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Abstract Today, Laser-based additive manufacturing is the most adaptable and
promising technology for the fabrication of complex design light weight composite
components. This chapter explores the laser-based additive techniques and the factors
that make them superior compared to conventional techniques. Both the in-situ
and ex-situ reinforced metal matrix composites can be manufactured using additive
manufacturing efficiently and can achieve higher mechanical properties compared to
conventionally manufacture. Some reinforcing materials such as ZBr,, AIN, SiC,
Al,O3, HEAs, and CNTs may help to make the aluminium based light weight
composites a promising candidate for almost all the industrial engineering sectors. In
the future, additive manufacturing may be used to fabricate new Aluminium alloys
series (2XXX, 5XXX, 6XXX and 7XXX) for manufacturing new composites by
reinforcing nanomaterials and controlling the process parameters.

Keywords Laser-based additive manufacturing - Composites + Mechanical
properties

1 Introduction

Over the last few decades, the demands of modern industries increase rapidly
for lightweight, high-performance materials having magnificent mechanical prop-
erties. In aerospace and automotive engineering, lightweight metallic materials
(Aluminium and titanium) are a major concern, but advanced development is required
because of poor strength and low hardness [1]. Nevertheless, these materials can
become a promising candidate for industrial applications by reinforcing them through
ceramic particles, Carbon Nano Tubes (CNTs), High entropy alloys particles, and
Graphene Nanoplatelets (GNPs), etc. These reinforcing materials have remarkably
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high mechanical properties, superior thermal properties, and extraordinary elec-
trical properties along with some other exceptional properties like relatively low
density, superior hardness, and a very low coefficient of thermal expansion [1, 2].
For a long time, a wide class of conventional manufacturing methods are used for
fabricating lightweight metal matrix composites based on their processing temper-
atures like squeeze casting, stir casting, melt infiltration, reaction infiltration for
liquid phase processing. For solid-phase processing, some conventional methods
such as pressing and sintering, diffusion bonding, friction stir welding, forging, and
extrusion [3]. Sometimes, in-situ reinforcement was also performed using different
casting processes to fabricate lightweight composites [4]. However, the conventional
methods have some limitations, such as the constraint on complex geometry and
the agglomeration of reinforcing materials, which may cause non-uniformity in the
microstructure of the grains [5].

Moreover, some materials are stable in the liquid phase. But during solidification,
they became unstable and formed some undesired phases like intermetallic and laves
within the composite matrix, which completely deteriorates the mechanical proper-
ties of the composite [6]. Therefore, Additive manufacturing was developed and has
proven design freedom with time, making it an excellent material processing tech-
nique having the capabilities to fabricate any design geometry that humans can think
of [7]. Additive manufacturing also suppressed the agglomeration problem with the
help of manipulating the process parameters and adding reinforced materials [8]. The
reinforced materials are incorporated in the matrix either ex-situ or in-situ. When
these reinforced particles interact with the matrix material during the melting and
solidification, they get very short period, due to which they do not segregate or
agglomerate [9].

Recently, in the COVID-19 pandemic, additively manufactured products are
currently being used by patients and front-line workers in hospitals, such as face
shields, face masks, nebulizers. These products are diversely designed due to emer-
gencies [10]. However, some medical devices like the charlotte valve, venture valve,
snorkeling mask, nasopharyngeal swab, portable oxygen cylinder kit, and oxygen
concentrator components require strict design standards. Therefore, some insights
into additive manufacturing based on material and processing parameters are still
needed to mitigate the future requirements [11]. This technology even opens new
doors in the field of space technology, giants like SpaceX, GE, NASA, ISRO, and
Skyroot Aerospace (100% 3D printed Dhawan-1 rocket engine [12]) industries
continuously promote and develop additively manufactured small and medium-size
components like fuel injectors, nozzles, diffusers guiding vanes and some other hot-
section components in the spacecraft, and also testing entirely 3D printed cryogenic
engines for future applications [13, 14]. The automobile industries are continuously
testing and developing additively manufactured components such as turbochargers,
alloy wheels, brake line holders, hose holders, and chassis components for racing cars
and regular vehicles to improve the overall efficiency by weight reduction without
compromising the strength [15, 16]. Additive manufacturing also helps in reducing
the inventory of spare parts in the automobile industry [17].
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Moreover, AM is tremendously used in bio-implants applications to fabricate the
light composites of titanium and biodegradable magnesium alloys [18, 19]. AM is
very popular for bio-implants because of its potential to create complex geometries
and tailor the implant’s mechanical properties [20]. Recently, 3D Systems has been
launched the latest hybrid maxillofacial surgical guide to its Computer-generated
Surgical Planning service in that they train dentists about 3D printed dental implants
[21].

Additive manufacturing techniques like Selective Laser Melting (SLM), Selective
Laser Sintering (SLS), and Electron beam Melting (EBM) are some of today’s most
exploited techniques. The industries are also incorporate these techniques because
of design freedom, time-saving, and cost-effectiveness. In addition to that, they have
the capabilities to use any material for fabrication, which either be a ceramic, metal,
polymer, and can be in any phase either in solid, liquid, or powder form [22]. More-
over, AM can easily tailor the component’s properties and can be easily controlled by
varying the process parameters, matrix material, and reinforcement materials. The
combination of these three primary things can be used to tailor the microstructure
of grains that finally provide the tailored properties [23]. In most of the aluminium
based composites fabricated by the AM, mechanical properties, wear resistance,
and corrosion resistance are improved after the reinforcement [24-26]. So far, only
conventional techniques are used for the manufacturing of lightweight composites.
However, in this chapter, the novelty found in different studies of additively manu-
factured lightweight composites are tried to present collectively to design a better
plan for future development in the same field.

Furthermore, some aluminium alloys and their composites which come under
the category of high strength alloys, strain hardened such as 2000, 5000, 6000, and
7000 series, are still far away from the reach of laser-based additive manufacturing.
Because these alloys having a problem of cracking during solidification (or hot
tearing) and also contains some alloying elements which are volatile at processing
temperature [27, 28]. However, this problem can be reduced in future research by
reinforcing some suitable materials, optimizing the process parameters, or developing
some more new techniques. By combining all the capabilities and future aspects of
laser-based additive manufacturing, the lightweight MMCs components can become
the most promising candidates to encounter the challenges of the industries such as
healthcare (bio-implants and other equipment), automotive, and aerospace, etc. So,
in the next heading discussion about the origin of additive manufacturing and how
it works is elaborated.

2 Additive Manufacturing Processes

In 1984 UVP, Inc. granted a patent US45755330, which is later allotted to the Chuck
Hull (3D Systems Corporation) for the stereolithography fabrication system, which
shows the capabilities of adding a layer by layer way to fabricate the components [29].
The hull’s contributed the STL (Stereolithography) file format, which is even today
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Fig. 1 Simple flow chart of the complete additive manufacturing process

used to slice the digital (CAD) drawing for additive manufacturing (AM) machine.
Later Hull’s commercialize his first 3D printer (SLA-1) [30]. Many technologies
are available in the market, which are used to fabricate the components additively,
like rapid prototyping (RP), layered manufacturing (LM), additive manufacturing,
3-dimensional printing (3DP), and solid freeform fabrication (SFF), etc. In additive
manufacturing, the material is added in a layer-by-layer manner in three-dimensions
which finally create the same product as fed by the computer design, thus the process
called additive manufacturing [31]. In simple words, additive manufacturing is just
the reverse of subtractive manufacturing processes like shaping and milling. A simple
flow chart of the complete process is schematically revealed in Fig. 1.

