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Additive Manufacturing of In Situ Metal )
Matrix Composites s

Taban Larimian and Tushar Borkar

1 Introduction

Additive manufacturing (AM), also known as three-dimensional printing has
recently emerged as a subject of intense worldwide attention. Additive manufactur-
ing is the process of building three-dimensional (3D) objects in a layer form using
CAD data. Over the past three decades additive manufacturing has advanced from
creating basic models or rapid prototyping into near net shape processes and
gradually taking over the conventional methods in production of complex shaped
objects [1]. Additive manufacturing is also beneficial in terms of decreasing the lead
time and reducing the cost of a production of small number of parts [2]. Advances in
the additive manufacturing technology have made it possible to manufacture
complex-shaped metal components strong enough for real engineering applications
[3—16]. While laser additive manufacturing is becoming more and more important in
the context of advanced manufacturing for the future, most of the current efforts are
focusing on optimizing the required parameters for processing well-matured alloys
from powder feedstock to achieve reproducible properties, comparable to, or better
than, their conventionally processed counterparts. However, laser additive
manufacturing or processing also opens up a new horizon in terms of processing
novel alloys and composites that are difficult to process using conventional tech-
niques. According to the Wohlers Report 2015, the current additive manufacturing
market of $4.1 billion is expected to reach $21.2 in 5 years [17]. An additive
manufacturing system takes a computer generated geometric model as its input
and builds the geometry by depositing the constituent materials precisely in a
layer-by-layer fashion [1, 17, 18]. There are more than ten AM techniques that
have been developed so far, which include electron- beam melting (EBM), selective

T. Larimian - T. Borkar (0<)
Mechanical Engineering Department, Cleveland State University, Cleveland, OH, USA
e-mail: T.Borkar@csuohio.edu

© Springer International Publishing AG, part of Springer Nature 2019 1
B. AlMangour (ed.), Additive Manufacturing of Emerging Materials,
https://doi.org/10.1007/978-3-319-91713-9_1


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-91713-9_1&domain=pdf
mailto:T.Borkar@csuohio.edu

2 T. Larimian and T. Borkar

laser melting (SLM), stereolithography (SLA), fused deposition modeling (FDM),
and digital light processing (DLP), etc. [1, 17-24]. Because of the utilization of the
layer-by-layer process, additive manufacturing systems are capable of creating
geometrically complex prototypes and products efficiently in small to medium
quantities. It is thus best suited for applications requiring complex, high value,
time-sensitive, and customized products such as automobile and aerospace parts
(i.e. complex designs), broken part replacement (i.e. time-sensitive), and medical
implants (i.e. highly customized) such as replacement hip joints. This chapter mainly
focused on processing of in situ metal matrix composites via laser additive
manufacturing processes such as laser engineered net shaping (LENS)- directed
energy deposition type AM process and selective laser melting (SLM)- powder
bed fusion type AM process.

The LENS™ process, in recent years, is having a strong impact on the rapid
prototyping, small scale fabrication, and repair of complex parts in industry. Orig-
inally, the LENS™ process was developed at Sandia National Laboratories and
subsequently commercialized by Optomec Design Company. LENS™ process uses
focused laser beam for melting the metallic powders and 3-D CAD files for design-
ing the solid 3-D object prior to fabrication. LENS™ is a freeform additive
manufacturing (AM) process for near-net shaping of nearly fully dense, homoge-
neous bulk materials. The process begins with a computer aided design (CAD) file of
a 3-dimensional (3D) component, which is sliced into a series of layers with a
predetermined layer spacing/thickness on the order of 0.01 in (0.25 mm). Each
layer contains a tool path, which is followed by the multi-axis stage, while
pre-alloyed or blends of elemental powders are injected into a melt pool produced
by a high-powered laser. The process continues via the sequential deposition of
layers to develop the overall 3D shape of the component. Most of the worldwide
research and development activities related to additive manufacturing, or 3D printing
as it is often referred to, of metallic systems have focused on a rather limited set of
alloys, such as: stainless steels, certain nickel base superalloys, and conventional
titanium alloys. Furthermore, these alloys have all been processed using pre-alloyed
powder feedstock with efforts directed to optimizing feedstock characteristics and
deposition parameters to achieve additively manufactured components with proper-
ties comparable to wrought or conventional thermo-mechanically processed mate-
rials. While these efforts are critical in order to establish 3D printing/additive
manufacturing as viable technologies for future manufacturing, the potential of
these technologies is underexploited for the development and processing of in situ
metal matrix composites via additive manufacturing processes.

Controllable microstructure by altering the processing parameters is another
advantage that laser additive manufacturing offers. Processing parameters such as
energy density, hatch spacing, powder feed rate scanning speed and strategy have
tremendous effect on mechanical properties, residual stress and microstructural
characteristics such as morphology and grain size [25]. The importance of
processing parameters is due to their impact on the melt pool size, cooling rate,
thermal gradient and consequently the residual stresses [25]. Two of the most
important parameters are laser power and scanning speed. Higher energy along
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with lower scanning speed will result in more incident energy which results in lower
cooling rate and consequently a coarser microstructure. According to equation
bellow, the energy density can be altered by changing the scanning speed, more
energy equals more melted material [26].

E — P 2r2r
Pz v s

E, = energy density (J/m?).

P = laser power (W).

v = scanning speed (m/s).

s = scan line spacing (m), and.
r = beam radius (m).

Despite the increase in melting, increasing the laser power has one main disad-
vantage of causing balling defect and dross formation in melt pools and might result
in rougher surface finish [27].

2 Metal Matrix Composites

There is an increasing demand from aerospace and automotive sectors to develop
new advanced materials which contribute to weight savings, improve energy effi-
ciency, withstand harsh structural loadings, and enhanced tribological performances.
To attain such special attributes, the material should possess high specific strength,
elastic modulus, and stiffness additional to enhanced functional characteristics.
Traditionally, metals and alloys were unable to fulfill these demands. Fortunately,
development of metal matrix composites (MMCs), a perfect response and promising
material, cater to these requirements. Tailorable characteristic and improved prop-
erties of MMCs, such as higher specific stiffness and strength, excellent wear
resistance, controlled coefficient of thermal expansion, higher fatigue resistance,
and better stability at elevated temperature, are now quickly replacing existing
metals or their alloys. MMCs comprise of combined properties of metals as matrices
(ductility and toughness), and ceramic reinforcements (high modulus and strength)
in the form of continuous or discontinuous fibers, whiskers, or particulates. The
reason for increasing demand of metal matrix composites for structural applications
is mainly due to their exceptional mechanical and physical properties as well as
inexpensive reinforcements and isotropic properties [28]. Metal matrix composites
have also played a role in reducing the weight in aerospace structures by decreasing
the alloy density [29]. The commonly used reinforcement materials are oxides,
nitrides and carbides, whereas titanium, magnesium, aluminum, copper and nickel
alloys are used as matrix materials [28, 30]. These metal matrix composites are
broadly classified as ex-situ and in-situ metal matrix composites based on the nature
of reinforcement formation during their fabrication process. During these tech-
niques, ceramic reinforcements were externally added prior to composite fabrication
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into the matrix material (which may be in molten or powder form). The main
disadvantages of these conventional ex-situ metal matrix composites involve size
limitation of reinforcing phase, which is nothing but the starting powder size,
interfacial reaction between the reinforcement and matrix, and poor wettability
between the reinforcements and the matrix due to surface contamination of rein-
forcements. The physical and mechanical properties of metal matrix composites are
primarily governed by size and volume fraction of reinforcement as well as the
nature of the matrix reinforcement interface. The uniform dispersion of fine and
thermally stable ceramic particulates in the metal matrix is desirable for achieving
optimum mechanical properties of metal matrix composites. This leads to the
development of novel in situ metal matrix composites in which precipitates are
synthesized in metallic matrix by a chemical reaction between elements or between
elements and compounds during the composite fabrication. The in-situ metal matrix
composites exhibit many advantages over ex-situ metal matrix composites: (a)
In-situ formed reinforcements are thermodynamically stable and lead to less degra-
dation at elevated temperatures; (b) Strong interfacial bonding between the matrix
and the reinforcement due to clean matrix-reinforcement interface due to absence of
any interfacial reaction between matrix and reinforcement; and (c) Better physical
and mechanical properties due to homogeneous dispersion of fine-scale reinforce-
ments into matrix.

