the samples with a 9722A2000 Kistler
impulse device with a sensitivity of 10 mV/N, a uniaxial accelerometer (8778A500)
with 10 mV/g sensitivity and a 500 g operational range is utilized to observe the vibra-
tion data. The accelerometer is attached to the specimen using beeswax. DEWESoft
program records response signals and transforms time to frequency-domain signals
to compute natural frequencies and mode using a rapid Fourier transform technique.
The modal analysis is carried out in the experimental route with 20 N load increment
until the cupon deflection reaches 0.60 mm.

50 210 50 5

All dimensions are in mm
J_Y
X

Fig. 5.26 Schematic diagram of specimen used in free vibration test [35, 36]

o
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5.2.1.3 Baadella-Genna Approach for Estimating Moduli

Using the Bradella—Genna model [39] the modulus of high density polyethylene and
foam cupons is calculated, and the findings are compared to experimental values.
The following equations describe the homogeneous approach used by this model to
predict the shear and bulk modulus.

S(1 + Py) + k(1 + Pvy)

Ko = K ST -0y v kT + @) G194
where
y:%% (5.15)
3:%%?1-#) (5.16)
K:%%+f. (5.17)

The HDPE matrix’s moduli and Poisson’s ratio are taken as 810.25 MPa (Table
5.3)and 0.425 [14], respectively. Poisson’s ratio and moduli of GMBs are respectively
taken as 0.21 and 60,000 MPa [40]. The GMB particle radius ratio is computed
using true particle density and GMB densitys, [38] and is 0.914. The shear moduli
are obtained from Eq. 5.18, as mentioned in Reference [41]. The foam moduli are
estimated using (Eq. 5.18) [42].

w;\ [ poPAL*
E=|-% <———), (5.18)
B; 1

where w; =2nf. (5.19)

The density of the syntactic foams and Poisson’s ratio are calculated using the
rule of mixtures. The constant B; Eq. 5.18 represents a specific mode, and under
clamped—clamped boundary conditions, it is assumed to be 4.73 for the first mode
[19]. The voids found in the samples are thought to be the volume that the matrix
occupies in this scenario. Equation 5.20 is used to get the foam’s Young’s modulus.

_ 9KG
T 3K+ G

(5.20)



88 5 Mechanical Testing
5.2.1.4 Theoretical Estimations

The spherical shape of the hollow GMB particles and the uniform dispersion of the
GMBs in the HDPE matrices have been observed. Consequently, the composite of
GMB and high density polyethylene SF can be modeled as isotropic materials. Addi-
tionally, it is anticipated that SF will behave as linearly elastic. The differential beam
equations for the motion under axial compression while ignoring shear deformations
and rotating inertial effect are given by [43]

3y (X) %y (X) 0%y
EI( 5% )—i—P( e ) pA(atz)_O, (5.21)
where y = y(x, t) and for the beam’s natural mode of oscillation. Equation 5.21
presents the governing differential equations of beam motion which is subjected to
an axial compression force developed based on Euler—Bernoulli hypothesis. The first
term in this equation denotes the beam’s bending stiffness, the second term reflects
the work done by the applied axial forces, and the final term denotes the beam’s

inertia force.
y(x,t) = Y (x)coswt, then Eq. 5.21 becomes,

Y (X) 3%Y (X)
EI( % ) + P( % ) — pA*Y(X) = 0. (5.22)

The solution for Eq. 5.22 can be mentioned by taking into considerations
dimensionless beam coordinates { = ’1—‘(0 <¢<L).

Y(X)=Y(¢) = DisinhM¢ + DycoshM¢ + D3sinN¢ + DscosN¢g,  (5.23)

where Dy, D,, D3, and D, are constant coefficient, M and N can be put forth as,

M=L P (Y (24 5.24
- _<2E1>+_(2E1> +(E>w_ (5:24)
v=r {2

N (2E1>+

e
(m) +(§1>“’2 62

M= \/( v+ v2+92) (5.26)

N = \/ (V +VVit 92) (5.27)
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_ pL>. , _ [EI _ ol?
WhereV—m,a— /pAandQ— .

By differentiating Eq. 5.23, we get,

dYy
X =MD coshM¢ + MDysinhM¢ 4+ ND3cosN¢ — NDysinN¢ (5.28)

Y(x) =0, % =0, (L) =0and % = 0 are the boundary condition for the
clamped—clamped regime. The substitution of the boundary condition in Egs. 5.23
and 5.28 leads to a non-trivial solution. By taking zero determinant of the coefficients
for the non-trivial solution,

0 1 0 1
M 0 N 0
=0 5.29
sinhM coshM sinN N ( )
McoshM MsinhM NcosN —NsinN
(M?* — N*)sinNsinhM + 2M N (1 — cosNcoshM) = 0 (5.30)

Substituting the M and N values in terms of 2 and V in Egs. 5.30,

Q- Vsin\/(V+\/V2+§22) sinh\/(—V—i—\/Vz—i-Qz)

—Qcos\/(V+\/V2+Q2)cosh\/<—V+\/Vz+Qz) —0 (531

The characteristic equation for the compressive load, represented in Eq. 5.31,
provides variation in natural frequencies. Equation 5.30 is numerically solved using
MATLAB code, and the results are obtained frequency-compressive load graphs that
are compared to experimental values.

The free vibration behavior of neat HDPE and SFs, which have been tested for their
buckling strengths under axial compressive forces, has been researched. As illustrated
inFig. 5.26, the printed cupons are divided into eight equal portions along their length.
The frequency response function (FRF) is determined by utilizing a roving impact
hammer to excite the prints at the various indicated points and then measuring the
related reaction with an accelerometer. The analytical solution produced by solving
Eq. 5.31 is compared to the natural frequencies associated with the first three forms
of bending modes. FRFs obtained with DEWESoft software are used to determine
the natural frequencies for the first three modes. Figure 5.27 shows a typical FRF
curve for H60. As the compressive force increases, the inherent frequency of all
prints tends to decrease. Maintaining a constant compressive load throughout time
is required to measure free vibration response effectively and accurately under the
imposed compression, which is accomplished by incrementing the load program in
the UTM by 20 N.



90 5 Mechanical Testing

Fig. 5.27 FRF of H60 at 1000 H
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The load is kept constant for 2 min after each increment, during which the free
vibrations test is conducted. The load is increased until the print is strong enough to
bear the imposed compressive load. The critical buckling loads are usually slightly
higher than this load. The first natural frequency at the buckling region increases in the
post-buckling zone because of the attainment of geometric stiffnesses and the beam
deflections. Previous research has found a similar pattern in isotropic/composite
beams and columns [44]. Under axial compressive loads is same as P, the st
natural frequency of H-H60 results in almost zero theoretically (Fig. 5.28). Due to
the structural stiffness loss of printed cupons as the compressive force approaches
the P, the first natural frequency rapidly decreases.