Additive manufacturing can be used to fabricate almost all categories of materials,
whether metals, polymers, and ceramics, along with the combinations of them like
metal matrix composites (MMCs), Polymer matrix composites (PMCs), and their
functionally graded materials (FGMs). The reinforcing elements can also belong to
any category of metals, ceramics, and polymers.

The freedom of design developed by the AM process even makes it more powerful
to fabricate any complicated geometric design. This powerful feature makes it the
need of future technology, and it’s rapidly becoming mature day by day. Even in
today’s time, this technology is used in almost all areas. In contrast, conventional
manufacturing techniques don’t have freedom of design, and wastage is high, which
means high cost. The broad comparison of different factors is discussed in the next
section.

3 Additive Manufacturing Versus Conventional
Manufacturing

AM has removed all the barriers from fabrication processes. Today Engineers can
design and customize anything without worried about fabrication constraints. The
mechanical properties can easily be tailored in a required orientation by control-
ling the process parameters and the raw material composition. While in conventional
techniques, it is almost impossible to manipulate the required properties according to
the design requirements. The AM nowadays is also used for repairing the purpose of
failure components, as shown in Fig. 2b. The functionally graded Materials (FGMs)
components are easy and cheap to fabricate using AM just by changing the feedstock
mechanism. The porous material used for bio-implants, drug delivery, and tissue engi-
neering can easily be manufactured by the AM, as shown in Fig. 2a. Moreover, AM
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Fig. 2 a EBM technology used to fabricate a 3D mesh titanium mandibular prosthesis scaffold.
b Directed energy deposition process used to repair damaged blisk ¢ using EBM Lattice-structured
Ti6AI4V foams was built. Adapted from Liu [32]

gives a new opportunity to fabricate lightweight composite materials for structures
with complex geometries, see Fig. 2c.

The fabrication of structure of multi-directional composites are now become very
easy because of optimization of design parameters and to manufacture prototype by
iteration of process parameters. The summary of the comparisons between AM and
conventional techniques is shown in Table 1.

Before discussing the classification of additive manufacturing, let’s discuss some
of its important parameters that affect the final product’s properties.
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Table 1 The collection of comparison factors between AM and traditional techniques

Factor

Additive manufacturing

Conventional manufacturing

Product complexity

Developed to fabricate any
imagined geometric complex
product

Challenging to fabricate complex
geometries. The complex parts are
manufactured separately and
assemble

Post Processing

Post-processing depends upon the
material and process used for
fabrication. Polymer-based
fabrication mostly doesn’t require
any post-processing However the
metal and ceramic-based
composites require very little
post-processing

Almost all the fabricated products
require some kind of
post-processing

Resource utilization

The optimized quantity of
resources is consumed because
the final product is fabricated
directly from the CAD design

Consumption is very high because
at each stage, from design to final
product, the resources are

consumed in much higher amount

Material consumption

Almost no wastage of raw
material because of optimization
of design and fabrication process.
The unprocessed material can
easily be reused

Material wastage is very high due
to the requirement of
post-processing and the complex
geometries manufactured
separately

Prototyping Highly recommended for Not suggested for fabrication of
fabrication of the prototype. To prototype because of
quickly evaluate and perform time-consuming and high
iterations of design parameters expenditure

Cost Most of the cost is utilized in These techniques are expansive for
optimizing the fabrication medium and small production
parameter for a material; once the | batches because of the high
parameters are optimized, the cost | consumption of resources, time,
is less for small and medium and post-processing
batches production

Time It can fabricate the product in few | Time-taking techniques require the
minutes because it directly takes | dyes, moulds, molten raw material,
from the CAD model. These post-processing, and proper steps
techniques also help in reducing | to fabricate the end products
inventory, controlling the supply
chain, etc.

Applications Complex geometry components | Simple geometry components like

like Carburettors in Automobiles,
Turbine blades, Bio implants, hot
section components, etc.

casted engine blocks, casings,
extruded parts, roads, I- sections,
etc.

Adapted and modified from Fereiduni [1]
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4 Some Important Parameters of Laser-Based Additive
Manufacturing

In advanced laser-based additive manufacturing machines, hundreds of parameters
are available such as laser selection, operational mode, laser energy density, vector
length, beam spot size, scan angle, ratio of length to width, beam spatial distribu-
tion, point overlapping, laser wavelength, and pulsed or continuous operation [33].
However, the parameters generally considered are laser power, scan velocity, hatch
distance, laser scan pattern, and layer thickness [34], as shown in Fig. 3. These general
parameters are the majorly regulating parameters and will be discussed.

4.1 Laser Power

The laser power should be adjusted along with the laser spot to provide sufficient
heat to melt or sinter the powders. To process the materials having high melting
temperature, the laser of high energy density is required, which can be achieved by
reducing the spot size by keeping the laser power same. It is the main parameter
of processing because it decides the interaction between material and laser. So, its
magnitude depends upon the kind of material that is processing. For polymers, it
could be around 3-5 W, for metals in the range of 100-250 W, and for ceramics, it
may go up to 500 W [35].

Fig. 3 Processing
parameters of laser-based
additive manufacturing

Laser power (W)

= == Scan Velocity (mm/s)

Hatch distance (jum) /

I Layer thickness (jum)
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Moreover, laser power also depends on the layer thickness; as the layer thickness
increases, more laser power is required to melt the powder properly. The accuracy of
the fabricated part controlled by the size of the laser spot (30-600 pm); the smaller
the size higher will be the accuracy [36]. Generally, for very complex designs, a tiny
spot size is required. The laser-based machines are generally equipped with either
CO; (A~ 10.6 wm) laser or Nd: YAG, Yb: YAG or Nd: YVO, (A =~ 1.06 wm) lasers.
The CO; laser mostly preferred for the oxides ceramics and the YAG laser for the
metals and carbides ceramics [37]. The YAG laser machines give more accuracy than
CO; laser because of the smaller laser spot size [38].

4.2 Scan Velocity

The rate at which the laser beam scans a powder strip (line) on the powder bed is
called scan velocity. The fabrication rate or welding rate directly depends upon the
scan velocity, higher the scan velocity higher will be the fabrication rate. Moreover,
laser energy density also depends upon the scan velocity; the higher the scan velocity
lower will be the laser energy density. So if scan velocity is higher, the energy density
may not be sufficient to melt or fuse the material powder particles properly. Therefore
to optimize the scan velocity generally, laser power, laser spot size, and laser energy
density are considered in the calculation as given by the relation (1) [39].

. laser power
Laser energy density = - P - (D)
laser spot size X scan velocity

It also depends upon the material to be processed. Generally, the scan velocity
used during the process lies in the range of 0.1-15 mm/s. The chance of balling effect
(Spheroidal beads) is more at higher scan velocity, which is explained by the Rayleigh
instability to reduce the balling effect; high laser power and low scan velocity are
suggested [35, 38, 40, 41].

4.3 Hatch Distance

The distance between the two adjacent melting strips/vector is known as hatch
distance [42]. It mostly lies in the range of 20-400 wm. Generally, the laser spot
size kept greater than the hatch distance because it decides the percentage of over-
lapping [38]. The overlapping is required to reduce the porosity because, in Gaussian
beams, the power is concentrated at the laser beam centre. At the boundary, the less
laser energy density causing in melting only at the centre portion remaining portion
either partially melt or heated [34]. The hatch distance is also kept smaller when
complex geometry components are fabricating. The fabrication rate also depends on
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the hatch distance; the higher the hatch distance, the faster the fabrication or scanning
rate [35].