In situ formation of reinforcement is the promising fabrication route for
processing metal matrix composites in terms of both technical and economic con-
siderations. In situ metal matrix composites have better control over physical and
mechanical properties due to their greater control on the size and level of reinforce-
ments, as well as the matrix-reinforcement interface. Mechanical and physical
properties of metal matrix composites are mainly governed by properties of the
matrix, dispersion of the reinforcement, interfacial bonding between matrix and
reinforcement, and finally the processing method. Various processing routes have
been developed due to the great potential and widespread applications of these in situ
metal matrix composites that involve matrix materials (titanium, nickel, aluminum
and copper) and in-situ reinforcements (carbides, nitrides, and borides). Laser
Additive processing of in situ metal matrix composites opens up new horizon to
process multifunctional monolithic metal matrix composites that are difficult to
process via traditional manufacturing processing such as laser cladding. These
MMCs have been processed either by in situ reaction between elemental blend
powders or by in situ reaction between elemental blend powders and reactive
gases (nitrogen, oxygen, etc.) during laser additive processing. The following
section discusses few examples of in situ metal matrix composites processed via
laser additive manufacturing processes.
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2.1 In-Situ Reactions Between Elemental Blend Powders
2.1.1 Aluminum Matrix Composites: Al-Fe,O3

As mentioned before, Selective laser melting is a laser based additive manufacturing
process which is not only capable of producing fully dense three dimensional parts,
but can also be used for achieving in-situ reactions between powder particles
[31]. Compare to aluminum and it’s alloys, Aluminum metal matrix reinforced
with alumina and silicon carbide has better properties in terms of higher strength,
lighter weight, thermal conductivity, better wear resistance, and stiffness. Therefore
aluminum matrix composites are widely used in the aerospace and automotive
industries [32, 33]. The mechanical properties of aluminum alloys can be easily
tailored by varying the processing conditions such as solidification rate, is another
advantage [34, 35, 52]. As compared to conventional processing routes additive
manufacturing provides processing flexibility, which helps in achieving refine and
uniform distribution of reinforcement (alumina and iron) within aluminum matrix
leading towards better mechanical performance [31]. Sasan et al. have processed
mixture of aluminum and Fe,Oj3 to obtain in situ Al,03 and Fe; Al within aluminum
matrix [31]. Fe,Os is an inexpensive reinforcement which can reduce the amount of
energy required for the selective laser melting of aluminum matrix composites
[36]. The following stoichiometric reaction reveals the fact that laser produces
extra heat and activates thermite interactions during SLM processing:
8Al + 3Fe,0; — 2Fe3;Al + 3Al,05 + heat, in which Al reduces the Fe,O3
[37]. The extra heat produced during the in-situ reaction not only helps to decrease
the energy input required to melt powders but also helps in consolidation of the
composites powder. Also, Melting pool which plays an important role in process
optimization can be extended in comparison to pure aluminum [36]. Figure la, b
show the effect of Fe,O3 content on the melt pool size for the parts fabricated with
the same SLM processing parameters (laser energy and scanning speed).

The Al/5Swt.%Fe,O3; composites create smaller molten pool (Fig. 1a) as compared
to Al/15wt.%Fe,05 composites (Fig. 1b) mainly due to the higher heat released from

Fig.1 The visual appearance of parts being fabricated from (a) Al/5wt.%Fe,05 and (b) Al/15wt.%
Fe,0; powder mixture using P = 82 W and v = 0.33 m/s. (Reprinted with permission from [36])
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Fig. 2 Typical microstructural views of the SLM part fabricated from Al/S wt% Fe,O5; mixture; (a)
Optical microscopy image showing random grain structure, (b) SEM overall view of grain structure
and (c) previous image with higher magnification showing fine particles formed inside grains and
boundaries (overall chemical composition was acquired by EDS). (Reprinted with permission from

(31D

the mixture with higher Fe,O; content [36]. Selective laser melting process is
capable of producing net-shape aluminum matrix composite parts with uniform
properties [31]. The content of Fe,O3 has significant influence on hardness, density
and surface roughness since it can manipulate the amount of energy released in the
reaction and subsequently the surface profile. The amount of Fe,O; does not have
significant effect on the densification of the composites but microhardness signifi-
cantly increases with increases in Fe,O3 content. The optical microscopy image of a
SLM processed Al-Fe,O; composites are shown in Fig. 2a, exhibiting random grain
structure [31]. Scanning electron microscope (SEM) images shows uniform distri-
bution of fine particles within grains and grain boundaries (Fig. 2b, c). The micro-
structure shows uniform distribution as well as excellent interfacial bonding of very
fine particles (50-2000 nm) within Al matrix which leads to improvement of the
mechanical properties of these composites. X-ray diffraction pattern (Fig. 3) con-
firms the presence of Al,Oj3 in these composites which confirms the formation of in
situ precipitates during the SLM processing of Al-Fe,O3 composites.
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2.1.2  AlSi;yMg-SiC

Selecting the proper reinforcement for metal matrix gives the opprtunity to design
MMCs with better strength and stiffness. Low hardness and poor wear performance
of alliuminum alloys hinder their use in high temperature surface engineering
applications. One way to improve their hardness and wear propeerties is to reinforce
them with hard precipitates such as SiC, Al,O;, and TiB,, due to their good
corrosion resistance and high hardness [38—41]. Alluminum matrix composites are
widely utilized in aerospace and automative indstries, such as use of fiber reinforced
alluminum metal composites by Toyota for their diesel engine pistone or using
25 vol%.SiC particulate as reinforcement in 6061 aluminum matrix composite for
aerospace applications. In-situ Al4SiC,4 + SiC composites have been fabricated via
selective laser melting (SLM) of AlSi;oMg and SiC powder mixture. Major draw
backs in SLM processing of aluminum matrix composites are the low wettability
between the reinforcing particles and the Al matrix, low laser energy absorption by
aluminum and it’s propensity to react with oxygen at high temperatures [42-45]. Fe
Cheng et al. have processed in situ Al;SiC4+ SiC reinforced Al matrix composites
via SLM process in order to investigate the effect of starting SiC particle size on
densification, microstructure, in-situ reaction, and tribological properties of these
composites. Figure 4 shows the XRD patterns of SLM processed Al4SiCy+ SiC/ Al
composites fabricatedusing different size SiC particles. These results clearly shows
the effect of SiC particles significantly affects the in situ reaction between Al and SiC
during SLM processing. The larger SiC particles leads to weaker Al4SiC, peaks
whereas stronger intensity observed for the composites processed using finer SiC
particles. This observation clearly suggests that finer SiC particles enhance the in situ
reaction during SLM processing which leads to increase in volume fraction of
AlSiC,4. Reinforcemnet in Al matrix. Table 1 shows the variation of 260 position
and the Al peak intensities in SLM processed Al4;SiC4+ SiC/ Al composites using
different SiC particle sizes. This clearly shows that intensity of Al peaks decreases
with reduction in silicon carbide particles size, whereas FWHM increases with
decrease in SiC particle size [46, 47]. Since aluminum has a relatively low
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Fig. 4 XRD spectra of .
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Table 1 Variation of 26 locations and intensities of the Al diffraction peaks in SLM-processed
(Al4SiC4 + SiC)/Al hybrid reinforced composites with different SiC particle sizes

Sample 20 (°) Intensity FWHM 20 (°) Intensity 260 (°) Intensity
Standard 38.47 44.72 65.10

D5y = 50 pm 38.52 628 0.302 4474 322 65.28 317
Dso=15pum | 38.52 492 0.356 4474 239 65.18 135

Dsy =5 pm 38.50 231 0.387 44.82 116 65.16 86

Adapted from [46]

absorption rate for laser energy, addition of high energy absorptive- silicon carbide
particles will help in overall increase in energy absorption rate that leads to form
sufficient liquid and more stable molten pools [45, 48]. Furthermore, increase in
molten pool’s temperature due to increase in the energy absorption rate will result in
a better liquid-solid wettability [46]. Size of SiC particles has an effect on density of
aluminum matrix composites, since the specific surface area between melt of
aluminum and silicon carbide changes with the SiC particle size. The specific surface
area between the reinforcement and matrix is limited in the case of coarser SiC
particles, consequently the wettability between SiC particles and aluminum matrix
decreases leading towards lowering the density SLM processed Al composite. Fine
SiC particles help in accelerating the in-situ reaction between matrix and reinforce-
ments which increases their density as well as mechanical properties, improving the
density of Al composites [5, 46]. Decreasing the size of SiC particle also enhances
the Wear performance and micro hardness of the samples due to higher density and
homogenous microstructure. When the SiC is too coarse, less amount of particles
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Fig. 5 FE-SEM images showing the typical morphologies of in-situ reinforcements and the EDX
results showing the chemical compositions in SLM-processed (Al4SiC4 + SiC)/Al hybrid
reinforced composites using the fine SiC particles: (a) plate-like reinforcement; (b) particle-shaped
reinforcement. (Reprinted with permission from [46])

melt during the SLM process, and the interface between SiC particle and Aluminum
is insufficient, consequently the in situ reaction between Al and SiC is hindered.
Furthermore, residual irregular-shaped SiC particles result in microstructural hetero-
geneity and a significant decrease in densification level [46]. When the SiC particles
are finer, the average size of the remaining SiC particles is smaller and the composite
is more homogenous. Two different microstructures of Al4SiC4 that are created
from the in situ reaction between aluminum and SiC micron-sized plate-like struc-
ture and nearly nano-sized particle structure shown in Fig. 5 [46]. Process of forming
Al4SiC4 phase during the in-situ reaction between Al and SiC, includes creation of
irregular nuclei on the interface of Al and SiC. As the in-situ reaction progresses,
these nuclei begin to grow and shape plate-like structures. Homogeneous dispersion
of plate-like Al4SiC4 has a crucial role in enhancing the mechanical properties of the
SLM processed parts [46].