5.2.1.5 Vibration Correlation Technique (VCT)

A vibration correlation technique, the non-destructive method, is used to estimate
critical buckling loads from the prebuckling stage for composite beams (VCT).
There are two sorts of VCT techniques: direct and indirect approaches [45]. The
indirect method extrapolates an experimental functional relationship between the
applied compressive load and the natural frequency to estimate the buckling load
[45], whereas the direct method depends on the utilization of experimental func-
tional relationships between the applied compression and the natural frequencies.
The buckling load of the 3D prints is extrapolated using a straightforward approach
in this study. Using the vibration correlation technique (VCT), the critical load of
high density polyethylene and SFs is estimated from vibration data [46—49]. It’s a
non-destructive test that uses vibration data to compute critical load. The natural
frequency is determined empirically using a compressive load that is less than the
critical load in this method. The process is repeated for multiple load trials, and the
technique’s accuracy is based on the estimation of critical load using data corre-
sponding to lower compressive loading levels. Figure 5.29a plots the squared values
of fundamental frequencies against compressive load to indicate the critical load
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Fig. 5.28 Natural frequencies of a H, b H20, ¢ H40 and d H60 [35, 36]

for H-H60. The plot is extrapolated to obtain critical loads using a second-order
polynomial expression (Eq. 5.32).

2
(1) (2)

where f, and f are fundamental frequencies at no stress and compressive load,
respectively, and P.

For variation in GMB content, Fig. 5.29b shows a comparison of critical buck-
ling loads computed using DTM, VCT, and MBC techniques. The buckling load
projected for each design from VCT rises with an increase in GMB %, as observed
in buckling trials. The buckling load assessed using VCT is found to be closer to
that computed using DTM and MBC techniques for H and H40. VCT, on the other
hand, overestimated the buckling loads in the H20 and H60 cases. The comparison
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Fig. 5.29 a P for H-H60 using VCT and b comparison through DTM, VCT, and MBC [35, 36]

of these methodologies aids in determining the values range with lower and upper
bounds within which deviations are likely to occur.

5.2.1.6 Property Map

Composite density is a critical component in lightweight applications, and the lower
density of SFs allows them to be utilized in weight reducing regimes. The buckling
load as a function of composite densities is shown in Fig. 5.30 from the literature
[33, 44]. The data on thermoplastic-based SFs produced using traditional manu-
facturing processes cannot be compared to data on 3D printed foams. As a result,
3D printed thermoplastic SFs are compared to thermosetting SFs in this section.
Figure 5.30 shows data on density and buckling load gathered from the literature for
fly ash cenosphere reinforced epoxy foams (untreated and treated) and natural fiber
embedded thermosetting composites.

To produce structural components exposed to axial compressive load where the
mechanism of failure is largely buckling, it is critical to choose the right matrices,
fillers, and volume %. Natural fiber and GMB-based SFs are shown to be more
prone to buckling failure than cenosphere foams. As previously stated, 3D printed
thermoplastics are being compared against epoxy (thermosetting) SFs in this study.
Nonetheless, a comparison like this can help industrial practitioners and designers
understand the wide variety of values that exist between thermoplastic and thermoset-
ting foam regimes. The higher performance of printed H60 than woven natural fabrics
thermosetting composite is a very intriguing aspect to notice from this comparison,
demonstrating the potential of the printed H60. 3D printed GMB/HDPE SF integrated
lightweight functional components with complex geometrical designs can replace a
few printed components subjected to axial compressive loadings in the automotive,
aerospace, and marine industries.
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Fig. 5.30 Buckling loads versus density [33, 44, 50]

5.2.1.7 Buckling and Free Vibration of Printed Sandwiches Under
Axial Compression

As the actual stress at the site of failure is significantly less than the material’s capacity
to withstand the applied loads, buckling analysis has become more and more crucial,
especially in engineering design safety [51]. The H75KS UTM from Tinius Olsen,
UK, with a 50 kN loading capacity, is used to conduct buckling investigations with
a 0.2 mm/min crosshead displacements. The sandwich sample buckling test setup is
shown in Fig. 5.31a. To observe the behavioral deflections, change in both the post-
and prebuckling situations, the end shortening is restricted to 0.70 mm. Using load
and deflection information obtained from a universal testing machine [52, 53], the
experimental P is visually approximated using the Modified Budiansky Criteria
(MBC) and double tangent method (DTM) techniques. The point of intersection of
the two tangents, P, is taken into consideration when applying DTM to load—deflec-
tion curves, which are typically generated from the post-buckling and prebuckling
regimes. A point that cuts through the two tangents drawn to the load-deflections
plot is the focus of the P, MBC [50]. Due to their ability to forecast lower and upper
bounds, the MBC and DTM are both frequently employed for P, predictions. Thus,
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similar techniques are also used in the current work. The experimental setup utilized
to determine the fundamental frequencies using modal analysis for the first three
bending modes of concurrently manufactured sandwich composites with clamped-
clamped boundary constraint is depicted in Fig. 5.31a. The response is acquired using
a lightweight Kistler accelerometer (sensitivity: 10 mV/gm, operational range: 500
gm), which is excited using Kistler’s impulse hammer (10 mV/N sensitivity). As
previously noted, beeswax is utilized to improve the adherence of the accelerometer
with the samples. With the aid of DEWE Soft, FFT is used to transform time-domain
signals into frequency-domain signals. FRF is calculated at various points in the
length breadth region, as shown in Fig. 5.31b. The frequency and vibration mode
forms are directly provided by the DEWE Soft. To extract the mode shapes, the test
is advanced from zero (the no-load condition) to P, with 20 N load increments and
a pause for 2 min after each load increment (Fig. 5.31b). The procedure on similar
lines is followed for all the printed cupons.

Load Cell
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g  Shape of —
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Fig. 5.31 a Setup schematics and b cupon dimensions [36]
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5.2.1.8 Buckling Behavior

As shown in Fig. 5.32, the printing parameters employed to create a continuously
printed sandwich produce distinct parallel layers with no flaws.

It has been discovered that high-quality samples can be printed with the right
printing conditions (Table 4.6). Intact GMBs are uniformly disseminated in HDPE,
as shown in Fig. 5.33a. Figure 5.33b shows micrographs of SH60 taken across the
sample’s thickness, exhibiting a smooth interface and complete diffusion between
the skin—core interface with no delamination or layer movement. The foam core
is a three-phase structure due to the creation of voids (HDPE, GMB, and voids).
The vacuum content rises as GMB concentration rises, possibly because of residual
microporosities between the two adjacent layers. Because the MFI is smaller, raster
gaps will be larger at greater filler values, resulting in more vacant content. These gaps
could operate as extra cushioning zones, improving damping and reducing weight in
different ways with foam alone might not be possible.