4.4 Laser Scan Pattern

The way to scan the powder on the powder bed is commonly known as the laser scan
pattern. It may be parallel lines, anti-parallel lines, lines at any specific angle (30°,
45°, 60°), or zigzag patter. Fill and contour are the two most common categories of
scan pattern; fill referred to the scanning across all over areas, and contour referred to
the scanning at boundaries. The mechanical property, surface roughness, and defects
of the final product are majorly depends upon it [43, 44]. Therefore it should be select
according to the requirement of the final product properties.

In most cases, to remove the anisotropy and defects from the products, the
scan direction changed by 90° in every sequential layer [35]. Moreover, to reduce
shrinkage stresses, the scanning pattern of small islands can also be employed, which
reduces the problem of localized heat build-up from larger areas and reduces thermal
stresses and thermal cracks. In addition, to reduce the balling effect repeating scan
pattern is preferred [41].

4.5 Layer Thickness

Layer thickness is the thickness of the powder recoated every time, followed by the
processing of successive layers. This operation is done by reducing the height of the
powder bed/build platform [35]. The thickness of the slice was defined in the CAD
model is exactly equal to the layer thickness, which is physically converted by the
feeder/recoater unit. The broad range of layer thickness lies under 30-300 pm [38].
Layer thickness is another crucial parameter directly related to mechanical proper-
ties, surface roughness, and fabrication speed. For higher accuracy components, the
smaller layer thickness is preferred, but that increases fabricate time which means
higher cost of the components and for bigger layer thickness the higher laser energy
density is required. Therefore optimization of layer thickness is required by consid-
ering the laser energy density. The laser energy density is calculated by the given
relation (2) [45].

laser power

Laser energy density = - - -
hatch distance x scan velocity x layer thickness

@)

The smaller layer thickness can achieve a smoother surface and dimensional
accuracy because the shrinkage after melting and defects will reduce significantly.
Hence, better mechanical properties can be achieved. But the smaller size powder is
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highly suggested for the smaller layer thickness and higher dimensional accuracy,
which also improves the flow ability of the powder during recoating [35].

After discussing all the important parameters and their fundamental relations, the
detailed classification is deliberated in the next section, along with a supporting flow
chart and the figures.

5 Classifications of Additive Manufacturing Process

To Understand the AM in a better way ASTM committee has divided the techniques
into different classes based on the basic principle of working, feedstock, power input,
and applications [46]. The majority of the process fall into one of two groups, viz; (i)
based on raw material state, i.e., solid (bulk), liquid or powder, and (ii) source used
for the fusion of material on the molecular level, i.e., laser, electron beam, UV-light
or thermal [13]. The AM processes that are often encountered are exposed in Fig. 4.

LBAM is an advanced manufacturing system; metal parts, polymers, compos-
ites, and functionally graded components can fabricate easily. In LBAM, the laser
is employed to deliver the thermal energy for completely or partially melting of the
additive material, and in the case of polymers, additive manufacturing laser (specific
wavelength) is used to begin the chemical reaction in vat polymerization [47]. For
LBAM, the initial state of material can be solid (metals, plastic), liquid (resins),
and powder (metals, ceramics, and polymers) form [48]. For solids and liquids as a

Laser — based additive manufacturing
(LBAM)

T G

Wire Laser :\dfiltl\ e Stereolithography bcit:cll\cl laser
Manufacturing (SLA) o sintering
(WLAM) L (SLS) 4
Laminated Object @ B
Manufacturing | | Selective laser Melting
(LOM) L (SLM)
: i
L Electron Beam Melting
(EBM)
\ J

Fig. 4 Broader classifications of laser-based additive manufacturing
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starting material, the AM processes commonly used are Wire Laser Additive Manu-
facturing (WLAM), Laminated Object Manufacturing (LOM) and, stereolithography
(SLA), respectively [49]. Selective Laser Sintering (SLS), Selective Laser Melting
(SLM), Electron Beam Melting (EBM) are the AM techniques considered to be best
for Powder as an initial material [50]. Complete melting, limited melting (Solid-state
sintering), liquid phase sintering, and chemically made binding are the molecular
level fusion mechanisms of powder processes through LBAM. The overview of all
the above listed LBAM is discussed in the following segment.

5.1 Wire Laser Additive Manufacturing (WLAM)

In WLAM, the melt pool on substrate material is generated by the high-intensity
laser source, and the metal wire is fed as an additive material. The melted fed wire
is bound to the substrate through metallurgical bonding. By the motion of laser
gun head and wire feeder, i.e., welding tool unit, relative to the substrate, bead
formation occurs during solidification, as shown in Fig. 5a. Generally, the robotic
arm is used for WLAM, which provides the 6-axis relative motion between the
substrate and welding tool, and this 6-axis relative motion help in fabricating the
complex components accurately. Figure 5a also shows the bead formation along
with real process images [51]. Before deposition, the process parameters are needed
to be select and tune the equipment accordingly. Some important process parameters
are the power of the laser (Voltage and current input), wire feed stock rate, and
traverse speed of the welding tool. These parameters control the input of energy, rate
of deposition, and beads cross-sectional profile (width and height) [52]. Moreover,
wire diameter, wire/substrate angle, wire tip position with respect to the melt pool,
and feeding direction are additional parameters needed to be carefully tuned to get
stable deposition on a substrate. The volume of wire fed into the melt pool with
respect to traversing speed and the laser power can be employed to determine the
height of the bead [53, 54].

Figure 5b demonstrates that the deposition of specimen wall is smooth with miner
irregularity; hence the chance of post-processing machining is lower. Figure 5c
shows the geometric and metallurgy features of the wall cross-section. Regular shape
geometry of the order of tens of mm scale is present [55].

5.2 Laminated Object Manufacturing (LOM)

In this technique, the paper and adhesive are used to fabricate the 3D object by consec-
utive layers of one side adhesive applied paper sheets. The geometry is achieved by
cutting of laser, as shown in Fig. 6a, b. The rollers supply the building material, and
other heated moving rollers are used to promote pressure and strengthen the interlayer
bonding of adhesion applied paper sheets. The final part has properties similar to that
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Fig. 5 a Left: Sketch of interaction between laser-wire, the relative motion of the fabrication
tool and the substrate causes the molten metal to solidify into a bead. Right: view (top and side)
of real process images adapted from Heralic [51]. b A demonstration wall after fabrication, and
¢ cross-section image [55]

':- a ) Cutting Tocl Laser

Material Supply Roll

Fig. 6 a Schematic of Laminated Object Manufacturing setup adapted from Razavykia [58]
b Sample of a model fabricated by LOM systems [59]
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of wood, and the dimensional accuracy of 0.1 mm can be achieved [56]. LOM can
also fabricate Polymer-based composites; in that case, the fiber reinforcement infil-
trates the thermoplastic or thermoset polymer matrix through the melting and fusion,
which finally imparts them interlayer bonding [57]. Ultrasonic Additive Manufac-
turing (UAM) is a category of LOM which combines both additive manufacturing
and subtractive CNC milling operation to achieve the geometry of metallic compo-
nents. The ultrasonic vibrations achieve solid-state atomic bonding by progressive
downward force and motion with shallow heating. The CNC milling process is used
to remove excess material [58].