2.1.3 Nickel Matrix Composites: Ni-Ti-C

Nickel and nickel base superalloys are widely used in aerospace applications
(aircraft jet engines, and land base turbines) as well as in land-based applications,
including the petrochemical and nuclear energy sectors, due to their excellent
properties such as high resistance to corrosion as well as fatigue and low thermal
expansion. Titanium carbide (TiC) has a very high hardness (2859-3200 HV), high
melting point (3160 °C), low density (4.93 g/cm?), and high mechanical strength, but
it is very brittle and cannot be used as a monolithic ceramic [49-54]. Therefore,
titanium carbide reinforced nickel matrix composites are considered as a good
candidate for high temperature refractory, abrasive, and structural as well as surface
engineering applications. Also, in contrast to most other metals, nickel exhibits a low
wetting angle with titanium carbide, which leads to significant improvements in the
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interfacial bonding in titanium carbide reinforced nickel matrix composites. Ni-TiC
composites exhibit a good balance of properties combining the ductility and tough-
ness of the nickel matrix with the high strength and modulus of the TiC reinforce-
ment making these composites promising candidates for high temperature structural
applications. Furthermore, TiC reinforced nickel matrix composites can also be
considered as potential replacements for WC-Co based wear-resistant materials for
surface engineering applications. Ni-TiC-C composites exhibited excellent wear
resistant properties due to the presence of the graphitic phase, which plays an
important role as an in situ solid lubricant during friction. Using laser engineered
net shaping (LENS™), novel monolithic composites based on Ni-Ti-C have been
developed that combine properties such as solid lubrication (e.g. graphite), high
hardness (e.g. TiC), and high fracture toughness (e.g. nickel), for structural as well as
surface engineering applications. These multifunctional, monolithic composites are
needed in industrial applications, such as drilling components (wear band, stabilizer,
drill collar, etc.), tunnel boring, and land base turbines. Laser Engineered Net
Shaping (LENS™) provides processing flexibility, e.g. in situ composites and
functionally graded materials, that traditional laser cladding/hard facing techniques
cannot provide. A new class of Ni-Ti-C based metal matrix composites has been
developed using the laser engineered net shaping (LENS™) process. These com-
posites consist of an in situ formed and homogeneously distributed titanium carbide
(TiC) phase reinforcing the nickel matrix. Additionally, by tailoring the C/Ti ratio in
these composites, an additional graphitic phase can also be engineered into the
microstructure. The following four types of composites have been processed via
LENS™ process in order to investigate the effect of excess graphite on microstruc-
ture, microhardness, and tribological properties of these composites: Ni-10Ti-5C,
Ni-10Ti-10C, Ni-7Ti-20C, and Ni-3Ti-20C. 3D characterization of laser-deposited
in situ Ni-Ti-C based metal matrix composites, reveals homogeneously distributed
primary and eutectic titanium carbide precipitates as well as a graphitic phase
encompassing the primary carbides, within a nickel matrix. The morphology and
spatial distribution of these phases in three dimensions reveals that the eutectic
carbides form a network linked by primary carbides or graphitic nodules at the
nodes, suggesting interesting insights into the sequence of phase evolution. These
three-phase Ni-TiC-C composites exhibit excellent tribological properties, in terms
of an extremely low coefficient of friction while maintaining a relatively high
hardness. Backscattered SEM images of Ni-Ti-C composites with varying C/Ti
ratio is shown in Fig. 6. Ni-10Ti-5C (Fig. 6a) composite exhibits only fine needle
like eutectic TiC precipitates whereas Ni-10Ti-10C (Fig. 6b) composite shows the
presence of both fine needle like eutectic as well as cuboidal primary TiC pre-
cipitates. As carbon to titanium ratio increases both Ni-7Ti-20C (Fig. 6¢) and
Ni-3Ti-20C (Fig. 6d) composites show the presence of black graphite phase along
with dark grey TiC precipitates. Ni-7Ti-20C exhibits larger primary TiC precipitates
than that of Ni-3Ti-20C mainly because of higher atomic percentage of titanium. The
3D microstructure of Ni-10Ti-10C and Ni-3Ti-20C composites is shown in Fig. 7,
where primary (cuboidal shaped) and eutectic (plate-shaped) TiC reinforcements in a
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Fig. 6 Backscatter SEM images of LENS deposited (a) Ni-10Ti-5C, (b) Ni-10Ti-10C, (c)
Ni-7Ti-20C, and (d) Ni-3Ti-20C composites. (Modified from [4])

Ni matrix have been reconstructed. 3D microstructural characterization of Ni-Ti-C
composites revealed:

(a) Different morphologies of primary and eutectic TiC precipitates: primary TiC
precipitates exhibit a cuboidal morphology whereas eutectic TiC precipitates
appear to exhibit a plate-like morphology.

(b) Primary Graphite phase engulfs TiC precipitates.

(c) Primary TiC precipitates act as heterogeneous nucleation sites for the eutectic
precipitates during solidification leading to a carbide network formation.

3D characterization leads to novel understanding of the sequence of phase
evolution during solidification for these complex metal matrix composites. The
connectivity between the carbide precipitates is nearly impossible to visualize
based on the 2D SEM images shown in Fig. 6. The distinction between the cuboidal
primary TiC precipitates and the plate or needle-shaped eutectic TiC precipitates is
more difficult in Ni-3Ti-20C composites because the primary precipitates are smaller
in size as clearly shown in the 3D reconstruction. The Vickers microhardness values
for the Ni-Ti-C composites and pure Ni have been listed in Table 2. Comparing these



12 T. Larimian and T. Borkar

Fig. 7 3D reconstruction of _ .
LENS deposited (a) E Ni-10Ti-10C
Ni-10Ti-5C and (b)

Ni-3Ti-20 composites.
(Modified from [4])
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Fig. 8 Steady state friction 1.0
coefficient as a function of

sliding distance up to 140 m

for LENS deposited pure 0.8-
Nickel, Ni-10Ti-10C,
Ni-7Ti-20C, and
Ni-3Ti-20C composites.
(Modified from [4])
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microhardness values, the Ni-10Ti-10C composite exhibited a substantially higher
hardness of 370 VHN as compared to 165 VHN for the LENS™ deposited pure Ni
and all other Ni-Ti-C composites. These microhardness values clearly show a trend
of decreasing hardness as a function of increasing C/Ti ratio in the composite. The
Ni-10Ti-10C composites exhibit highest hardness mainly due to the presence of high
volume fraction of titanium carbides (both primary and eutectic) as compared to pure
nickel as well as other Ni-Ti-C composites. Figure 8 shows Friction coefficient
versus distance plot LENS™ deposited Ni-10Ti-10C, Ni-3Ti-20C, Ni-7Ti-20C
composites and pure nickel. It is clear that the graphite and TiC phases in the
composite were beneficial towards reducing the friction coefficient with respect to
the pure nickel sample. While the presence of TiC reduces the coefficient of friction,
as observed in case of the Ni-10Ti-10C composite, the presence of the lubricious
graphitic phase can play a more dominant role in reducing the friction for these
composites. This is evident from the friction curves for the Ni-7Ti-20C and
Ni-3Ti-20C composites. The friction coefficient in case of Ni-7Ti-20C is marginally
lower as compared to Ni-10Ti-10C due to the presence of the graphitic phase in the
former. However, the most promising composite appears to be the Ni-3Ti-20C
composite, which exhibits a drastic reduction in friction coefficient (~0.2) when
compared to any of the other composites, mainly due to the presence of a substantial
fraction of the graphitic phase as well as TiC precipitates. All the Ni-Ti-C compos-
ites exhibit very high microhardness as well as excellent tribological properties when
compared to pure nickel. The Ni-10Ti-10C composite exhibits highest
microhardness due to the presence of primary as well as eutectic TiC precipitates,
whereas the Ni-3Ti-20C composite exhibits excellent tribological properties due the
presence of solid lubricious graphite phase along with TiC precipitates. Thus, these
Ni-Ti-C composites, especially the Ni-3Ti-20C composite, appear to be promising
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materials for high temperature surface engineering applications requiring high
hardness with improved solid Iubrication.

2.1.4 Titanium Matrix Composites: Ti-B and Ti64-BN

Even though in situ metal matrix composites have several advantages over ex situ
metal matrix composites, very few researchers have studied in situ metal matrix
composites processed via laser additive manufacturing. This section will give the
overview of those in situ metal matrix composites processed via laser additive
manufacturing Himanshu et al. [55, 56] have performed in situ nitridation of
titanium alloys using laser gas nitriding in the laser engineered net shaping
(LENS™). There is a significant improvement in microhardness as well as wear
resistance observed in those composite coatings due to the presence of TiN and Ti,N
along with unreacted a-Ti phase. These nitrided precipitates exhibited dendritic
morphology and uniformly distributed within a-Ti matrix. Das et al. [57, 58] have
processed TiB + TiN reinforced composite coatings using Ti-6Al-4 V and hexagonal
boron nitride (h-BN) powders via LENS™ process. TiB-TiN reinforced Ti64 coat-
ings have been processed with varying BN wt% as well as laser power. The TiN
phase exhibits coarse dendritic and needle-like structure whereas TiB phase exhibits
fine rod-like structure (Fig. 9). During laser processing BN decomposes and react
with molten titanium which give rise to TiB and TiN precipitates. These composite
coatings have shown significant improvement in fracture toughness as well as
tribological properties as compared to Ti-6Al-4 V alloy. Hooyar et al. [59] have
processed Ti-TiB composites via selective laser melting process using milled
Ti-TiB, powders. SEM images of both cross-sectional and longitudinal sections of
SLM processed Ti-TiB composites are shown in Fig. 10. The TiB precipitates
exhibit needle-shape morphology and are uniformly distributed within titanium
matrix. The Ti-TiB composites have shown significant improvement in
microhardness (402 HV) and compressive yield strength (1103 MPa) as compared
to SLM-processed CP-Ti (261 HV and 560 MPa). These superior mechanical
properties have mainly attributed due to the strengthening and hardening effects of
the TiB particles and grain refinement of the a-Ti matrix. Vamsi et al. [60] have
deposited ZrO, coatings on titanium substrate using Zr powder via LENS process in
Ar + O, inert atmosphere. Laser oxidized Zr coatings have shown enhancement in
osteoblast cell adhesion as well as in the wear resistance due to the presence of
monoclinic as well as tetragonal ZrO,. Ti alloy-TiB composites combine the high
strength and stiffness of the borides with the toughness and damage tolerance of the
Ti-alloy matrix. These composites have been extensively researched since they offer
attractive properties, such as: high stiffness, enhanced elevated temperature strength,
good creep performance, fatigue resistance and wear resistance. Since the boride
reinforcement was formed as a consequence of a chemical reaction in such compos-
ites, a homogeneous dispersion consisting of refined scale borides results. Further-
more, the boride phase that forms in these in situ composites is in thermodynamic
equilibrium with the matrix. Unlike reinforcement phases added from external
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Fig. 9 Typical high-magnification SEM microstructures showing Ti-BN reactions products in
laser-processed, BN-reinforced Ti6Al4V alloy composite coatings: (a) SBN-300/20 (38 J mm2);
(b) 15BN-300/20 (38 J mm2), (¢) 5SBN-400/10 (102 J mm?), (d) 15BN-400/10 (102 J mm?).
Inset shows scale of TiB nanorods in respective coatings. (Reprinted with permission from [57])