As illustrated in Fig. 5.31a, the concurrently 3D produced tidy high density
polyethylene and sandwiches are subjected to axial compressive loads through UTM
with a boundary condition (clamped—clamped). The deflections along the sandwich
axis are measured using the DAQ. For P, estimations, MBC and DTM are applied to
load—deflection plots (Fig. 5.34a and Table 5.15). With increased GMB content, the
sandwich buckling load increases. This is owing to the undamaged GMB particles
increasing the sandwich’s overall stiffness and providing smooth bonding between
the skin and the core. During the buckling test, the concurrently produced sandwiches
showed global buckling mode, with the maximum deflection reported at the midsec-
tions without skin wrinkling, delamination, or skin microbuckling (Fig. 5.34c). This
is due to HDPE skin’s low magnitude of compressive stresses compared to HDPE’s
microbuckling and wrinkling strength [54]. The most prevalent mechanism of sand-
wich structure failure under compression is skin delamination, which is absent for
printed sandwiches all at once, indicating a very good seamless connection between
the skin and core, as illustrated in Fig. 5.33b. The bottom and upper bounds P,
are shown in Table 5.15, which vary between 8.4 and 2.41% for SH20-SH60. In
DTM and MBC, SH20-SH60 showed a considerable load enhancement of 39.95—
96.55% and 37.37-104.18%, respectively, when compared to H. The P, of SH60
is raised by 40.43% by the DTM approach and 48.66% by the MBC method when
compared to SH20 in sandwiches. Figure 5.34b shows and compares the P of
printed representative H20 and SH20.

Fig. 5.32 Concurrently 3D .
printed representative SH60

o o ' —



96 5 Mechanical Testing

(a) (b)

Fig. 5.33 SEM of a SH20 core and b all in one go printed SH60 [36]

Table 5.16 shows that P., H20-H60 rose in DTM and MBC by 5.73 and 3-
78%, respectively when compared to H. This means that stronger GMB additions
increase the SF core’s buckling load dramatically. Furthermore, in DTM and MBC
approaches, the P, of SH20-SH60 is increased by 33.31, 12.53, 13.74%, and 33.35,
14.59, 15%, respectively, when compared to the comparable H20-H60. P, is signif-
icantly improved in SH20 compared to SH60 among printed sandwiches, which
could be attributed to the smaller void contents in SH20 compared to SH60 (Table
5.6). Furthermore, voids in the buckled zone may elongate more under the applied
load, reducing the percent improvements. Despite this, SH60 had the highest P.;.
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Fig. 5.34 a Printed HDPE and sandwich composites, b H20, SH20 comparison, and ¢ buckled

SH60 cupon [36]

ST;E‘&JE; : ;’ = of Material Pa(N)
MBC DTM
SH20 64.56 + 1.75 69.98 + 2.80
SH40 73.78 + 2.49 76.85 + 3.52
SH60 95.97 + 2.86 98.28 + 3.74
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The overall increase in P, can be attributed to unbroken GMBs, a defect-free skin—
core interface, the absence of delamination between layers, and the absence of shear
failure, all of which are related to the simultaneous printing of SF-cored sandwiches.

5.2.1.9 Free Vibration Response

The FEA is used to do the numerical Eigen buckling, and modal analysis of 3D printed
foam cored sandwiches [34, 44]. For frequency and load calculations, the elastic
moduli and Poisson’s ratio of the core and skin are also estimated. The Bardella—
Genna model is used to determine the core modulus of HDPE and GMB/HDPE [55].
Poisson’s ratio for HDPE is taken to be 0.425 [14], whereas Poisson’s ratio for GMB
is taken to be 0.25 [40]. Using the rule of the mixing, Poisson’s ratio of GMB/HDPE
core is calculated as follows:

912 = O Vi + 07 V. (5.33)

The stages shown in Fig. 5.35a are used to compare the numerical forecasts with
experimental results. The homogenization method from the Bardella—Genna models,
based on the volume percentage and radius ratio, is used to compute the elastic
characteristics of SFs [55]. Using four-noded SHELL 181 elements, the sandwich is
depicted as a layered entity (Fig. 5.35b). Sandwich’s skin and core are modeled as
isotropic layers with distinct material properties.

Compressive load and displacement boundary condition are used. The first three
natural frequencies of the sandwiches obtained from numerical modal analysis
predictions are compared with the experiment in the absence of axial compressive
stress. The natural frequency is calculated by resolving the eigenvalue problem, and
its experimental values are compared. Utilizing finite element analysis software, the
non-linear buckling analysis is performed (ANSYS). The basic buckling modes of
sandwiches are initially derived from an investigation of linear eigenvalue buckling.
Additionally, the basic buckled mode shape and a chosen geometrical imperfection
factor are fed into the non-linear analysis to produce the load—deflection curves. The
geometrical imperfection factors control the load—deflection curve that was derived
statistically (SH20: 0.001, SH40: 0.00015, and SH60: 0.0001). S stands for sandwich.

DEWETRON is used to accomplish the experimental modal analysis. Figure 5.36
shows the FRF curve, for example, SH20 samples. In addition, the experimental
frequencies are compared to those derived using FEA numerical modeling. The first
three experimental sandwich natural frequencies are listed in Table 5.17 as a function
of applied axial compression. GMBs increase sandwich frequencies because their
homogeneous distribution in HDPE boosts structural stiffness. Figure 5.37 shows
a decreasing frequency trend as compression increases. It is also noted that near
the closest point of P, the frequency rapidly declines, resulting in lesser structural
stiffness. When the applied load approaches P, the fundamental frequencies of the
sandwich approach a minimum and then abruptly increase beyond it due to improved
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structural stiffness due to post-buckling geometric deformation (Fig. 5.37). Similar
observations have been published in [44, 56, 57].
5.2.1.10 Comparative Analysis

The Bardella—Genna method is used to get the elastic characteristics of HDPE and
GMB-based SF (Table 5.18), which are then used as FEA inputs. Table 5.18 shows the
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Table 5.17 Natural frequency of prints [36]

Material Mode Load (N)
0 20 40 60 80 (100|120
H Ist 933 | 755 | 658 | 1055 | Py=52N
2nd 2602|2556 2305 |2108
3rd 517.8 4988 4852 |4508
SH20 Ist 1195 |1068 [1005 | 905 [1357 |P.=73N
2nd 2967 2658 2307 |208.5 | 200.6
3rd 5835 |550.8 5287 4805 | 430.8
SH40 st 1266 | 1103 1032 | 988 |127.8 | Py=80N
2nd 3082 2795 2458 2159 | 195.8
3rd 632.6 5908 | 560.5 |498.5 | 384.5
SH60 st 1382|1208 |1124 |1042 |1008 |983 155.8
2nd 3264 2908 2657 2488 |230.5 (2178 |2117
3rd 6982 6605 6158 |585.6 5402 |4647 | 452.8

ap,=102N

computed elastic properties of HDPE and sandwiches. Initially, the geometrical flaws
are accounted for by the basic buckling mode obtained from the linear eigenvalue
buckling estimations. The load—deflection curve is then used to derive the numerical
buckling load using non-linear structural analysis. Figure 5.38 shows the numer-
ical load—deflection and experimental curves for sandwiches. The experimental and
numerical buckling loads of sandwiches are shown in Table 5.19. SH20’s first buck-
ling phase is seen in Fig. 5.39. According to the study, the largest difference between
experimental and numerical buckling results is 10.29%. Due to well-diffused layers
resulting in improved stiffness in concurrent printing, the experimentally evaluated
results in Table 5.19 are higher than the computational predictions. In ANSYS,
the natural frequencies of the first three sandwich modes are extracted under no-
load conditions using modal analysis. Table 5.20 summarizes the findings. Both the
numerical and experimental results are found to be in good agreement. The sandwich
cores that were 3D printed at the same time had higher buckling and natural frequen-
cies than the SF cores. Concurrent printing of lightweight sandwiches is effectively
shown in this study, opening new paths for 3D printing complex-shaped integrated
sandwich structures.