LOM technique has some advantages like very economical and risk-free materials
(paper, plastics.). The concept of process is simple with high operational speed. Some
drawback of this technique is the waste of a large amount of material, which depends
on the geometry of component. Low strength because of a fragile wall (~1 mm) and
anisotropy of mechanical properties [59]. The possible field of application for LOM
is patternmaking for sand casting, investment casting, and ceramic processing, which
indeed reduce the process steps and cycle time [60].

5.3 Stereolithography (SLA)

Stereolithography (SLA) generally known as Photopolymerization. The UV radia-
tion or scanning laser is used to curing the photosensitive monomer resin, and the
photoresin fluid is transferred into a cross-linked solid [61]. The highly detailed
components having dimensions in the range of micrometer to millimeter can be
easily fabricated by SLA, a specimen is shown in Fig. 7b. According to a design,
the cross-section of the part is scanned by a laser beam up to a certain depth of
photoresin. The accuracy of the laser beam is controlled by the motion of orthogonal
revolving mirrors, after the complete scanning of the photoresin of current layer.

Scanning Mirrors

Fig. 7 a Schematic of stereolithography (SLA) adapted from Razavykia [58] b Specimen of a
model fabricated by SLA method prior to the elimination of the supports [59]
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The building platform moves downward, and the feed stocker recoats the part by
photoresin according to required thickness as shown in Fig. 7a, the layer is scanned
again [62]. For achieving the required mechanical properties, the crosslinking reac-
tion has to be complete. Therefore, the post-processing curing process is an essential
process of SLA to complete the crosslinking [63].

By controlling the viscosity and photoreactivity of photoresin we can tailor the
mechanical (Young’s modulus, and strength) properties of the SLA components over
the wide range [64]. Moreover, the mechanical properties are highly reliant on the
photopolymer network density; for example, elastomeric properties are desirable in
tissue engineering and biomedical. Therefore, the photoresin with lower network
density is used to achieve elastomeric properties because, by solvent, we can easily
replace the large fraction of resin [65]. Some applications of SLA are dental models,
fast prototypes, hearing aids, and electronic circuit printing.

5.4 Selective Laser Sintering (SLS)

Selective laser sintering is a subcategory of powder bed fusion technology that manu-
factures 3D layered models/components using laser beams [66]. The different binding
methods such as chemical reactions, solid-sate sintering, and fractional melting or
complete melting methods are used in SLS to join the powder particles [67]. This
method sinter the powder by heating, and this heating is generated by the laser scan-
ning in a controlled manner, as clearly shown by the schematic in Fig. 8a. Under a
high power laser, the fusion of powder occurs by molecular diffusion, and the path
of laser for the selected region is controlled by the program fed to the machine.
Once the layer is complete, the same process repeats for the next layer, and the
same process keeps repeating until the complete component is fabricated. Finally,

Powder supply platiorm

Fabrication piatioem

Fig. 8 a Schematic diagram of SLS 3D printing method adapted from Wang [69] b Parts made by
SLS method [59]
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the unused/ remaining powder is cleaned, and the final product is ready to use [68].
A complex geometry example is revealed in Fig. 8b.

The resolution/ surface finish of SLS components highly depends on the nature
and size distribution of the powder particles, scanning speed, spacing, layer thickness,
and laser power [70]. In the SLS process, to hold the powder particles in most cases,
the liquid binder is generally used [71]. The laser sintering/binder polymer materials
mostly utilize in the SLS process are polycaprolactone (PCL) and polyamide. The
SLS process has some advantages, like the unused powder can be reuse (recycla-
bility). The resolution of printing can be achieved of 20150 wm, and an extensive
series of materials can be print easily [72]. In contrast to that, having some disadvan-
tages like the slow process compared to SLM, shrinkage in printed 3D components
because of localized heating followed by rapid cooling.

5.5 Selective Laser Melting (SLM)

Selective laser melting technique comes under the Powder Bed Fusion (PBF) additive
manufacturing technologies. It uses a high-intensity laser beam to melt the selective
site of powder in the layer by layer manner and the path of laser decided by the
computer-aided design (CAD) data. The CAD data cannot be fed directly to the
SLM machine. First, we have to process the STereoLithography (STL) files using
software, which prepares slice data of whole designed component for laser scanning
of every layer and provide the structural support to any overhanging feature of the
design, then only we can upload the CAD data to the SLM machine [73]. The process
begins with putting the thin layer of metallic powder over the substrate plate inside the
inert chamber. The high-power laser starts melting and fusing the metal powder from
the specific area according to the program and data provided to the machine [74].
After completing the laser scanning, the new layer of metal powder (20-100 pm)
was laid by the recoater by lowering the building platform with the same height of
slice we prepared with STL file, and again laser will scan, shown in Fig. 9a. This

Fig. 9 a Schematic diagram of Selective laser melting (SLM) adapted from Razavykia [58] b Part
made by SLM/DMLS methods [59]
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process will continue automatically until the required component completely builds
[75]. The remaining powder (loose powder) is cleaned from the fabrication chamber,
and to separate the element from the substrate plate, we may use any manual method
or electric discharge machining (EDM). Some important parameters of SLM are
input power of the laser (Current and voltage), hatch spacing, scanning speed, and
thickness of the layer. To prevent oxidation of the parts during fabrication, the building
chamber is generally filled with inert gases like argon and nitrogen. The facility of
preheating the substrate plate is also integrated with the modern SLM machine to
reduce residual stresses and thermal stresses. A model fabricated by SLM is revealed
in Fig. 9b.

There is no need for post-processing and post-machining in SLM except for
detaching the substrate plate from the parts and supports. SLM can produce fully
dense near-net-shape components because, during the process, we can achieve
complete melting of the material powder. These all capabilities of SLM make it
a superior AM process as compared to SLS. The SLS binds the materials powder by
melt the binder agents or solid-state sintering. There is no fully melting of powders
which results in low strength and porosity. Therefore post-processing is always the
necessary step in SLS [73].

5.6 Electron Beam Melting (EBM)

Electron beam melting also belongs to the category of SLM and SLS, i.e., Powder
Bed Fusion (PBF) AM technologies. However, it has some working differences and
advantages over them. In EBM, the electron beam is employed to melt or fuse the
metal powder in place of a laser beam, and most of the laser-based process required an
atmosphere of inert gases. In contrast, the electron beam required a vacuum environ-
ment. The schematic of the EBM machine with one example of complex geometry
fabricated is shown in Fig. 10a, b. The vacuum environment in EBM creates a consid-
erable difference compared to laser-based systems because the high temperature can
be achieved to fabricate parts without considering the risk of oxidation. However, the
EBM system is very expensive because of the building vacuum inside the fabrication
chamber. The residual stresses are also lower as compare to laser-based systems [76].
There is no need to post-processing (stress-relieving, machining) the components
manufactured by the EBM [76].

The EBM preheat the powder inside the powder hopper before the melting phase,
hence reduce the temperature gradients, due to which no formation of heat cracks
[79]. EBM is one of the superior technology that works with a wide range of materials,
including stainless steel (17-4), tool steel (H13), titanium and its alloys, Nickel alloys
(IN 718, IN 625, etc.), cobalt-based alloys (Stellite 21), Invar, hard metals (NiWC),
copper, niobium, and aluminium alloys along with complex geometry and fully dense
components [80—82]. The SLM and SLS systems give a better surface finish than
EBM because of the smaller laser beam size, and the powder thickness layer led
down by the recoater is thinner [76].
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Fig. 10 a Components of an Arcam machine (an EDM machine) adapted from Galati [77], and
b An example of model [78]

The MMCs can be manufactured by using any technique except LOM, as
discussed above. Now emphasis on the development of MMCs and their types in
the next section.