sources, in situ composites consist of contaminant-free boride-matrix interfaces,
which are significantly stronger. Banerjee et al. have processed Ti-TiB composites
via the LENS™ process from a blend of pure elemental Ti and B powders while Ti
alloy-TiB composites were deposited from a blend of pre-alloyed Ti-6Al-4 V and
elemental boron [61-64]. The homogeneous dispersion of the fine TiB precipitates
achieved in laser deposited Ti alloy-TiB composites deposited using LENS process
was expected to significantly strengthen the a-Ti or a/f Ti-6Al-4 V matrix and
consequently holds promise from the viewpoint of enhanced high temperature
mechanical properties such as creep as well as wear resistance of these composites.
Figure 11 shows the microstructure of LENS™ deposited Ti-6Al-4 V-TiB compos-
ites. The needle-shaped TiB precipitates are uniformly distributed with titanium
matrix. In addition, since these were in situ composites, the reinforcing TiB pre-
cipitates were thermodynamically stable at high temperatures, chemically compati-
ble with the matrix, as well as bonded strongly to the matrix due to the clean interface
between the matrix and the reinforcement. Sonia et al. have processed in situ Ti-Nb-
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Fig. 10 SEM images for the microstructures of the SLM-produced Ti—TiB composite at different
magnifications: (a, b) cross-sectional views and (c, d) longitudinal views showing needle-shape TiB
particles within the Ti matrix. White arrows indicate TiB particles. (Reprinted with permission from

[59D)

Zr-Ta-TiB composites via LENS™ technique from a blend of pure elemental
titanium (Ti), niobium (Nb), zirconium (Zr), and tantalum (Ta) powders mixed
with titanium diboride (TiB,) powders [47, 48]. The microstructure of the LENS™--
deposited TNZT+2B alloy at different magnifications is shown in the backscatter
SEM images in Fig. 12. Two types of TiB precipitates have been observed within
titanium matrix. The coarser precipitates have hexagonal-shaped geometry whereas
eutectic TiB precipitates exhibit fine needle-shape morphology. TNZT-TiB com-
posites have shown significant improvement in wear resistance as compared to
TNZT alloys.

2.2 In Situ Reaction Between Elemental Blend Powders
and Reactive Gases

2.2.1 Ti-Mo-N
Titanium alloys are attractive candidates for structural, marine, aerospace, biomed-

ical (such as in dental and orthopedic as bone implants) and other industrial
applications due to their excellent strength to weight ratio, ductility and formability,
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Fig. 11 (a) Backscatter
SEM micrograph showing
the overall microstructure of
the LENS™ deposited
Ti-6Al-4 V-TiB composite
with TiB precipitates
distributed within an a +
matrix. (b) Bright-field
TEM micrograph showing
two TiB precipitates in the
Ti-6Al-4 V matrix.
(Reprinted with permission
from [64])

Fig. 12 (a) Lower
magnification and (b) higher
magnification backscatter
SEM images of LENS™
as-deposited TNZT+2B
alloy composites showing
both coarser primary borides
exhibiting contrast within
the same boride precipitate
as well as finer scale eutectic
borides. (Reprinted with
permission from [62])
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corrosion resistance and biocompatible properties. However, titanium alloys suffer
from rather poor surface hardness and wear resistance properties. One way of
improving the hardness as well as tribological properties of titanium alloys is by
reinforcing the soft matrix with hard precipitates, such as titanium nitrides, carbides,
and borides. These reinforcements can be introduced either via direct incorporation
of such hard compounds in the matrix during processing, or via in situ reaction with
solid or gaseous precursors, resulting the formation of hard precipitates as well as via
surface engineering techniques such as nitriding. Focusing on nitride reinforced
titanium alloys, the most commonly used technique is surface nitridation of these
alloys via heating at elevated temperatures in a flowing nitrogen atmosphere.
Another approach that has been employed is the direct introduction of §-TiN and
TiB particles during laser deposition of Ti-6Al-4 V. The forming processing
approach, nitridation in a gaseous atmosphere, has been applied to the case of
Ti-Mo alloys, resulting in the formation of a continuous surface §-TiN layer and a
sub-surface microstructure consisting of laths (or plates) of either the same §-TiN
phase or a nitrogen rich a(Ti, N) solid solution phase, dispersed within the  matrix.
While such surface nitridation via heating in a nitrogen atmosphere is a simple and
inexpensive way to achieve a case-hardened layer, the time required and the depth of
penetration are rather limited and it is difficult to introduce hard nitrides (or other
nitrogen enriched hard phases) within the bulk of the material. The direct introduc-
tion of nitride and boride particles during laser deposition of titanium alloy powders
can obviate this problem. However, the quality of such an interface between such
externally introduced reinforcements and the alloy matrix can be rather difficult to
control and therefore ideally a reinforcement created as a product of an in-situ
reaction offers the advantage of a thermodynamically stable and clean interface
with the matrix. Furthermore, by employing an in-situ nitride (or nitrogen enriched
hard « phase) formation reaction, a more uniform and homogeneous distribution of
the nitride phase can be potentially achieved throughout the matrix. In situ
nitridation during laser deposition of titanium-molybdenum alloys from elemental
powder blends has been achieved by introducing the reactive nitrogen gas during the
deposition process. Ti-Mo-N alloys have been deposited using the laser engineered
net shaping (LENS™) process and resulted in the formation of a hard a(Ti,N) phase,
exhibiting a dendritic morphology, distributed within a f(Ti-Mo) matrix with fine
scale transformed a precipitates. Varying the composition of the Ar + N, gas
employed during laser deposition permits a systematic increase in the nitrogen
content of the as-deposited Ti-Mo-N alloy. Interestingly, the addition of nitrogen,
which stabilizes the a phase in Ti, changes the solidification pathway and the
consequent sequence of phase evolution in these alloys. The nitrogen enriched hcp
a(Ti,N) phase has higher c/a ratio, exhibits an equiaxed morphology, and tends to
form in clusters separated by ribs of the molybdenum (Mo) rich f phase. The Ti-Mo-
N alloys also exhibit a substantial enhancement in microhardness due to the forma-
tion of these a(Ti,N) phase, combining it with the desirable properties of the S-Ti
matrix, such as excellent ductility, toughness, and formability. All Ti-Mo-N alloys
were deposited inside a glove box of LENS™ machine with controlled gas atmo-
sphere. Pure Ar (Alloy 1), 25% N»—75% Ar (Alloy 2), 50% N,—50%Ar (Alloy 3) and
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Fig. 13 (a) Low and (b) high magnification backscatter SEM image of LENS deposited Alloy
1. (¢) Low and (d) high magnification backscatter SEM image of LENS deposited Alloy
2. (Reprinted with permission from [5])

75% N»-25% Ar (Alloy 4) were the atmospheres used for fabrication of deposits. A
series of backscattered SEM images recorded from the Ti-Mo-N alloys are shown in
Figs. 13 and 14. Figure 13a, b show the microstructure for the binary Ti-Mo alloy
deposited in 100% argon (Ar) atmosphere. The nominal composition of this alloy
measured using energy dispersive spectroscopy (EDS) in the SEM is Ti-10wt%Mo.
The microstructure primarily consists of uniformly distributed fine scale precipitates
of a second phase, presumably « precipitates, exhibiting a bimodal size distribution
within the f-matrix. This bimodal size distribution of a precipitates can be rational-
ized on the basis of a two-step decomposition of the f-matrix, wherein the coarser a
precipitates presumably result from the deposition of the layer during LENS™
processing, while solid-state re-heating of the same layer, when the subsequent
layer is being deposited on the top, results in the secondary decomposition of
forming the finer scale a. The inherent rapid cooling rates involved in laser deposi-
tion, also contribute to such non-equilibrium f decomposition processes. Thus,
while during laser deposition of a layer, the phase evolution follows the sequence
liquid to f§ to § + a, the inherently rapid cooling rates involved do not result in an
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Fig. 14 (a) Low and (b) high magnification backscatter SEM image of LENS deposited Alloy
3. (¢) Low and (d) high magnification backscatter SEM image of LENS deposited Alloy
4. (Reprinted with permission from [5])

equilibrium composition of the # matrix. Therefore, on subsequent re-heating of the
same layer when a layer on top is being deposited, there is a further decomposition of
the retained f# matrix to form fine scale secondary a precipitates. The aspect ratio of
this finer scale «a is substantially larger than those of the coarser a precipitates.
Figure 13c, d show the microstructure of the Ti-Mo-N alloy deposited using a 75%
Ar-25% N, atmosphere in the LENS™ glovebox as well as the center gas purge and
the powder carrier gas. The microstructure clearly exhibits two precipitate phases
having rather different morphologies. The coarser precipitates appear to exhibit an
equiaxed or globular morphology with curved interfaces separating them from the g
matrix, suggesting that these interfaces are presumably incoherent in nature. In
contrast, the finer scale precipitates exhibit a sharper faceted morphology suggesting
that the precipitate/matrix interface is likely to be semi-coherent. The identity of
these two types of precipitates cannot be determined based solely on the backscatter
SEM evidence presented in Fig. 13c, d. However, the morphology and contrast of
the finer scale precipitates suggests that the a precipitates exhibited smaller aspect
ratios when compared with those observed in case of the binary Ti-10Mo alloy
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deposited under a pure Ar atmosphere (Fig. 13a, b). As the N, content in the Ar + N,
mixture used in LENS™ deposition increases, the size and volume fraction of the
coarser equiaxed second phase precipitates increases significantly in the microstruc-
ture, as revealed in Fig. 14. Backscattered scanning electron microscope images of
Ti-10Mo alloys LENS™ deposited under a 50% Ar-50%N, mixture are shown in
Fig. 14a, b while Fig. 14c, d correspond to an alloy deposited under a 25% Ar-75%
N, mixture. There is also a corresponding decrease in the f volume fraction with
increasing N, content in the gaseous atmosphere used for deposition. Thus, the
primary microstructural influence of introducing nitrogen during laser deposition
appears to be the formation of a novel equiaxed precipitates within the f matrix
together with finer scale a precipitates, with the volume fraction of the equiaxed
precipitates increasing with increasing nitrogen content in the alloy.