5.3 Acoustic Tests

The five models were created using AUTOCAD, which provides more flexibility
for 3D and 2D drawings compared to other solid modeling packages like CREO,
SOLIDWORKS, and SOLIDEDGE. The five models were each 96 mm in diameter,
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Fig. 5.37 Axial compressive influence on the natural frequency of a 1, b 2 and ¢ 3rd modes [36]

Table 5.18 Modulus

. Material Moduli (MPa) Poisson’s ratio
computations by
Bardella-Genna model [36] H 970.05 0.425
H20 1012.6 0.382
H40 1376.1 0.339
H60 1874.1 0.296

10 mm thick, and had holes that were 1 and 8 mm in diameter, respectively. The
file was changed to the common .stl format and placed into SIMPLIFY 3D, a slicer
program, to create the g-code needed to 3D print the model. The slicer software
divides the solid into many uniformly thick layers and provides a simulation of
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Fig. 5.38 Experimental and ANSYS comparative plots for a SH20, b SH40 and ¢ SH60 [36]

Table 5.19 P, using numerical and experimental routes [36]

Material Experimental (N) Numerical (N) Numerical and
experimental
predictions deviations
(%)

DTM MBC DTM MBC DTM MBC

SH20 69.98 + 2.80 64.56 £ 1.75 63.45 61.70 10.29 4.64

SH40 76.85 + 3.52 73.78 £2.49 74.15 71.85 3.64 2.69

SH60 98.28 +3.74 95.97 £ 2.86 94.08 89.85 4.46 6.81
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NODAL SOLUTION ANSYS
STEP=1 R16.0
SUB =3 OCT 4 2020
FACT=82.2261 14:40:55
Uy (AVG)
RSYS=0
DMX =.025832
SMN =-.714E-03
SMX =.714E-03
— E—
=.714E-02 =.357E-03 =.T753E-04 -238E-03 -S55E-03
=-.855E-03 =.238E=-03 -TS3IE-04 -357E-03 -7T14E=-03
Fig. 5.39 1st buckling mode shape of SH20 [36]
Table 5.20 Natural Material Mode Natural frequency (Hz)
frequency at zero load
condition [36] Experimental Numerical
SH20 Ist 119.5 110.43
2nd 296.7 287.45
3rd 583.5 583.18
SH40 Ist 126.6 117.16
2nd 308.2 319.03
3rd 632.6 678.70
SH60 Ist 138.2 137.45
2nd 326.4 358.74
3rd 698.2 793.81

printing so that we may validate the process’ correctness and improve the printing
process.
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Table 5.21 Typical

. Criterion Typical value

parameters and their values
considered for numerical Max. frequency in the model 3500 Hz
analysis Incident wave angle 0°

Domain width (W) 0.2m

Air domain height (H) 0.4 m

Air dynamic viscosity 1.8 x 107 Pa-s

Velocity of sound in air 343 m/s

5.3.1 Impedance Tube Method

Five models were put to the test for sound absorption in an impedance tube at Vellore
Institute of Technology in Chennai. Based on the transfer function theory, the sound
absorption of MPP is investigated in an impedance tube. The experiment is conducted
in accordance with ASTM Standard E-1050, and a nominal diameter of 100 mm
tube is selected to conduct the test for the targeted frequency range of 200-2000 Hz.
Random incidence of two and a half inches Through an 8 channel M + P Vibpilot
data gathering system, Microtech Gefell microphones are used to collect white noise
signals produced by 16-2 speakers.

5.3.2 Numerical Analysis

The numerical analysis was conducted using the COMSOL Multiphysics acoustic
module, which uses the finite element approach. The software received the CAD
model in .iges format after it had already been prepped for 3D printing. The tempera-
ture, pressure, and perforation ratio values are 293.15 K, 1 atm, and 0.01, respectively
(Table 5.21).

According to the impedance tube output, all specimens except for 8 (which had
8 mm perforations throughout) performed very well in terms of absorption. Except
for 8, peak values are at their highest between 0.9 and 0.99 in the following order: 181
>1> 18> 818 >> 8. Atthe relevant resonance frequency of the specimen, the viscous
thermal effects and dissipation are higher in the same order. To increase dissipation,
the path’s average diameter should be smaller. This assertion is false when peak
values of 181 and 1 are contrasted. Therefore, we must conclude that the air column,
steep slope, and particularly convergence all contribute to increasing dissipation.
The dissipation of sound is affected by the geometrical variations of the perforations
in terms of the peak value of the absorption coefficient and frequency bandwidth.
The divergent-convergent hole outperformed the constant 1-mm-diameter hole in
terms of peak absorption coefficient and bandwidth, according to data shown on the
sound absorption coefficient. All the others had lower peak absorption coefficients,
but their values were equivalent to those of a 1 mm hole with a constant diameter. To
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demonstrate their superiority in absorbing a wider range of frequencies at a higher
side, the bandwidths covered by all other holes for a given range of absorption coef-
ficient were higher than the constant 1 mm hole. As a result, convergent-divergent,
divergent-convergent, and tapered holes can be utilized in MPPs with performance
that is largely comparable, saving both time and material during manufacturing.
Maa’s design approach may be accurately applied to thick MPPs as well. Addi-
tionally, the dissipative effect is improved by placing two 1 mm diameter holes in
sequence with a broader air column between them. For all specimens with tapered
holes, the peak resonance value has a phase shift to the higher side. As shown in
Table 5.22, for them as well, the absorption bandwidth is higher for an absorption
coefficient, say over a respectably high absorption coefficient, say 0.75, than for a
constant 1-mm-diameter hole. It is practically trending in the opposite direction as
the peak absorption coefficient. The ranking is as follows: 818 > 18 > 181 > 1. The
pattern demonstrates that the curve flattens and covers a wider range of frequency
bandwidth as peak value lowers (Fig. 5.40).