6 Additive Manufacturing Techniques for Developing
MMCs

ISO/ASTM 52,900 has standardized the Additive manufacturing processes and cate-
gorized them into Powder bed fusion (PBF), material jetting, VAT polymerization,
sheet lamination, binder jetting, and direct energy deposition (DED), etc. [46]. These
are based on powder, liquid, solid-layer, i.e., state of raw materials as shown in Fig. 4.
But, in this chapter, focus only on laser-based additive manufacturing processes. The
laser-based Metal matrix composites mostly manufactured using powdered state raw
material by reinforcing either by fibers or particulates. A few papers are found in
the literature that shows trends to fabricate the laser-based MMCs from solid-state
raw materials. The reason behind this may be it’s difficult to achieve the complex
geometry by using the solid-state raw material like in the case of the sheet-layer AM
process [34, 70]. As a result, this chapter is limited to particulates reinforced MMC:s.
MMCs are made up of at least two materials: a distributed phase of metals, a ceramic,
or a polymer embedded in a metal matrix (Parent material is always metal in case of
MMCs).

Ex-situ MMCs and in-situ MMCs are two different types of MMCs [83]. Figure 11
depicts the schematics of both ex-situ and in-situ MMCs. Ex-situ MMCs are rein-
forced by externally synthesized reinforcing materials which pre-mixed with the



278

Fig. 11 The sketch of metal

S. Choudhary and V. Gaur

: ) . o
matrix composites a ex-situ 4
b in-situ; adzlpted from ® : : : ® == — :,: :‘
Mahmood [86] &
Reinforcing particles Metal matrix Ex-situ MMCs

(F1]

<4040 ‘g‘

o W

Metal matrix In-situ MMCs

Halide salts

matrix material or fed into the melt pool independently during processing. In contrast,
in-situ MMCs are reinforced by the reinforcing materials that are fully synthesized
within the matrix by chemical reactions in the melt pool during processing. [1, 84].
However, in the ex-situ MMCs, complete powder melting is not needed, which is
why sintering and binding-based processes such as Selective laser sintering (SLS),
Direct metal laser sintering (DMLS), and Binder jetting are can be commonly used
[85].

In the case of in-situ MMCs, however, complete powder melting is needed, and
the most widely used processes are Selective Laser Melting (SLM) and Electron
Beam Melting (EBM) [22]. In-situ synthesized composites have many advantages
over other processes because of fine reinforced particle size, the better interface
between the reinforcement and matrix, along with homogeneous distribution, due
to which they have much improved mechanical properties as compared to ex-situ
composites [87, 88]. Moreover, for large-scale production of in-situ MMCs, the
casting route is economical and more accessible than powder metallurgy and other
processes [89]. However, because of design constraints like complexity and fast
analysis of parameters, laser-based AM processes are preferred. In-situ light weight
Al and its alloy composites are commonly reinforced by the Mg, Si, ZrB,, TiC, TiB,,
AIN, and AI203 [4].

The LBAM is the most potential and fast way to manufacture both ex-situ and in-
situ composites, which shows significantly high mechanical properties [90]. Mechan-
ical properties are discussed in the next section by considering different studies
from the literature. The energy/ enthalpy generate by the laser is effectively used to
complete the reaction in in-situ reinforced MMCs. However, it has also been found
that in-situ composites are thermodynamically more stable as compare to ex-situ
because they form as an equilibrium product of the reaction [91]. Some reactions of
In-situ reinforcement are summarized in Table 2.
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Table 2 Summarizing In-situ reinforcement reactions

Reinforcements Reactions References

TiB; and Z1B, 2KBF, + 3Al = AIB; + 2AIF; + 2KF [92]
K, TiFs + 133A1 = TiAl; + 43AIF; + 2KF
K,ZtFe + 133Al = ZrAl; + 43AIF; + 2KF
TiAl; + AlB, = TiB, + 4Al
ZrAls + AlB; = ZrB, + 4Al

AlL;SiCy 4Al + 3SiC = Al4C; + 3Si [93-95]
4Al + 4SiC = Al4SiCy + 3Si

AIN 2A1 + N, = 2AIN [96, 97]
2A1 + 2NH; = 2AIN + 3H,

ALO; Fey03 + 2A1 = Al O3 + 2Fe (98]

ALO; 4AI(1) + 3TiOx(s) = 2A1,05 (s) + 3Ti(s) [99]

7 Mechanical Properties of Lightweight MMCs Made
by Additive Manufacturing as a Function
of Reinforcement Features

Mechanical properties of laser-based Light weight MMCs have been broadly studied,
and remarkable improvement has been recorded in both in-situ and ex-situ reinforced
composites. Here are some relevant studies selected from the literature to completely
understand the mechanism behind the improvement of mechanical properties.

7.1 Hardness

The effect of in-situ ZrB, particles on microhardness and macrohardness of AA6061
has been studied by I. Dinaharan et al. [100]. The trend of microhardness and
macrohardness increases as the weight percentage of ZrB, increases, the changes
in microstructure with varying ZrB, from 0 to 10% are revealed in Fig. 12 (a-h).
The microhardness of AA6061- 10%ZrB, composite is 32.71% higher, and macro-
hardness is 42.65% higher concerning AA6061 alloy; the trend is shown in Fig. 12
(i). This significant improvement in the microhardness and macrohardness may be a
result of ZrB, in the matrix. The dislocation density of composite may be increased
during solidification because of ZrB, particles occurrence and having different coef-
ficients of thermal expansion of reinforcing and matrix materials. Increases in the
density of dislocations and the reinforcement particles, in turn, provide the resistance
to the movement of dislocations on slip systems; hence plastic deformation becomes
difficult. Therefore, the hardness is improved significantly.

Chang et al. [101] have shown that the microhardness of the SLM processed
Aluminium matrix composites can be improved just by varying the initial size of SiC
particles in the in-situ hybrid reinforced (Al4SiC4 + SiC) composites, as revealed in
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Fig. 12 Optical images of AA6061 based composite containing varying ZrB, reinforcement: a 0%
Z1By, b 2.5% ZrB, (c and d) 5% ZrB;, e 7.5% ZrB, f 10% ZrB;, g 5% ZrB; and h 7.5% ZrBo,