The Vickers microhardness values for all the four alloys, 1-4, have been plotted
in Fig. 15. A systematic increase in the microhardness values, with increasing
nitrogen content in the alloys can be clearly observed. The binary Ti-Mo alloy,
LENS™ deposited under a pure Ar atmosphere, exhibits an average hardness of
~500 HV. The increase in microhardness of the Ti-Mo-N alloys, with increasing N,
content in the reactive atmosphere during LENS™ deposition, can be attributed to
the formation of the @-TiNg 3 random solid solution hexagonal close packed (hcp)
phase. For the highest nitrogen containing alloy 4, the microhardness value is
~800 HV, which is ~60% higher as compared with the LENS™ deposited binary
Ti-10wt%Mo (alloy 1).

In situ nitridation of Ti-10wt%Mo alloys has been achieved by the introduction of
reactive nitrogen gas during the laser deposition (LENS™) of these alloys from
elemental powder blends. The nitrogen content in these laser deposited alloys has
been tuned via changing the ratio of argon to nitrogen used in LENS™ deposition.
The enrichment of these alloys with nitrogen results in the formation of primary
precipitates of the a(Ti,N) phase within the # matrix. The higher c/a ratio of these
hep a(Ti,N) precipitates, coupled with the Mo enrichment in the # matrix, results in a

Fig. 15 A plot showing the 900 1
variation in Vickers
microhardness values for -~ 1
LENS deposited TiMoN 2 300
alloys (Alloy 1 to 4). et
(Reprinted with permission g TF00 1
from [5]) -E

£ 600 -

£

=

= 500 A

4(])

Alloy 1 Alloy 2 Alloy 3 Alloy 4
100%Ar  75%Ar-  50%Ar-  25%Ar-
25%N, 50%N, 75%N,



22 T. Larimian and T. Borkar

substantially large misfit, consequently leading to a loss of precipitate/matrix coher-
ency during growth and coarsening. This results in the a(Ti,N) precipitates adopting
an equiaxed morphology, and they tend to aggregate into clusters separated by thin
Mo-rich g ribs. These a(Ti,N) precipitates increase the microhardness of the alloy to
a substantial degree. Additional fine scale secondary « precipitates, exhibiting a lath
or plate-like morphology are also formed within the retained f matrix of these Ti-
Mo-N alloys. The ability to introduce controlled volume fractions of the hard
nitrogen enriched a(Ti,N) phase can be very useful in tailoring the local
microhardness and consequently wear resistance of these alloys. Furthermore,
using the LENS™ process it is possible to grade the nitrogen content within the
same alloy and thus process a compositionally-graded microstructure with system-
atically varying properties.

2.2.2 Ti64/TNZT-N

Among different metallic alloys, titanium alloys have wide application in industries
from orthopedic implants in biomedical to turbine gas engines in aerospace because
of their high strength to weight ratio, formability and corrosion resistance [5]. How-
ever, they have poor wear resistance. In order to overcome this, titanium alloys need
surface treatment such as surface nitridation to improve their wear performance
[58]. During surface nitriding, the chemically inert layer is produced in a temperature
between (700-1100 'C) in a nitrogen enriched atmosphere [65—74]. Toughness and
damage resistance of titanium alloys significantly increases when reinforcement with
carbides, nitrides or borides and become potential candidates for industrial utiliza-
tion [5, 75]. In situ gas reaction in comparison to externally introduced reinforcement
has the advantage of mechanically and thermodynamically stability a well as more
uniform distribution of reinforcement particles through the alloy matrix
[62, 74]. Hamid et al. have processed in situ nitridation of titanium alloys (TNZT
and Ti64 alloys) via LENS™ process. The backscattered SEM images of Ti64 and
nitrided Ti64 alloys are shown in Fig. 16. The Ti64 alloys exhibit typical a-f
microstructure whereas nitrided Ti64 shows presence of 2 types of equiaxed-a
laths with smaller aspect ratio. The typical dendritic microstructures have been
observed in LENS™ deposited TNZT alloys (Fig. 17a) whereas darker dendritic
TiN/TiN, precipitates have been observed in nitrided TNZT composites (Fig. 17b).
The cross-sectional STEM-HADF image along with EDS elemental map of nitrided
TNZT is shown in Fig. 17¢, where  matrix enriched in Nb and Ta and a precipitates
are deficient in Nb and Ta. The microhardness results of the LENS™ deposited Ti64,
TNZT, and nitrided Ti64 and TNZT are summarized in Fig. 18. Ti64 has a higher
hardness compared to Ti-Nb-Zr-Ta mainly due to the presence of mixed a-f
microstructure. Both nitrided Ti64 and TNZT exhibits higher microhardness than
base alloys mainly due to the presence of TiN/Ti,N precipitates in Ti-Nb-Zr-Ta, and
the nitrogen-enriched a phase in Ti64 alloys.



Additive Manufacturing of In Situ Metal Matrix Composites 23

a

Fig. 16 (a) Low- and (b) high-magnification backscatter SEM images of LENS deposited Ti64
alloy. (¢) Low- and (d) high-magnification backscatter SEM images of LENS deposited nitrided
Ti64 (Ti64-N) alloy. (Reprinted with permission from [74])

3 Summary

Laser additive manufacturing of in situ metal matrix composites offers various
advantages as compared to the conventional processing and also has capability to
produce near-net shape components. This chapter provided the overview of laser
additive manufacturing of in situ metal matrix. Broadly, two types of in situ reactions
have been discussed: in situ reaction between elemental blend powder and in situ
reaction between elemental blend powder and reactive gases. In situ Aluminum
matrix composites processed via selective laser melting (SLM) process have shown
significant improvement in hardness, tribological and mechanical properties as
compared to their base alloy. Laser additively manufactured in situ nickel-titanium-
graphite composites have shown significant improvement in microhardness as well
as tribological properties as compared to pure nickel and is potential candidate for
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surface
TiN

500 nm

Fig. 17 Low-magnification backscatter SEM images of LENS deposited (a) TNZT and (b) nitrided
TNZT (TNZT-N) alloys. (c) Cross-sectional HAADF-STEM image of nitrided TNZT alloy with
corresponding titanium, niobium and tantalum EDS maps. (Reprinted with permission from [74])
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high temperature surface engineering applications. In situ titanium alloys composites
have shown improvement in wear properties and ideal for biomedical applications.
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1 Introduction

Electrical discharge machining (EDM) is a non-traditional machining process widely
used in the machining of difficult to machine materials where other conventional
machining process are unable to perform. The EDM process is extensively use to
produce complex, intrinsic cavity in difficult to machine materials to be use in
aerospace, biomedical, automobile, die and mold making industries. In EDM, both
work piece and tool electrode are immerse inside a dielectric medium. Here both
work piece and tool electrode are electrically conducting in nature. When voltage is
supply to the EDM circuit, spark is produce between the electrode gap and very high
temperature of around 10,000 °C is generated. Due to the generation of such a high
temperature, tiny amount of material melt and evaporate and produce crater on the
work piece surface, which lead to material removal from the work piece surface. As
the EDM tool electrode shape is mirror in the work piece, the shape of tool is the
essential parameter along with tool electrode material, design and process of
manufacturing. Other conventional and non-conventional machining process does
the production of EDM electrode, therefore, the cost of production of EDM elec-
trodes account for more than 50% of the cost of the final product [1]. To produce
complex, intrinsic shape with excellent surface finish in the work piece material,
pushed the production of EDM tool electrode by conventional machining process
into more expensive and time taking, which increased the cost of the final product.
Therefore, an alternative process i.e. additive manufacturing (AM) technology
provide the direct fabrication of the EDM electrode. AM process consists of a
group of manufacturing techniques that yield direct production of EDM tool elec-
trode from three-dimensional CAD model, especially for complex, intrinsic shape of
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tool electrode to reduce production time and processing cost. It is also called as rapid
proto typing (RP) process. Selective laser sintering (SLS) is the most suitable AM
process used for the preparation of EDM tool electrode, that reduce the tool
production time and total production cost of the final product. The SLS process
produce parts layer by layer by selectively melting and fused lose power particles by
the help of laser beam. The main difficulty of the production of EDM electrode by
the SLS process is the selection of the appropriate material for tool. So that, it can be
easily prepared by the SLS process as well as contain the properties of EDM tool
electrode [2]. The SLS process is the most successful AM process, which directly
generate very complex, intrinsic and accurate parts by using wide range of powder
materials, increasing its applications in the fields of tooling industries.