According to the graph, the sample with the 8-mm-diameter hole was a poorer
absorber and was not considered for the numerical analysis. For all other sample spec-
imens, there is good agreement between the results of the FEM simulations and the
experiments. In every instance, the resonance frequencies are exact matches. Above
an absorption value of 0.4, the bandwidths are also closer together. The experimental
values are greater at extremely low and high frequencies. This can be the result of
assumptions about perfect rigidity and surface smoothness being broken. Practically
non-rigid, rough surfaces increase visco-thermal losses, which raises absorptivity.
Due to the PLA specimen’s comparatively superior surface polish and dimensional
precision during 3D printing, however, there was little deviation in either of these
areas.
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Fig. 5.40 Representative images of a sound absorption versus frequency for all the specimens,
Numerical and experimental values plotted for b 1 mm constant diameter, ¢ 1-8—1 mm divergent-
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Chapter 6 ®)
Additive Manufacturing oo
of Meta-materials

Metamaterials are three-dimensionally architected materials whose properties are
influenced by their intrinsic topological structure and their bulk properties [1].
Mechanical metamaterials are man-made structures with customized mechanical
properties governed by rationally planned architectures rather than chemical compo-
sitions. As aresult, metamaterials are a unique class of designed materials with known
constituent materials. These materials are commonly categorized into different types
based on the properties that can be controlled by their design. The properties like
mechanical [2-5], thermal [6-8], optical [9—11], electronics [12], acoustic [13, 14],
and transport [15, 16] can be controlled using meta-structures. Incorporating the
geometrical structures inside materials is a new level of expanding the materials
design potential significantly. Meta-structures are well-known for their adaptability
and toughness in many structural engineering applications [17]. The components
for commercial manufacturing, such as meta-structures, can be created and incorpo-
rated using three-dimensional (3D) printing [18]. 3D printing technology [19, 20] has
recently drawn a lot of focus for fabricating metamaterials. It has facilitated the rapid
and low-cost fabrication of metamaterials with complicated geometries and shapes.
Some of the most difficult aspects of any metallic or non-metallic material are its
flexibility, durability, and mechanical efficiency. As a result, a meta-structure-based
manufacturing strategy is required in a variety of engineering applications. Most of
the reported metamaterials are manufactured from thermoplastic polymers, which
can withstand higher deformations [21-25]. It is essential to understand that these
polymers can have viscoelastic properties that impact mechanical properties, partic-
ularly under loading conditions [26]. Porosity, anisotropy, in-plane and out-of-plane
thickness variation, voids, and weakly adhered or misaligned joints are some types
of defects, flaws, and discontinuities that occur during manufacturing thermoplastic-
based meta-structures. Hence, a new class of thermosetting-based material systems
using 3D printing must be designed to overcome the problems associated with ther-
moplastics. Syntactic foam-based thermosetting polymers are one of the best options
for replacing metallic structures that have been used in many structural engineering
applications because of their lower cost, high mechanical strength, great flexibility,
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and lightweight properties. Syntactic foams have a low density and a high specific
strength due to the closed-cell nature due to the lighter weight of the hollow spher-
ical particles. Hence, such materials are employed in a variety of applications that
need low water absorption, long-term hydrostatic pressure resistance, buoyancy, and
high impact resistance [27, 28]. The most prominent materials in syntactic foams
are glass microspheres/microballoons/glass bubbles. The high compressive strength
relative to other microspheres means that glass microspheres with diameters ranging
from 10 to 300 pm are the preferred syntactic foam materials. 3D printing technolo-
gies have considerable potential for fabricating thermosetting-based syntactic foam
components with complex geometries without tooling. Further from the incredible
design flexibility, 3DP also has minimal capital costs and quick design to applica-
tion process benefits. The fused filament fabrication (FFF) technology is most widely
used to develop polymer matrix syntactic foams [29]. But developing syntactic foams
through FFF also has some problems like large porosity, poor strength, weak layer
adhesion, temperature sensitivity, and the multistep production process. Thermoset-
ting polymers with superior structural stability can be manufactured without using
filaments since material melting is not required for printing [5, 30, 31]. Creating new
meta-structures through 3D printing might bring valuable changes in many struc-
tural engineering applications. Further, the meta-structure also aids in the creation of
self-adaptive structures to enhance 4D printing applications [32]. The most common
polymer system in syntactic foams is epoxy—hardener resin [33—37]. Tensile prop-
erties [38, 39], impact resistance [40], flexure strength [41, 42], flame retardant
properties [43], compressive strength [44—46], heat insulation performance [47-
49], electromagnetic shielding properties [50], friction properties [51, 52], dielec-
tric properties [53, 54], and sound absorption properties [55] are among the many
superior properties of epoxy-based syntactic foams. In marine applications, epoxy-
based syntactic foam density and compressive strength are more valuable properties.
Lower density can help improve buoyancy, whereas high strength can help adapt to
the deeper sea. The syntactic foam must survive the immense pressure of the water
by providing proper buoyancy for the construction equipment. An epoxy—hardener
system, hollow glass microballoons, and additional fillers make up the multiphase
epoxy-based syntactic foams. Only a certain approach can properly combine different
components with meeting the epoxy-based syntactic foam composites’ high strength
and lightweight goals. The preparation method has a big impact on the characteris-
tics of epoxy-based syntactic foam composites. Furthermore, large shear forces and
high pressures during the formation process should be avoided because of the thin
microsphere shells.

Metamaterials may have various qualities depending on the use for which they are
being developed. Metamaterials are no longer restricted by the requirement of having
negative permittivity and/or permeability. Instead, they are referred to as “left-handed
materials” or “negative-index metamaterials”. Now, it is recognized that metamate-
rials are made to have unusual features that are not present in natural materials.
Building effective metamaterials and applying them to feasibly ground-breaking
applications in antenna and radar design, subwavelength imaging, and invisibility
cloak design occupied a significant portion of the work in the societies of electrical



6 Additive Manufacturing of Meta-materials 113

engineering, material science, physics, and optics. Metamaterial structures and met
surfaces may offer high controllability of the electromagnetic properties; however,
the former approach has not yet been applied to address this issue. We suggest
approaches to reroute electromagnetic fields and present a design approach using the
design flexibility offered by metamaterials.

The commercialization phase is currently replacing the early development phase
of metamaterials. By using additive manufacturing processes, it has proven possible
to combine specific material properties with intricate internal architectural elements,
speeding up the manufacture of metamaterials. The example study found that the
internal structure with various infill patterns considerably impacted flexural strength.
In practically every field of engineering and general-purpose product development,
thermoplastic materials have been crucial to creating metamaterials. The widespread
usage of thermoplastics as the primary building block of metamaterials is primarily
due to its ease of recycling, handling, low toxicity, and molding flexibility. The scope
of future development includes efforts to improve the resolution of 3D printers to
boost the precision of metamaterials and post-processing of 3D printed components.
The production of composite materials has also been made easier by additive manu-
facturing. The screw extrusion method allows for the blending of additives with
thermoplastics to create materials with distinctive features. Typical manufacturing
techniques use injection molding technology for plastic and polymer materials and
casting and machining equipment for metals. Due to their low cost, high material
flexibility, and ease of machining, researchers initially used polymer-based mate-
rials to create innovative structures. Some of the prototypes produced by architects
and modular and reconfigurable buildings are examples of traditional methods for
fabricating metamaterials, which are often made on a large scale. Mother Nature
is a singular conventional pioneer in developing highly ordered, multiscale archi-
tectures; yet, conventional approaches are constrained and cannot be tailored to
create customized metamaterials. The creation of multiscale natural constructions
could facilitate the development of technologies toward synthetic and adjustable
metamaterials.