i microhardness and macrohardness of AA6061 based composite as a function of ZrB, weight
percentage adapted from Dinaharan [100]
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Fig. 13e. Typically, the microhardness of SLM processed composites is higher due to
higher cooling and heating rates related to conventional processes. However, densi-
fication and reinforcement can be the vital factors that influence the microhardness
of Al matrix composites processed by SLM. In this study, the SLM processed Al
matrix is reinforced by various reinforcing phases, i.e., residual/Coarse SiC particles,
Al4SiCy4 having particle and plate-like structure as clearly presented in Fig. 13a—c.
The average value of microhardness of Al matrix composite reinforced by the Coarse
SiC particles is 127 HV; which is even below the unreinforced SLM processed
AlSi10Mg alloy (approximate maximum value 145 HV ;). Improper melting of SiC
particles is the major cause for the fragile interfacial bonding among the Al matrix
and residual SiC particles and the presence of micro pores due to which relatively
lower density and hence lower microhardness as revealed in Fig. 13d, e. One more
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Fig. 13 FE-SEM images presenting the microstructure of SLM-processed (Al4SiC4 + SiC)/Al
hybrid reinforced composites with different particle sizes of the starting SiC reinforcing powder:
a particles of coarse SiC (D50 = 50 pm); b particles of medium SiC (Dsp = 15 pm); and ¢ particles of
fine SiC (D50 = 5 wm) d relative density variation of SLM-processed (Al4SiCy4 + SiC)/Al composite
samples, and e variation in microhardness of SLM-processed (Al4SiCy4 + SiC)/Al hybrid reinforced
composites by varying the initial particle size of SiC adapted from Chang [101]
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possibility is that the micropores or weak interface have underneath the micro indent
during the test, and a considerable variation in microhardness was recorded. When the
medium size SiC particles are reinforced in the Al matrix, the average microhardness
was recorded is 188 HV; along with reduced fluctuation in it, which is because of
improvement in the reaction and melting of SiC particles hence higher densification,
reduction in micropores, and the better interface between the reinforced SiC particles
and Al matrix. The SLM processed Al matrix reinforced by the fine SiC particles had
made the ultrafine particle—shaped Al4SiC, reinforcement and meanwhile formed
in-situ plate-like Al;SiCy4 reinforcement, shown the remarkable improvement in the
microhardness of the SLM processed aluminium based composite. The composite
with fine SiC has considerably achieved the average hardness of 218.5188 HV ;..
By reducing the size of SiC particle from coarse to fine, the microhardness was
improved significantly because of full densification rate was achieved during the
process. Since the ultrafine and plate-like structures of Al;SiC,4 reinforcement have
produced coherent interface bonding among the matrix and reinforced particles, the
dispersion strengthening effect these are the main reason for improving the micro-
hardness. Moreover, the heterogeneous nucleation sites provided by the ultrafine
SiCy particles during solidification and the matrix’s grain size are also refined. Thus
the combined effect of grain refinement and dispersion strengthening comes into
play in SLM processed hybrid Al matrix composites.

Dongdong Guetal. [102] have studied the Carbon nanotube (CNTs) reinforced Al-
based nanocomposites manufactured by SLM. Figure 14h depicts the microhardness
of CNTs/Al-based composites at different process parameters of SLM. The optimum
scanning speed was 2.0 m/s, at which maximum microhardness was achieved, i.e.,
154.12 HV,,. Interestingly, at all the scanning parameters, the microhardness of
SLM processed CNTs/ Al composites specimen is higher than the AlSi10Mg alloy
(SLM processed) specimen, i.e., 127 £ 3 HV0.5 and even from the components of
CNTs/Al composites specimen manufactured by the powder metallurgy (<100 HV)
[103]. Microhardness distribution depends upon the densification and the microstruc-
ture formed during solidifying the components [104]. At high scanning speed, the
fluctuation in microhardness was noticed because the material does not get sufficient
time to solidify appropriately and achieve the optimum densification. The maximum
microhardness achieved during the optimum scanning speed (2.0 m/s) is because of
proper densification along with the reinforced CNTs, and the Si precipitated particles
are enveloped by Al;C; as shown in Fig. 14g, supporting EDX also show the elements
present in the enveloped region, i.e., Al, Mg, Si, C. This Al4C; has improved the
interface bonding between the reinforced CNTs and matrix materials significantly,
hence increased the resistance to plastic deformation [105].

At relatively higher (2.2 and 2.4 m/s) and lower (1.8 m/s) scanning speeds, much
fluctuating behaviour was observed in the microhardness as compare to optimum
(2 m/s) scanning speed as shown in Fig. 14h because of limited densification and
lack of interface between the matrix and reinforced CNTs. However, at the optimum
scanning speed, the perfect combination of densification and interface is achieved.
Moreover, the grain refinement of the Al matrix, the Si particles precipitates, and
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Fig. 14 a FE-SEM images of SLM-processed CNTs/Al composite samples microstructure, manu-
factured at Power = 350 W and scanning speed = 1.8 m/s; the elemental distributions of b Al ¢ Si,
d Mg, and e C elements through EDX mapping; (f, g) SLM-processed CNTs/Al composite sample
microstructures, fabricated at Power = 350 W and scanning speed = 2.0 m/s, f low magnification
g higher magnification, and h microhardness distributions of samples processed at different SLM
parameters along with indent FE-SEM images, adapted from Gu [102]

CNTs are covered by the Al;C3, which led to further improvement in the micro-
hardness. The microstructure at optimum scanning speed is revealed in Fig. 14a. The
Al4C3 has covered the outer most layer of reinforced CNTs, which have improved the
interface abruptly between the Al matrix and CNTs, which further enriched the hurdle
to the plastic deformation. Hence the microhardness and tensile properties improved
significantly. Some of the aluminium-based composites studies are considered in the
next section. The tensile and compressive strengths are broadly discussed with the
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Table 3 Representing the outcome of reinforcement on the microhardness/hardness of composites

Process Materials Microhardness/hardness References
matrix Reinforcement

SLM AlSil0OMg 0.5% MWCNT Enhanced by 8.264% [106]

SLM AlSilOMg | 4wt%Cr3Cy-25% Enhanced by 32% [107]
NiCr

SLM Ti6AI4V Mixed gas atmosphere | Enhanced by 36.3% [108]
(N7 and Ar)

SLM AlSilOMg Submicro-TiB; Increased by 110% [109]

Laser solid 2024A1 3%TiB Enhanced by 44.667% [110]

forming

(LSF)

SLM AlSilOMg | 0.5 wt.% GNP Improved by 23.95% [111]
1 wt.% GNP Improved by 30.53%
2.5 wt.% GNP Improved by 75.3%

help of mechanisms responsible for the improvement. Here, some more studies on
microhardness/hardness are concise in Table 3.

7.2 Tensile Strength and Compressive Strength

Peidong He et al. [112] have studied the tensile stress—strain behaviour over the
temperature range (25-200 °C) of TiCN/AISi10Mg composite and AlSil0Mg manu-
factured by the LPBF techniques, as shown in Fig. 15a. The TiCN/AISil0Mg

Fig. 15 a Tensile tests
curves of the LPBF
TiCN/AISi10Mg composite
and AlISi10Mg alloy at
different temperature ranges
(RT to 200 °C) adapted from
Peidong [112]

Tensile Strength (MPa)
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composite (333 & 2 MPa) having the lower UTS at room temperature as compare
to AlSi10Mg (356 + 10 MPa) because of stress concentration in particles due to
which the interfacial linkage between the matrix material and reinforced particles
starts breaking from the weak grain boundaries, and hence premature failure occurs.
However, the composite has shown a higher yield strength throughout the tempera-
ture range, including room temperature and high UTS at elevated temperatures. The
micro-sized TiCN particles present at grain boundaries have formed the bridging
between the grains. Moreover, they also create heterogeneous nucleation sites during
solidification hence grains refinement occurs. They collectively help in strength-
ening the grain boundaries and improving the tensile yield strength throughout the
temperature range. While, at elevated temperature, the tensile strength is reduced,
but the elongation to failure improved significantly, which means higher ductility but
lower tensile strength. At higher temperatures, the multi-slip systems are activated
because of the mobility of atoms; hence the resistance to movement of dislocations
is reduced. The elongation difference at elevated temperature may be because of the
transition in the microstructure of LPBF AlISi10Mg having coarse-grained structure
to bimodal structure of LPBF TiCN/AISi10Mg. Moreover, the ductility of the LPBF
TiCN/AISi10Mg composite is less as compare to LPBF AlSi10Mg this is attributed
to micro-sized TiCN particles at grain boundaries and bimodal grain structure [113].
They have created a hindrance to the movement of dislocations, hence improving
tensile strength as clearly depicted in Fig. 15a.