Titanium and it’s alloys are having high corrosion resistance, high strength to
weight ratio and can be use in a wide range of temperature variation. Titanium alloy
(Ti6Al4V) is highly strong, lightweight, durable and long lasting. Therefore, Ti-
alloy is use in biomedical, automobile, aerospace, military and chemical industries.
In the medical field, large amount of product, which required complex intrinsic
cavity with excellent surface finish, can be manufactured by EDM process, which
are used in prosthesis, surgery devices and tissue engineering. Titanium and it’s
alloys are also difficult to machine by conventional machining process due to very
low thermal conductivity, low elastic modulus and chemical reactivity with the tool
materials along with premature failure of tools. Therefore, nontraditional machining
like EDM is used for the machining of Ti-alloy to produce intrinsic and complex
shape with excellent surface finish to meet its desired applications in different fields
as stated above [3, 4].

Therefore, to consider the ease of manufacturing EDM electrode by SLS process
and to meet the required properties of EDM tool electrode, composite tool electrode
of aluminium, silicon and magnesium (i.e. AISi10Mg) is prepared by SLS process.
To study the performance of this AISi10Mg composite electrode prepared via SLS
process Ti-alloy (Ti6Al4V) is taken as work piece material with commercially
available EDM 30 oil as dielectric fluid during EDM process and the performance
of this EDM electrode is compared with the conventional copper and graphite tool
electrodes. To reduce the number of experiment, Taguchi’s L;g orthogonal array is
used. The process parameters like open circuit voltage (V), discharge current (Ip),
pulse-on-time (Ton), duty cycle (t) and types of tool are varied during the EDM
process. The effect of these process parameters on material removal rate (MRR), tool
wear rate (TWR) and average surface roughness (Ra) are studied.

In the EDM process, multiple conflicting performance characteristics need to be
optimize in order to maximize productivity of the process. For example, material
removal rate need to be maximize whereas tool wear rate and average surface
roughness are minimize for improving the EDM process. Therefore, proper selection
of the various process parameters is an important issue in EDM process. From recent
literature, it is found that different optimizations techniques have been used for the
optimization of the EDM process to enhance the performance of the processes.
Various techniques used for the purpose include Grey Relational Analysis (GRA),
Satisfaction Function and Distance Based Approach, Utility Concept and Quantum
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Behaved Particle Swarm Optimization (QPSO), VIKOR based harmony search
algorithm, Fuzzy TOPSIS [3, 5-8]. In this work, to find out the best parametric
combination that can simultaneously optimize three performance measures, grey
relational analysis (GRA) based Firefly algorithm (FA) is used and to get optimal
parametric setting to get best output responses of EDM process. Here, GRA method
used to convert the multi responses into single response i.e. grey relational grade
(GRG) index and Firefly algorithm is used to find the optimum parametric setting.

2 Literature Review

The following section highlights the investigations outcome of past research work
on preparation of EDM tool electrode by AM process like SLS process and the
performance of these EDM tool electrodes during machining by taking different
types of tool electrode composition and different work piece.

Czelusniak et al. have prepared EDM tool electrodes of metal matrix of CuNi
combine with Mo, TiB, and ZrB, by SLS for EDM of AISI H13 tool steel. The
composite electrodes given better performance than the SLS Cu powder electrode.
TiB2—CuNi achieved the best overall EDM performance, removing more material
from the work piece and presenting lowest electrode wear. ZrB2—CuNi, electrode
gave superior finishing performance and Mo—-CuNi gave poorest [9]. Again, in
another work, Czelusniak et al. have prepared ZrB2-CuNi electrode by SLS process
and used as EDM tool electrode. They have studied the effect of SLS process
parameters on porosity of electrodes, surface appearance and interiority. ZrB2-
CuNi electrodes have much superior performance than SLS copper powder elec-
trodes, but inferior to the solid copper electrodes [2].

Durr et al. have focused on the direct production of EDM tool electrode by SLS
process. They have manufactured Bronze-Nickel with Copper Phosphite composite
tool electrode by SLS process. They have taken alloyed cold work steel X210Cr12
and C45 Steel as their work piece materials to study the performance of the EDM
electrodes prepared via SLS process. They observed that relative electrode wear
increases with increase in porosity contain of the electrodes and pulse-on-time and
relative electrode wear is more in X210Cr12 as compare to C45 Steel [10].

Zhao et al. have prepared EDM electrode by SLS process by taking steel and
phosphate with polyester as binder. They have study the performance of these EDM
electrodes by taking 45 steel as work piece material during EDM. In this work, it is
found that electrode wear increases with increase in pores and holes in electrodes.
Similarly, with increase in pulse-on-time and peak current, electrode wear rate
decreases. Likewise, the surface roughness of the EDM machined surface decreases
with increase in pulse-off-time [11].

Tang et al. have used the abrading tool of corundum and silicon carbide to
prepared graphite electrode by rapid prototyping (RP) process and then the graphite
electrode is use to produce steel mold by EDM process [12]. Similarly, Ding et al.
have prepared two different types of EDM electrode by RP process, like copper
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electrode by electroforming and graphite electrode by abrading process. They have
used these EDM electrodes to form steel mold [13].

Arthur et al. have used rapid prototyping (RP) process to prepare the EDM
electrode. They have prepared EDM electrode from epoxy with silver paint and
copper coating. They have investigated the performance of these RP EDM elec-
trodes by taking hardened tool steel. They found that the tool electrodes are rupture
during machining where coating thickness is less than 180 pm. These electrodes can
be used for semi-roughing or finishing operations [1].

In recent past, different optimization techniques are used for optimization of the
manufacturing process. Sahu et al. have used grey relational analysis (GRA) method
to optimize the EDM process during machining of Ti-alloy and 316L stainless steel
by taking copper as tool electrode in EDM oil dielectric medium [3]. Similarly,
Rahul et al. have used satisfaction function and distance-based approach for optimi-
zation of EDM process during machining of Inconel 718. They have combine
satisfaction function, distance-based approach and Taguchi’s philosophy to optimize
the EDM process [5]. Mohanty et al. have used utility concept and quantum behaved
particle swarm optimization (QPSO) to optimize the EDM process during machining
of Inconel 718 work piece material by taking three diffrerent types of tool electrodes
like brass, copper and graphite [6]. Sahu et al. have used Taguchi based VIKOR
method combine with Harmony search algorithm to optimize the surface finish
parameters during electrical discharge coating process of tungsten carbide layer on
1040 stainless steel work piece. They have used copper-tungsten composite elec-
trode prepared via powder metallurgy route for the EDC process by taking EDM 30
oil as dielectric fluid [7]. Dewangan et al. have used Fuzzy TOPSIS to optimize the
surface integrity and dimensional accuracy during EDM of AISI P20 tool steel [8].
Datta and Mahapatra have used grey based Taguchi method to optimize wire EDM
process of D2 tool steel [14]. Raja et al. have used Firefly algorithm to optimize the
EDM process of hardened die steel [15]. Similarly, Shukla and Singh have used
firefly algorithm to optimize electrical discharge machining and abrasive water jet
machining [16]. Mishra et al. have study the effect of external perimeter on flexural
strength of fused deposition modelling build parts and used Firefly algorithm to
obtain the best parametric setting for improve flexural strength [17].

Critical review of the past research study suggests a good number of works are
done on EDM process and different optimization techniques are used to obtain best
parametric setting to enhance the EDM machining process. However, analysis of
machining parameters by taking different types tool electrodes and also the use of RP
process like SLS to prepare the tool electrode are less. Furthermore, it is also observe
that less number of work have been done to machine a relatively low conductivity
material like Titanium alloy (Ti6Al4V), which is extensively use in aerospace and
biomedical industries. Numerous studies are reported to obtain optimal parametric
setting by different researchers in different manufacturing process. However, it is
observed that no attempt is applied in the combination of grey relational analysis
(GRA) in combination with Firefly algorithm (FA) during the EDM process to
obtain optimal parametric setting to enhance the EDM performance. Therefore, in
this work, grey relational analysis based Firefly algorithm (FA) used to optimize the
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EDM process during machining of Titanium alloy by taking three different types of
tool electrodes like AISi10Mg SLS electrode, copper and graphite.

3 Methodology
3.1 Grey Relational Analysis (GRA)

Julong Deng first time proposed the grey system theory (GST) in 1982. In his work,
the researcher has proposed the grey relational analysis (GRA) to find out the
relationship between the variables by using grey degrees [18, 19]. In GRA, the
experimental data i.e. the performance measures are first normalized into the range
of 0-1. This process is termed as grey relational generation. Then, grey relational
coefficient is calculated by considering the desired and actual experimental dada.
The overall grey relational grade is calculated by averaging the grey relational
coefficient of all the responses. The GRA method converts a multi response optimi-
zation problem into a single response optimization problem by considering the
objective function as overall grey relational grade. The detailed procedure of the
grey relational analysis (GRA) method is explained as follows [3, 14].

1. Calculate the scale value (Y};) of the observations.

max
Yij " — Y

For Lower is the better, Y = ———— (1)
J max min
it 7Y
For Higher is the better, Y;j = % (2)
Yit —Y;

Where yj;; = observed responses of the i™ number of experiment in the j'™ response.

y "™ = maximum value of the ™ response.

y}“i“ = minimum value of the j™ response.
2. Calculate the Grey relational co-efficient (yy).

yl_] - max
(Aij + Aj )

Where, AU =11 - Yljl

y}nin :min(AIj,Azj, ........ aAmj) yjnax :max(Alj,Azj, ........ 7Amj)
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£€(0,1,6 =05

where A;j= deviation sequence, which is absolute of the difference between the ideal
value or reference sequence (one) and the scale value (Yj) and & = distinguishing
coefficient, & € [0, 1], £ = 0.5.

3. Grey relational grade (GRG)

p
=1

w; = weightage of the each performance measures. Here equal weightage of 0.33 has
been taken for each performance measures.