The multi- and meta-structural designs concept has traditionally derived from
the construction field, where it gives greater mechanical performance and macro-
scopic qualities independent of their composition [17]. Over the last two decades,
various investigations have been conducted on meta- and multistructures in construc-
tion engineering. Earlier research has employed 3D printing to create functional
and non-functional ABS architectures. Both consumer goods and industrial compo-
nents use thermoplastic polymers. Many of those components have a high level of
desire to reduce their weight. Despite extensive research on hollow particle-filled
lightweight syntactic foams with thermoplastic matrix, the studies on the morpho-
logical, mechanical, thermal, and associated properties of 3D printed thermoset-
ting matrix-based lightweight syntactic foam meta-structures have not yet been
explored. As a result, 3D printing investigations for the meta-structure of thermoset-
ting syntactic foam composite metamaterials for various novel structural applications
are desirable. The percentage of filler in a matrix can be directly or inversely related
to the properties of developed composite materials [56]. Additionally, the interaction
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of polymeric chains on the surface of fillers can considerably affect the properties
of the composite material [57]. The composition, particle size, wall thickness, and
processing fabrication technique should be critically examined to achieve the proper
thermosetting polymer composite for a given application. The mechanical, thermal,
and electrical properties of foams with vinyl ester and epoxy matrices have been
investigated that are synthesized using conventional manufacturing routes [44, 58—
60]. Such traditional manufacturing routes for thermosetting-based syntactic foams
have serious scalability limitations, multipiece assemblies, and difficulty in realizing
geometrically complex integrated and leakproof joints. Modeling and simulation-
based research on these materials are available in many literatures that focus on the
effect of variables like constituent material interfacial effects, debonding, and particle
failure under complex loading scenarios that affect syntactic foam properties. The
effect of particle volume fraction on the mechanical characteristics of thermosetting
syntactic foams is the focus of the initial investigation [61-63]. Nevertheless, using
a combination of GMB volume fraction and wall thickness to regulate the proper-
ties of syntactic foams has yielded better results [64] in earlier investigations when
processed through conventional processing technologies. 3D printing of such ther-
mosetting foams with meta-structured topology will open many applications across
marine, aerospace, and automobile sectors. Most importantly, 3D printing of such
thermosetting-based foams leads to design flexibility and single-piece manufacturing
resulting in components having enhanced mechanical properties.

A sort of artificial cycle structure called a metamaterial has a unit structural scale
substantially smaller than the functional wavelength. Controlling electromagnetic
properties and the direction of electromagnetic wave propagation through the design
and placement of each unit structure is a popular study area in the field of stealth.
Metamaterials are synthetic electromagnetic media with subwavelength-scale struc-
tures. They offer optical characteristics that can be precisely controlled on length
scales smaller than the wavelength of light. The features of metamaterials that are
not seen in nature may be completely surprising. For instance, they make it possible
to build super lenses that surpass the diffraction limit. The concept of metamate-
rials may have the most possibility at far higher frequencies, at optical frequen-
cies, or in the Tera-Hz zone, despite the majority of research to date focusing on
microwave frequencies. As they offer novel ways to alter electromagnetic radiation
like microwaves, metamaterials are of tremendous interest. Because of their distinct
acoustical, electromagnetic, optical, and mechanical properties, metamaterials have
tremendous potential for a wide range of applications. The difficulty of conventional
architecture to provide the innovative functions provided by metamaterials is another
factor fueling the growing interest in the development of metamaterials. Moreover, it
has been demonstrated that the metamaterial phenomenon can be used to build energy
harvesting technology, particularly in low-intensity energy scavenging. In order to
obtain the correct order of response against incident energy, methods include algo-
rithmically ordered building blocks at the submicron level. Additionally, there are
many opportunities for energy harvesting due to the simplicity of customizing meta-
materials in harmony with energy sources like acoustic, mechanical, optical, and
microwave.
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Chapter 7 ®)
3D Printing of Industrial Components e

Compared to traditional processing methods, 3D printing enables the creation of
components without compromising the strength-to-weight ratio. 3D printed SF-based
prints and sandwiches open the possibility of more direct industrial applications for
geometrically difficult items. Components manufactured with traditional fabrication
processes, such as 3D printing syntactic foams, may be able to replace parts made
with traditional fabrication techniques, which have limitations in terms of intricate
geometries, longer production times, and higher costs. The adoption of 3DP over
traditional processing has resulted in a variety of advantages, including the ability to
create extremely specialized, complicated structures, cost savings, design freedom,
and personalization. The printing method’s precision, printing size, and the effect of
external elements all influence the accuracy of the 3D printed composite. 3DP helps in
printing intricate shapes and precise components with microscale details despite print
resolution, surface polish, quality, and layer adhesion challenges. As a result, certain
industrial scale components are 3D printed in this study to demonstrate the practicality
of produced filaments in 3D printers by focusing on the component’s weight. HDPE
is the most widely utilized polymer in consumer goods manufacturing. Many present
parts can benefit from GMB filled HDPE SFs, which provide a lightweight alternative
while also reducing HDPE usage, resulting in a cost-effective proposal.

A reduction in failure strain can be a limiting factor in some applications.
Mismatches in particle and matrix CTE, which might result in interfacial separa-
tion or material failure, are other essential considerations to address. As a result,
new material uses must be carefully explored. Many readily accessible HDPE pieces
have been found, and the process parameters employed in this study have been used
to print these parts in syntactic foams. Composite density is a critical component in
lightweight applications, and the lower density of SFs allows them to be employed
in weight-sensitive constructions. According to the findings of this study, H60 has
a greater weight-saving potential of 28% when compared to pure HDPE, and the
presence of GMB provides resistance to polymer chain flow. Thereby, dimension-
ally stable foam prints can be produced without any warpage. H60 filament is used
to print some of the industrial components as shown in Fig. 7.1.
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Fig. 7.1 Representative components printed using H60. 1. Hard disk fan cover, 2. hard disk cooling
fan, 3. external device connector—top case, 4. external device connector—cooling fan unit, 5.
external device connector—lower case, 6. power pac—lower case, 7. power pac—top case and 8.
thrust propeller
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Table 7.1 Details of 3D printed components

121

No | Component name Weight of Weight of Weight-saving | Average
HDPE H60 potential w.r.t weight-saving
component | component | HDPE (%) potential w.r.t
(g) (2 HDPE (%)
Hard disk fan cover | 236.24 184.03 22.10 21.81
2 Hard disk cooling fan | 195.71 152.45 22.10
External device 846.73 659.56 22.11
connector—top case
4 External device 456.92 355.92 22.10
connector—cooling
fan unit
5 External device 548.73 440.26 19.77
connector—lower
case
6 Power pac—lower 962.69 749.89 22.10
case
7 Power pac—top case |215.03 167.50 22.10
8 Thrust propeller 268.66 209.27 22.11

Each of these materials and the effect of manufacturing them with SFs are listed
in Table 7.1. Using H60 filament, the parts are 3D printed to lower the component’s
weight. As demonstrated in Fig. 7.1, complex-shaped, thin-sectioned, delicate details
can be produced in large quantities, resulting in lower prices. Apart from the orig-
inal GMB blend, the main 3D printer settings and characteristics have been kept
unchanged, enabling easy industrial adaptation of lighter components. In the eight
sections chosen, an average weight-saving potential of 21.8% can be reached using
H60 in HDPE.