This study shows that the LPBF TiCN/AlISi10Mg composite can be a promising
candidate for high-temperature applications as compare to LPBF AlSi10Mg because
it retains its ultimate strength and yield strength even at elevated temperature. In
contrast, the Al matrix composites fabricated through casting have lower strength
than LPBF because refined grains can be easily achieved in LPBF while we get coarse
grains by casting [114]. Moreover, this TICN ceramic particles reinforced composite
(TiCN/AISi10Mg) can be a better choice than heat-treated Al alloys because they are
precipitation hardened. However, these thermally stable TiCN particles reinforced
in the A1Si10Mg matrix further promote grain refinement during the LPBF process,
directly supporting attaining the higher tensile strength. In addition, TiCN (Compare
to SiC) has a significantly less tendency to react with the elements present in the
AlSil10Mg matrix and create any brittle phase itself in the composite. Hence it’s a
potential reinforcement element for the AMMCs [115].

Wang et al. [116] studied the mechanical behavior of SLM processed
Al0.9CoCrFeNi high-entropy alloy particles reinforced AISi10Mg matrix composite.
Three different samples of HEA/AI-10Si-Mg were manufactured using the same
parameters of SLM apart from power input, i.e., 190, 220, and 250 W, and the speci-
mens are named SLM C1, SLM C2, and SLM C3, respectively. The microstructures
are shown in Fig. 16b—d along with SLM- Al-10Si-Mg (Fig. 16a). Figure 16e depicts
that the maximum compressive strength and yield strength achieved by the SLM C1
specimen are 901 & 13 MPa and 515 £ 7 MPa, respectively. The strength decreases
considerably by enhancing the power input of the laser. The SLM C1 specimen of
the present work reveals higher strength than other AMCs, as compiled in Fig. 16f.
The weld pool temperature increases as the power input of laser increase from 190
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Fig. 16 SEM images of a SLM processed Al-10Si-Mg, with high magnification insert b SLM
C1 (insert: EDX mapping through BCC phase), ¢ SLM C2, d SLM C3 (insert: SEM image and
corresponding EDS mapping of o phase) e curve of compressive true stress-true strain for all
specimens, f other AMCs compressive properties comparison with SLM HEA/AI-10Si-Mg adapted
from Wang [116]

to 250 W as a consequence of high energy density, and hence more reaction starts
occurring among the particles of HEA and the Al-10Si-Mg matrix, which accelerate
the formation of Fe—Cr o phases (brittle), the o phases with EDS mapping is revealed
in Fig. 16d [117, 118]. The o phases hinder the formation of columnar grains of a-
Al phase by serving the newly created nuclei site for crystal growth. Moreover, the



Study of Mechanical Properties and Applications ... 287

compressive strength of SLM HEA/AI-10Si-Mg composites (SLM C2 and SLM C3)
reduced at higher power inputs is because of the increment in size and amount of o
phases. The SLM C1 has the residual hard HEA phases and the a-Al phase, which
has a higher dislocation density. Therefore, it attains maximum compressive strength,
the strength of the AI10SiMg matrix also improved because of grains of similar size
[119].

Liu et al. [120] study results revealed that the SLM manufactured TiC-
TiH2/AA2024 aluminium composite shows remarkable mechanical properties. The
tensile test results are presented in Fig. 17a. The tensile properties of both the as-
built AA2024 (240 £ 10 MPa) specimen and TiC-TiH,/AA2024(390 + 15 MPa)
sample are much higher as compare to as-cast AA2024 aluminium alloy (185 MPa)
[121]. Moreover the elongation percentage of as-built AA2024 specimen and TiC-
TiH,/AA2024 composite specimens are 0.3 £ 0.2%, and 12.0 &£ 0.5%, respectively.
This enhancement in mechanical properties is by virtue of grain refinement and
pinning effect on the grain boundaries promoted by the TiC nanoparticles. In addi-
tion to this, the dislocation movement is hindered by a higher volume fraction of fine
equiaxed grains at grain boundaries. The tensile strength and elongation percentage of
SLM processed TiC-TiH,/AA2024 composite specimen when heat treatment (T6)
achieve 490 £ 20 MPa, and 16.0 £ 1%, respectively, which is very near to the
traditionally forged AA2024-T6 alloys [121].

Remarkably, the serrated stress—strain curve of the TIC-TiH,/AA2024 composite
specimen in Fig. 17a shows the Portevin—Le chatelier (PLC) effect. That is because
of the interaction between mobile dislocations, Al;Ti/TiC particles, and diffusing
solute atoms during the tensile testing [122, 123]. Furthermore, the yield plateau
also appears in SLM processed TiC-TiH,/AA2024 composite, making it different
from the wrought aluminium alloys. This appearing of yield plateau may happen
because of inoculation with TiC-TiH, nanoparticles. However, similar changes in
the tensile test curve were also stated in other aluminium alloys fabricated with SLM
and having refined equiaxed grains [122, 123]. To completely understanding this
mechanism, more studies are required in this field.

Tensile fracture surface micrographs are shown in Fig. 17b—e. The AA2024
sample fracture morphology revealed columnar arms, and the grain boundaries
consist of a brittle fracture zone (Fig. 17b). In the case of TiC-TiH,/AA2024 sample
fracture surface, the absence of columnar fracture feature is noticed, and the dimples
with fine and uniform morphology along with particles that have precipitated at the
bottom of dimples were noticed, which is an indication of ductile fracture mechanism
(Fig. 17c). The heat-treated (T6) AA2024 sample majorly showing brittle fracture
mode. However, it also consists of some shallow dimples region mainly because of
coarse columnar grains and some cracks existence between those columnar grains
(Fig. 17d). While in the case of the T6 heat-treated TiC-TiH,/AA2024 specimen, the
ductile fracture features are still present. The properties are further improved because
of the homogenous and uniform distribution of TiC nanoparticles and the reduction
in pores (Fig. 17e). So far, additive manufacturing methods, fabrication of MMCs
and their different classifications, and how the mechanical properties are improved
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Fig. 17 a Tensile test curves of AA2024 and TiC-TiH,/AA2024 specimens fabricated by SLM.
Factographs of SLM processed b, d AA2024 specimen and ¢, e TiC-TiH2/AA2024 specimen. b,
¢ As-built, d, e after T6 heat treatment adapted from Liu [120]

being discussed, but the applications they concern about in different industrial sectors
are discussed in the next section.
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8 Applications of Additively Manufactured Lightweight
MMCs

In contrast to conventional alloys and metals, additively manufactured lightweight
MMCs are highly appreciated in applications where weight and complex design
are the most important consideration. Therefore aerospace, automotive healthcare,
and electronics and electrical sectors are some of the common sectors as mentioned
below.

(i) Automotive sector: Nowadays, AM gets the attention of the automobile sector
because of its ability to manufacture complex geometry components from small to
medium size like fuel injectors, carburettors, valves, and turbocharger wheel. AM has
proven that it can reduce the weight of complex components without compromising
the strength, reducing operating expenses and a lower rate of fuel consumption.
Complex parts of automobiles are generally manufactured by expensive casting and
followed by machining process, due to which the cost of parts increases. Hence
the AM is less expansive as compared to the casting process. [124]. An additively
manufactured racing care upright as shown in Fig. 18a.