P
Where, ij =1
=1

3.2 Firefly Algorithm (FA)

Xin-She Yang has developed a new nature inspired optimization algorithm called
Firefly algorithm (FA). The FA algorithm is inspired from the rhythmic flashlight of
fireflies. The flashing light is developed by the bioluminescence process. Two
important characteristics of this flashes are to attract mating partners and attracting
of potential prey. The Firefly attracted by other fireflies according to higher flash
light intensity. The light intensity I at a distance r decreases as the distance r
increases like I oc 1/r>. The attraction among fireflies is local or global according
to the absorbing coefficient. The fireflies are subdivided into subgroups due to the
intensity of light of the neighboring fireflies. So, each subgroup is swarm around a
local mode. The flashing light has been formulated such that the objective function
can be optimized. This algorithm can be used for multimodal optimization problems
[15-17, 20-23].
The Firefly algorithm is based on three rules.

1. All fireflies are unisex and one firefly is attracted to other brighter fireflies
regardless of their sex.

2. Attractiveness is proportional to the brightness of the fireflies. The less bright
firefly will move towards the brighter firefly. The attractiveness of fireflies is
proportional to the brightness and attractiveness decreases with increase in the
distance between the two fireflies. The firefly will move randomly when no
brighter firefly is available.

3. The brightness of fireflies can be determined by the landscape of the objective
function.
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The light intensity (I) varies with the distance (r) between the fireflies can be
denoted as in Eq. (5).
I(r) = Tpe 7" (5)
Where

Iy = light intensity of the source.
vy = light absorption coefficient that controls the decrease in the light intensity.

The attractiveness (p) can be described by a monotonically decreasing function of
the distance (r) between any two fireflies as in Eq. (6).

B(r) = Poe " (6)

Where = maximum attractiveness at r = 0.
The distance between two fireflies i and j at position x; and x; can be represented
as in Eq. (7).

d
rij:’Xi—Xj‘: lek—xjk (7)
k=1
Where x1 « and x;  are the k" components of the spatial coordinates x; and x; of the
" and j™ fireflies respectively.

d = number of dimensions.
The movement of the firefly i is determined by the formula of Eq. (8).

> 1
xi = X + Boe 7" (xj — xi) + (x(rand - 2) (8)

In Eq. (8), the first term denotes the present position of the firefly i, the second
term denote the attractiveness of the fireflies and the last terms denotes the free
movement of firefly during the absent of brighter firefly. In most of the cases, the
randomization « is taken between 0 and 1. Similarly, the light absorption coefficient
y taken between 0.1 and 10. The flowchart of FA algorithm is given in Fig. 1 as
follows.

4 Materials and Methods

To reduce the cost of manufacturing of complex EDM electrode, rapid tooling (RT)
technique is used, which is an additive manufacturing (AM) process. In this work,
AM process like selective laser sintering (SLS) process use to manufacture EDM
electrode. Aluminium, silicon and magnesium (i.e. AISilOMg) powder is used to
manufacture EDM tool electrode by SLS process. The chemical composition of the
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l Call of the objective function |

|

| Initialization of parameters (N, a, B, ) |

|

Initialization of fireflies and evaluation of function (at t =0)

Iteration phase of the FA (t=t+1)

Calculation of the distance of each fireflies from the best firefly

y

Update the firefly’s position and evaluate the attractiveness

I

Rank fireflies with respect to their attractiveness

!

Store the best solution until now

Stopping criteria

Ft max

Fig. 1 Flow chart of Firefly algorithm

AlSi10Mg powder (supply from EOS GmbH - Electro Optical Systems, Miinchen,
Germany) is as given in Table 1. Selectively melting and fusion of metallic powder
prepare the EDM tool electrode by the help of the laser beam in the SLS machine
EOSINT M 280 (manufactured by: EOS GmbH - Electro Optical Systems,
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Table 1 Chemical composition (weight %) of AlSil0Mg [24]

Material | Si Fe Cu Mn Mg Ni Zn | Pb Sn Ti Al
wt. % 9-11 | <0.55 | <0.05 | <0.45 | 0.2-0.45 | <0.05 | <0.1 | <0.05 | <0.05 | <0.15 | Balance

AlSil0Mg Copper Graphite

Fig. 2 Tool electrodes

Miinchen, Germany). Here thin layer of metallic powder is spread by a roller on the
surface of the build cylinder and heated below the melting point by infrared heating
panels and the laser beam traced out the cross-section of the slice part. The laser
beam fuse the affected powder collectively (sinter) to form the 3D compound i.e. the
EDM tool from the metallic powders. The SLS parameters used to prepared the
AlSi10Mg composite RP electrode are layer thickness: 30 pm, laser power: 400 W,
scan speed: 32 mm/s, build platform temperature: 200 °C and building environment:
Argon (at pressure 4.1 bar). The EDM tool electrode prepared is of diameter of
25 mm. The copper and graphite electrodes are prepared from solid circular rod by
the turning process having diameter of 25 mm. The three tool electrodes used in this
experiment are shown in Fig. 2.

To study the machining performance of these electrodes during EDM Ti-alloy
(Ti6Al4V; size: 60 x 60 x 10 mm) is use as work piece materials. Ti-alloy is high
corrosion resistance, high strength to weight ratio, highly strong, lightweight, dura-
ble and long lasting. Therefore, Ti-alloy is use in biomedical, automobile, aerospace,
military and chemical industries. The chemical composition and properties of the Ti-
alloy are presented in Tables 2 and 3 respectively.

The AlSi10Mg electrode prepared via SLS process is used for the EDM process
along with conventional copper and graphite electrodes by taking Ti-alloy as work
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Table 2 Chemical composition (weight %) of Ti-alloy

Material C Fe Al (0] N \'% H Ti
wt. % 0.018 0.22 6.08 0.18 0.05 4.02 0.1 Balance

Table 3 Properties of Ti-

i Properties Value

alloy (Ti6Al4V) Density 4.42 glcc
Melting point 1650 °C
Tensile strength 1200 MPa
Yield strength 880 MPa
Elastic modulus 113.8 GPa
Poisson’s ratio 0.31-0.37
Hardness 334 HB
Thermal conductivity 6.7 W/mK

Fig. 3 EDM process during ity | Y p ."I’

experiment T ) : .

piece in a die sinking EDM (ELECTRA EMS 5535, India) by taking commercially
available EDM 30 oil (specific gravity: 0.763) as the dielectric fluid. In this work
straight polarity (i.e., work piece: anode and tool: cathode) is used for EDM process.
The EDM process during machining is shown in Fig. 3. The EDM process is carried
out by taking five different process parameters like open circuit voltage (V), dis-
charge current (Ip), duty cycle (t), pulse-on-time (Ton) and type of tool (i.e.
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Table 4 Input parameters with different levels

Parameters Unit Level 1 Level 2 Level 3
A-Open circuit voltage (V) \Y 20 25 30
B-Discharge current (I,) A 10 15 20
C-Duty cycle () %o 67 75 83
D-Pulse-on-time (T,,) us 100 200 300

E- Tool material - AlSiMg RP Tool Copper Graphite

AlSi10Mg, copper and graphite). The different process parameters with their levels
are listed in Table 4. The different variable parameters used in this EDM process are
discussed as follows.

(a) Open circuit voltage: It is the potential difference applied between the tool
electrodes and work piece.

(b) Discharge current: It is also called as peak current. It is the most dominant
process parameter that governs the spark energy.

(c) Duty cycle: It is the percentage of the pulse-on-time with respect to total cycle
time.

Ton
T=— 9
Ton + Toff ( )

(d) Pulse-on-time: It is also known as spark-on-time or pulse duration. It is the
duration (per cycle) in which the current is allowed to flow through the electrode
gap.

(e) Tool material: The different type tool electrode used during the EDM process.

To reduce the total number of the experiment, the design of experiment (DOE)
approach like Taguchi’s L,; orthogonal array is used to plan the experiment. In this
work, 5-factor-3-level is used as in Table 6. Each experiment is run for 10 min.
Different process parameters varied during the electrical discharge coating process
are open circuit voltage (V), discharge current (Ip), duty cycle (t), pulse-on-time
(Ton) and type of tool material. The corresponding output responses consider to
study the EDM process are (1) material removal rate (MRR), (2) tool wear rate
(TWR) and (3) average surface roughness (R,) of the machined surface. The
Taguchi’s L,; orthogonal array (OA) along with the output responses for EDM
process are presented in Table 5.

4.1 Material Removal Rate (MRR)

Material removal rate (MRR) is defined as the rate at which material removal
occurred from the surface of the work piece. The MRR can be determined by the
weight loss criteria of the work piece as shown in the Eq. (10).
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Table 5 Densities if tool electrodes and titanium alloy work piece

Material Ti-alloy AlSi10Mg Copper Graphite
Density (g/cm?) 4.42 2.664 8.96 2.267
W; - W
MRR = (‘—f) (10)
(tx py)
Where

W; = Initial weight of the work piece before EDM,
W; = Final weight of the work piece after EDM,

t = Machining time,

pw = Density of work piece Titanium-alloy.

4.2 Tool Wear Rate (TWR)

Tool wear rate (TWR) is defined as the rate at which material loss occurred from the
tool electrode. The TWR calculated by the weight loss criteria of the tool electrode as
given in the Eq. (11).

(Wi — Wy)

TWR =
(tx py)

(11)

Where

W, = Initial weight of the tool electrode before EDM,
W,s = Final weight of the tool electrode after EDM,

t = Machining time,

p. = Density of tool electrodes.

The densities of the tool electrodes and work piece are given in Table 5. The
initial and final weight of the work piece and tool electrodes before machining and
after machining are measured by a weight measurement machine of least count
0.05 g.