HDPE is commonly employed in the production of consumer goods. It is possible
to identify several present components where cenosphere-filled HDPE syntactic
foams could be useful, providing lightweight or reducing HDPE usage to make the
part more affordable and environmentally friendly. For some applications, reduction
in failure strain is a constraint. Moreover, issues like the gap between the particle’s and
matrix’s coefficients of thermal expansion, which can result in interfacial separation
or material failure, might be significant factors. Consequently, choosing the prospec-
tive uses of such novel materials is important. These pieces are printed in syntactic
foams utilizing 3DP and many existing HDPE components that have improved
their process settings. Figure 7.2 shows the 3DP parts using HDPE blended with
cenosphere. Figure 7.3 shows close-up images of selected 3DP parts.
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Fig. 7.2 Eco-friendly components printed using 3DP technique. 1. Arduino rack, 2. bearing holder,
3. Arduino rack upper head, 4. support channel, 5. motor mount with filet, 6. motor mount, 7. rod
end holder, 8. filter ring, 9. motor cover, 10. filter end cap

(@) (b)

(© (d)

Fig. 7.3 Prototype components printed in the study: a Support channel, b motor mount with filet,
¢ motor mount, d filter end cap
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Table 7.2 describes each element and the effects of manufacturing them with
syntactic foams. The components are 3DP, with the goal of using H60 filament to
reduce the product’s weight by 8%. Figure 7.3 makes it abundantly evident that
complicated parts with complex shapes, and thin sections can be produced in large
quantities at cheaper costs. Because of the usage of fly ash, the product is also
more environmentally friendly. It should be observed that, except from mixing ceno-
spheres in the initial feed, all other 3D printer options and parameters have been kept
unchanged to make it easier for enterprises to adopt lighter components. According
to an estimate of the amount of HDPE used in the ten parts, cenosphere utilization
can save 4.64 million tons of HDPE globally.

Table 7.2 Details of 3DP syntactic foam components

No. | Component | Wt. of Wt. of Wt. Features Component | Annual
name HDPE composite | saving functionality | total
component | component | (%) HDPE
(8) (g) saving?®
01 Arduino 154 14.2 7.8 Thin Fixture for 8%,
rack section, electrical 4.64
multiple connectors million
slots in tons
different
planes
02 | Bearing 18.1 16.7 7.7 Thick Sustain better
holder section, torque,
oval-shaped | support
hole element
03 | Arduino 24 22.1 7.9 Thick Connector for
rack upper section, robot linkages
head multiple
slots in
different
planes
04 | Support 19.4 17.9 7.7 Thick Dimensional
channel section with | stability,
holes bending, and
torsional
strength
05 | Motor 34.8 32.0 8.1 Thin Close
mount with section, with | dimensional
filet intricate tolerance,
holes fixture for
motor
06 | Motor 16.72 154 7.9 Thin Dimensional
mount section, with | and load
intricate sustainability
holes

(continued)
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Table 7.2 (continued)

7 3D Printing of Industrial Components

No. | Component | Wt. of Wt. of Wt. Features Component | Annual
name HDPE composite | saving functionality | total
component | component | (%) HDPE
(8) (&) saving?
07 |Rod end 15.3 14.1 7.8 Thick Dimensional
holder section, with | stability, good
holes strength
08 |Filterring |23.5 21.6 8.0 Thick Good
section compressive
strength
09 | Motor cover | 37.1 342 7.8 Thin Dimensional
section, stability,
U-shaped Support
slot element
10 | Filter end 31.2 28.7 8.0 Thin Dimensional
cap section, stability,
complex Filtering
mesh liquid
structure

4Report on Global HDPE demand to grow 4.2% annually through 2022, March 9, 2015 by Canadian
plastics, Toronto, Canada. http://www.canplastics.com/materials/global-hdpe-demand-to-grow-4-
2-annually-through-2022-report/1003434693.
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Challenges and Future Trends e

When compared to conventional manufacturing methods, additive manufacturing
(AM) gives a great deal of design flexibility. The study of AM methods’ competi-
tiveness in the industrial sector is gaining interest. Modern technology, such as the
fused filament fabrication (FFF) method, provides dependable and affordable alter-
natives. More material flexibility and the ability to produce goods with geometrical
restrictions at low cost and with shorter post-processing times are all benefits of the
FFF technology. Because of all these benefits, researchers started looking at mechan-
ical qualities such as part orientation, surface roughness, and dimensional accuracy.
More specific stiffness in polymer products created using 3D printing technology
based on FFF is available in weight-sensitive components. Hollow GMBs can be
strengthened within polymer-based components to reduce their weight significantly.
The significant weight reduction potential of SFs broadens its range of automotive
and marine applications. Syntactic foams that have been functionally graded have
been used in aeronautical structures. Syntactic or closed-cell foams are another name
for hollow particle-reinforced composites. Syntactic foam composites were the focus
of a lot of studies using various polymers and processing techniques like injection
and compression molding. Syntactic foams provide good damping qualities while
reducing the component weight by lowering the density.

The structural components gradually degrade through the buckling phenomena
while being continuously exposed to compressive strain. The buckling is most
frequently seen in thin structures where the yield strength of the composite beams
is below. It is crucial to comprehend the buckling behavior of these beams since
these constructions are subject to axial compressive stresses. Prestresses brought
on by compressive force cause the beams’ rigidity to alter. The dynamic behavior
of the beams is affected by this variation in rigidity. Hence, a better understanding
of mechanical buckling and the dynamic properties of concurrently printed graded
syntactic foam under compressive load is required to design and create inte-
grated (joint less/leakproof) structural parts for naval, automotive, and aeronautical
applications.
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GMB-based lightweight composite foam feedstock has been successfully manu-
factured for use in weight-sensitive applications on a commercial printer. Mechan-
ical characterization tests are conducted on both to determine whether materials and
3D printed samples are adaptable and practical for 3DP applications. The printed
sandwich is made from a GMB/HDPE core and HDPE skin. The production of SF
filaments involves dispersing GMBs (20-60 vol.%) in HDPE. Investigated is the
effect of filament on prints of GMB content. Using the proper extrusion conditions,
more foam filaments can be produced with little to no filler breakage. Extruded fila-
ments are put through various mechanical tests while being used as feedstock in a 3D
printer to simultaneously create core and sandwich samples. In analyses of property
structure and failure mechanism, extensive SEMs are taken. The thesis’s findings
are given as data comparisons of printed items with relevant printed components
from the literature. The property map offered in this thesis is particularly helpful
for industry professionals and acts as a reference for choosing the best technique or
composition for the intended application.