(ii) Electrical and electronics sector: Recently, a satellite communication
antenna system was fabricated using Aluminium by additive manufacturing in a
single integrated piece [129]. But the fabrication or joining of Aluminium conduc-
tors is not easy by Additive manufacturing or conventional techniques because of
the low absorptivity of laser and oxidation during processing. The LPBF AlSi10Mg
alloy is the only Al alloy that is most investigated based on mechanical properties

Fig. 18 a Additively manufactured, a race car upright was made adapted from Petrovic [125] b 3D
Printed RF Electronics component [126]. ¢ A model of Vulcain 2 nozzle fabricated by DED having
more than 50 kg weight [115, 127] d Knee cap replacement components manufactured using 3D
printing [20], and e A jewellery fabricated by AM [128]
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and process parameters- microstructural correlation. However, It is found that the as-
cast Al alloy having much lower resistivity as compare to LPBF AlSi10Mg, so more
exploration is required to lower down the resistivity and make it a suitable material
and process for electrical applications [130]. An example of an antenna component
is shown in Fig. 18b. Interestingly, a study has confirmed the reduction in electrical
resistivity of an additively manufactured AlSi10Mg alloy by coating it through Ag—
Cu. Moreover, the Ag—Cu coating reduced the surface discontinuities like porosity,
micropores. It improved the surface roughness and a noticeable improvement in the
corrosion resistance of the additively manufactured AlSi10Mg alloy [131].

(iii) Aerospace sector: Lightweight composites are the most demanding material
in the aerospace industry because of lightweight, but the challenges of achieving
mechanical properties with the complex design requirement are not possible with
conventional technologies. At present, AM is the technology that can accept all
these challenges with material and cost optimization. Some most frequently used
AM techniques in aerospace industries are SLM, EBM [132], SLS [133], FDM, and
DED [1]. AM is the most exploring field for the fast repairing and fabrication of small
volume complex aerospace parts like aircraft wings, injectors, nozzle, diffusor vanes
to support space exploration [134]. “GKN Aerospace has reduced the production time
and cost by approximately 30% and 40% respectively by manufacturing the 2.5 m
diameter nozzle (see Fig. 18c) by additive manufacturing (DED) for ‘VULCAN 2.1°
engine manufactured by ‘AIRBUS SAFRAN LAUNCHERSs’ which also reduced the
around 100-1000 small components” [135]. Ding et al. have studied a thin-walled
component of variable thickness manufactured by an arc welding-based AM process
for an aircraft [136].

(iv) Healthcare sector: Biomedical is the major sector in which the AM is the most
demanding fabrication process. It is one of the industries where the most customized
and complex components are to be required. AM can quickly fabricate any compli-
cated customized component for specific personal requirements. Nowadays, it is
possible to fabricate the bones, jawbones, knee caps, windpipes, cell cultures,
vascular networks, and hip joints by AM techniques. SLS, FDM, SLM, and Inkjet
3DP are some techniques for medical applications [137]. The materials commonly
used for biomedical applications are composites, metals, ceramics, semi-crystalline,
and amorphous thermoplastics. The examples of knee cap replacement is shown in
Fig. 18d. Earlier, the surgeons have manipulated the standard casted implants them-
selves to make them suitable for a patient, but sometimes that is very difficult for the
body to accept that implant. Therefore today, the AM gains tremendous importance
in this field because of its accuracy, time-saving, and cost-effectiveness [138].

(v) Architectural and jewellery industry: The architectural and jewellery parts
are highly complex in shapes that require lots of manual effort and skills that are time-
consuming, costly, and sometimes even the design is so complex that it’s impossible to
manufacture manually [62, 128]. Therefore this sector also started taking advantage
of AM. An example of additively manufactured jewellery is shown in Fig. 18e.

The additively manufactured MMCs can be promising candidates in almost all the
major sectors because they have better properties than conventionally manufactured
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MMCs. Complex geometry can be easily fabricated, and the cost is also lesser.
However, they have some limitations, and those limitations are pointed in the next
section along with the conclusion of this chapter and the future potentials.

9 Limitations

Some contest regarding the fabrication of MMCs by AM process has been
summarized as follows [7, 139-143].

L.

During the additive manufacturing process, some unwanted reactions may
occur between the elements present in the system, which may depreciate
the composite’s material characteristics, mechanical properties, and corrosive
behaviour.

High energy input and turbulence in the melt pool may promote the uneven
dissolution of elements during the AM processing.

Thermal stresses and residual stresses may generate cracks at the interaction
of reinforcement and matrix or in the layers deposited by AM because of high
solidification rate, thermal gradient between the layers, and the reinforcement
and matrix material having a different coefficient of thermal expansion.

The high energy density input and over-heating to the system during the AM
process may cause the reduction in alloying element content due to which
specific material properties may be altered or lost.

The microstructure of a single layer may change by experiencing the thermal
history of subsequent layers deposition.

Generally, in AM ex-situ reinforced MMCs, the micro- segregation may occur
during the processing. The reinforced elements segregate inside the melt pool,
due to which the AM components may not accomplish the preferred properties.
The improper selection of process parameters may cause the balling effect. The
balling effect may influence the mechanical properties, surface roughness and
densification level of the AM components.

The most challenging task in AM is the process parameters optimization for
each specific material, their alloys, and composites.

10 Conclusion

From this study following conclusions have been derived.

By increasing the percentage of ZrB, reinforcement, the higher hardness is
achieved because of uniform distribution, excellent bonding, and the robust
interface between the reinforced (ZrB,) particles and aluminium alloy matrix.

The high microhardness of 218.5 HV(; has been obtained in the additively
manufactured (SLM) aluminium matrix composite reinforced by the SiC particles.
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e The SLM processed CNTs/Al composite has shown an improved microhardness
of 154.12 HV, because of grain refinement and high densification.

e The yield strength of LPBF processed aluminium matrix composites
(TiCN/AISi10Mg) improved by breaking the micro-scale reinforced particles into
submicrometer and nanometer sizes.

e The SLM processed high-entropy alloy particles reinforced aluminium matrix
composites have achieved a high compressive strength of 901 £ 13 MPa.

e The integration of TiC-TiH, nanoparticles into SLM processed AA2024
improved both tensile strength (390 + 15 MPa) and ductility (12.0 £ 0.5%)
simultaneously.

11 Future Scope

In the future, firstly, more comprehensive research on materials is required because
the only very selected category of materials are available for laser-based additive
manufacturing. In addition to the material, which is very demanding and challenging
to process, new approaches have to be developed for processing functionally graded
materials, HEAs, and bulk metallic glasses. The quality of the powder should be
assured before fabrication, so some mechanism has to be developed which interacts
with both research institutions and industries—secondly, lack of data for each cate-
gory of materials. There should be a standard system from where industries can easily
access the process parameters for a specific material and the component properties
required like surface roughness, mechanical properties, etc. The post-processing data
should also be collected at the same platform so that industries and laboratories can
easily get the initial database and can lead to a further step in the research field of
additive manufacturing of lightweight components. Finally, a multiscale simulation
is required, which running iteratively and help in optimizing the prefect strategy
process parameters according to orientation, strength, dimensional accuracy, and
surface roughness.
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