The development of lightweight feedstock filament was successfully proven in
the current work with the goal of increasing the variety of materials accessible for
3D printers that are currently on the market. Complex geometrical components with
GMB/HDPE integration can be printed without experiencing warpage, as demon-
strated in this work. Future research will concentrate on improving strength through
surface modification of the constituent materials and the use of overlapping rasters.

Special composites termed functionally graded materials (FGMs) show property
variation along the thickness direction. FGMs exhibit continuous stress distribution
compared to laminated composites due to property variation. FGMs have shown
their importance in producing beams, plates, and shells by the uniform modulation
of material characteristics along the desired direction. These FGMs are frequently
utilized in demanding industrial environments, such as gas turbines and aircraft
components. Several manufacturing processes, such as solid, powder metallurgy,
liquid, and gas-based, are used to process these FGMs. Yet, there has not been
much research on creating closed-cell FGMs utilizing additive manufacturing (AM)
techniques. While plain composites perform better in weight, strength, and design
flexibility, they have the drawback of a sudden transition in their properties, which
increases the likelihood of failure.

To address this problem, the Japanese developed functionally graded materials
(FGMs) in 1984 as the primary material for aerospace projects. FGMs avoid abrupt
property transitions by varying their thermal conductivity, modulus, tensile, flexural
strength, density, Poisson’s ratio, and other parameters continuously and smoothly.
FGMs have specific uses in the automotive and aerospace industries where the mate-
rial’s characteristics must be adapted. For instance, a crash part in a car is set to
malfunction at specific loads and energies, dissipating energy away from the occu-
pants. These applications frequently call for the employment of two or more materials
with various qualities to function effectively under a wider range of loading situations.
FGMs are used in various industries, including aerospace and aeronautics, defense,
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the energy sector, the medical industry, civil structures, turbine rotors, nuclear reac-
tors, flywheels, thermal barrier systems, gears, nuclear projects, and electronics and
optoelectronics.

A brand-new class of materials known as functionally graded materials (FGMs)
was first conceptualized in connection with creating extremely heat-resistant mate-
rials for spacecraft. The applications of FGMs have been broadened to various sectors,
such as sensor technology, optics, electronics, and magnetics, in addition to enhanced
thermal stress relaxation and adhesive capabilities. FGMs have an isotropic ther-
mosetting or thermoplastic polymer matrix with a continuous spatial distribution of
one or more components with unique qualities. In this manner, a specific gradient,
for instance, in mechanical qualities such as wear resistance or electrical conduc-
tivity, can be produced. Functionally graded composite materials fall under a brand-
new category of contemporary materials suited for multiple applications due to their
specific nature of operational characteristic transition within the material. The spatial
direction of the FGM microstructure is always changing. In order to create FGMs,
the plasma spray method, electrophoresis, vapor deposition, and powder metallurgy
were all extensively employed. Few researchers have generated graded composites
of graphite-epoxy resin using the centrifugation approach. This method has proven
successful in creating continuous gradient composites. In technical and biomedical
applications, composites have a significant potential to raise living standards and
productivity. Multiphase structures are frequently categorized as composite materials
because they have a matrix, high strength, and high modulus reinforcing fiber. These
days, composites are made so that repositioning the nano/microstructure enhances
the product’s distinctive features. This establishes a foundation for the concept of
creating functionally graded materials. FGM has been placed in this category of
modern engineering composites where the gradient in contexture/morphology is
purposefully created to accommodate a specific application and to attain improved
results than the original components.

The improvement of material characteristics and assistance for optimum structural
design is currently the main goals of material development operations for FGM
and composite materials. There is a pressing need for materials with specialized
properties that vary with thickness. FGM can be categorized into continuous or
discontinuous gradual changes in composition, depending on the composition stage
distribution. Corresponding to that, it can be separated into thin and overall FGM
based on production technology. Sandwich structures are frequently employed in the
industry of micro-auxiliary frames because of their excellent performance and high
strength/weight ratio. Thus, it is essential to investigate more personnel’s static and
dynamic behavior with FGM, such as beams and plates, in the widespread application
of functionally graded materials.

The FGM can function as a more effective core material than the conventional
homogenous material since it can modify its mechanical properties with thickness.
Using functionally graded cores in sandwich constructions made of composites might
lessen impact damage. Modifications to FGMS with gradients in chemical composi-
tion, porosity, and microstructure are being made. Functionally graded foam mate-
rials (FGFMs) are popular in developing impact and crash resistance systems because
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of their lightweight design and exceptional energy absorption capabilities. Natu-
rally, modifying pore size or porosity density produces functionally graded materials.
Functionally graded (FG) cores are rapidly being used in sandwich panels because
they can lower thermal and residual stresses created between the face sheet and the
core material compared to conventional sandwich panels. As a result, FG sandwich
structure applications in real-world settings are expanding. The 3DP of HDPE- and
GMB-based FGM core, and sandwich composites is the future of the current study.



	Contents
	About the Authors
	List of Figures
	List of Tables
	1 Introduction
	1.1 Composite Materials
	1.1.1 Filler/Reinforcement
	1.1.2 Matrix

	1.2 Syntactic Foams
	1.2.1 Processing of Syntactic Foams

	1.3 Sandwich Composites
	1.4 Additive Manufacturing (AM)
	1.5 Issues for 3D Printable Materials
	References

	2 Material Systems and Methods
	2.1 Constituents
	2.1.1 Glass Microballoons
	2.1.2 Matrix

	2.2 Blend Preparation and Filament Extrusion
	2.3 Physical Properties
	2.3.1 Density

	References

	3 Conventional Processing Routes
	3.1 Polymers
	3.1.1 Compression Molding
	3.1.2 Injection Molding
	3.1.3 Blow Molding

	3.2 Metals
	References

	4 3D Printing Approach
	4.1 Blend Characterization
	4.1.1 Melt Flow Index (MFI)
	4.1.2 Rheological Study of GMB/HDPE Blends

	4.2 Filament Development
	4.3 3DP of SF Core and Their Sandwiches
	4.3.1 3DP of SF Cores
	4.3.2 Three-Dimensional (3D) Printing of Sandwich Samples

	References

	5 Mechanical Testing
	5.1 Static Testing
	5.1.1 Differential Scanning Calorimetry (DSC)
	5.1.2 Coefficient of Thermal Expansion (CTE)
	5.1.3 Tensile Response
	5.1.4 Flexural Behavior of 3D Printed Core and Sandwich
	5.1.5 Compression Response of Printed Cores and Sandwiches

	5.2 Dynamic Tests
	5.2.1 Buckling and Free Vibration Investigation

	5.3 Acoustic Tests
	5.3.1 Impedance Tube Method
	5.3.2 Numerical Analysis

	References

	6 Additive Manufacturing of Meta-materials
	References

	7 3D Printing of Industrial Components
	8 Challenges and Future Trends