4.3 Average Surface Roughness (R,)

Average surface roughness is the arithmetic mean of the absolute height of the
profiles (i.e. peak height and valley) over the sampling length. The average surface
roughness of the EDM machined surface is measured by surface roughness mea-
surement machine (Taylor-Hobson-PNEUNO-Suetronic 3+). The equation of aver-
age surface roughness is given in Eq. (12) as follows.
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Table 6 Taguchi’s L,7 OA and output responses

SLNo. |A |B |C |D |E |MRR(@mm%min) |TWR (mm*min) |Ra (ym)
1 1 1 1 1 1 |0.5454 0.6706 6.4
2 1 1 1 1 2 105820 0.6898 6.7
3 1 1 1 1 3 | 1.0643 0.4955 8.2
4 1 2 |2 |2 1 109226 1.5553 7.2
5 1 2 |2 |2 |2 09654 1.0678 7
6 1 2 |2 |2 |3 13029 0.5744 8.3
7 1 3 13 |3 1 1.4221 1.5100 7.8
8 1 3 13 |3 |2 14516 1.5529 8.3
9 1 3 13 |3 |3 |1.6093 0.8402 9.2
10 2 1 |2 |3 1 08291 1.6003 )
11 2 1 (2 |3 |2 [1.1820 1.3972 73
12 2 1 (2 |3 |3 |1.1784 0.5556 8.2
13 2 |2 3 |1 1 |1.1204 1.7030 7.1
14 2 |2 3 |1 2 | 1.2286 1.6353 7.4
15 2 2 3 |1 3 1.2890 0.5739 9.4
16 2 |3 1) 1 |1.3368 1.5642 73
17 2 (3 |1 |2 |2 [1.6033 1.5320 8.4
18 2 (3 |1 |2 |3 |16753 0.2556 9
19 3 1 (3 |2 1 |1.0109 1.6835 7.2
20 3 1 {3 |2 |2 [1.2899 1.4414 7.4
21 3 1 (3 |2 |3 |11223 0.5614 95
22 3 |2 (1 |3 1 1.1701 1.5359 7.4
23 3 |2 |1 |3 |2 [1.3438 1.7646 7.8
24 3 |2 |1 |3 |3 |1.6224 0.3751 96
25 313 (2 |1 1 1.3436 1.7590 8.1
26 3 (3 (2 |1 2 |1.6286 1.5441 8.4
27 313 |2 |1 3 | 17113 0.7015 9.8
L
Average roughness,R, = % Jy(x)dx (12)
0

Where L is the sampling length, y is the profile curve, x is the profile direction. The
surface roughness values are measured within a sampling length, L = 0.8 mm and
having cut off length, L, = 0.4 mm.
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5 Result and Discussion

The experiment of EDM is performed by taking three different types of tool
electrodes (Al1Si10Mg SLS electrodes, conventional copper and graphite electrodes)
and by varying different process parameters like open circuit voltage, discharge
current, duty cycle and pulse-on-time and corresponding output responses like
material removal rate, tool wear rate and average surface roughness are tabulated
in Table 6. The effect different process parameters on the output responses are
discuss as follows.

5.1 Effect of Parameters on MRR

With increase in the process parameters like open circuit voltage, discharge current,
duty cycle and pulse-on-time, the spark energy generated increase that lead to
increase in material removal. Therefore, material removal rate increase with increase
in the process parameters as stated above. The main effect plot and interaction plot of
the MRR is given in Figs. 4 and 5. The MRR is maximum when graphite tool
electrode is use followed by copper and AlSil0Mg SLS electrode. The analysis of
variance (ANOVA) for MRR is presented in Table 7 with R? value of 96.2%. The

Main Effects Plot for Means
Data Means

A B C

1.6+

1.4

1:2- / / —

1.6

Mean of Means
o
o
1

Fig. 4 Main effects plot for Means of MRR



Optimization of Electrical Discharge Machining of Titanium Alloy. . . 43

Interaction Plot for Means
Data Means
1 2 3
1 1 1
1.6 A
—— 1
—— 2
1.2
3
0.8
1.6
—0— 1
F1.2 2
3
0.8
1.6 E
—— 1
—— 2
1.2
3
0.84

Fig. 5 Interaction plot for Means of MRR

Table 7 ANOVA for MRR

Source DF | SeqSS Adj SS Adj MS F P % Contribution
A 2 |0.32516 [0.32516 |0.162582 |13.88 |0.003* 13.12

B 2 | 1.38444 |1.38444 |0.692218 |59.12 |0.000* 55.85

C 2 10.02244 |0.02244 |0.011221 0.96 |0.424 0.91

D 2 10.09360 |0.09360 |0.046800 4.00 |0.063 3.78

E 2 /046034 |0.46034 |0.230169 |19.66 |0.001* 18.57

A*E 4 10.08147 |0.08147 |0.020367 1.74 10.234 3.29

B*E 4 10.01767 |0.01767 |0.004418 0.38 |0.819 0.71
Residual Error 8 10.09367 |0.09367 |0.011709 3.717

Total 26 | 2.47880 100

“Significant parameters at 95% confidence interval

ANOVA, main effect plot and interaction plot are generated by using statistical
software MINITAB 16. From ANOVA, it is found that discharge current has highest
effect followed by tool type and open circuit voltage with percentage contribution of
55.85%, 18.57% and 13.12% respectively.
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Main Effects Plot for Means
Data Means
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Fig. 6 Main effects Plot for Means of TWR

5.2 Effect of Parameters on TWR

The tool wear is increase with increase in open circuit voltage, discharge current,
duty cycle and pulse-on-time. With increase in this parameters the spark energy
increase and mare tool wear rate occur. The graphite tool has less tool wear rate as
compare to other two tool. The AlSi10Mg tool has more tool wear rate and copper
has tool wear rate in between them. The main effect plot and interaction plot of the
TWR is given in Figs. 6 and 7. The analysis of variance (ANOVA) for TWR is
presented in Table 8 with R? value of 96.4%. From ANOVA, it is found that tool
type has highest effect followed by duty cycle, open circuit voltage and discharge
current with percentage contribution of 72%, 5.83%, 5.11% and 4.15% respectively.

5.3 Effect of Parameters on Average Surface Roughness

The average surface roughness is increase with increase in open circuit voltage,
discharge current, duty cycle and pulse-on-time. With increase in these parameters,
more material removal occur with increase in crater depth. Therefore, average
surface roughness become more. The AISi10Mg SLS tool is produce good surface
finish on the machined specimen as compare to other two tool. The graphite tool
exhibit worst surface finish specimens and copper tool exhibit surface on the
machined surface in between the other two electrodes. The main effect plot and
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Interaction Plot for Means
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Fig. 7 Interaction plot for Means of TWR

Table 8 ANOVA for TWR

Source DF |[SeqSS |AdjSS |AdjMS |F P % Contribution
A 2 0.3545 |0.3545 | 0.17726 5.68 |0.029* 5.11

B 2 0.2876 | 0.2876 | 0.14379 4.61 |0.047* 4.15

C 2 0.4043 |0.4043 | 0.20216 6.48 |0.021° 5.83

D 2 0.1061 0.1061 0.05305 1.70 | 0.242 1.53

E 2 4.9955 |4.9955 249776 |80.10 |0.000* 72.00

A*E 4 0.4155 |0.4155 |0.10386 3.33 | 0.069 5.99

B*E 4 0.1253 | 0.1253 | 0.03132 1.00 | 0.459 1.81
Residual Error 8 0.2495 ]0.2495 |0.03118 3.58

Total 26 6.9382 100

“Significant parameters at 95% confidence interval

interaction plot for the average surface finish is given in Figs. 8 and 9. The analysis
of variance (ANOVA) for average surface finish is presented in Table 9 with R?
value of 96.7%. From ANOVA, it is found that tool type has highest effect followed
by discharge current and open circuit voltage with percentage contribution of
64.86%, 16.45% and 9.16% respectively.
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Fig. 9 Interaction plot for Means of R,
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Table 9 ANOVA for average surface roughness

Source DF | Seq SS Adj SS AdjMS |F P % Contribution
A 2 2.1207 2.1207 |1.06037 |11.15 |0.005* 9.16

B 2 3.8096 3.8096 |1.90481 |20.03 |[0.001* 16.45

C 2 0.3696 0.3696 |0.18481 1.94 |0.205 1.60

D 2 0.1474 0.1474 | 0.07370 0.78 |0.492 0.64

E 2 15.0185 |15.0185 |7.50926 |78.97 |0.000% 64.86

A*E 4 0.4681 0.4681 |0.11704 1.23 |0.371 2.02

B*E 4 0.4593 0.4593 |0.11481 121 [0.379 1.98
Residual Error 8 0.7607 0.7607 | 0.09509 3.29

Total 26 | 23.1541 100

“Significant parameters at 95% confidence interval

6 Optimization by Grey Relational Analysis Based Firefly
Algorithm

To enhance the EDM performance material removal rate correspond to higher-is-
better (HB) and tool wear rate and average surface roughness of the machined
surface correspond to lower-is-better (LB). By following the procedure of GRA
method as mentioned in Egs. (5-8), the scaled value (Yj) of responses, grey
relational coefficient (y;;) and grey relational grade (GRG) are calculated and tabu-
lated in Table 10.

The analysis of variance (ANOVA) for the means of grey relational grade (GRG)
is given in Table 11 with R? = 87.6% at 95% confidence interval. The main effect
plots for the grey relational grade values are plotted in Fig. 10. The ANOVA (Table
11) and response table (Table 12) are found out by using MINITAB 16. From the
ANOVA table it is found that type of tool electrodes has the highest effect towards
the output responses followed by duty cycle with percentage contribution of 38.59%
and 19.04% respectively. From Fig. 8, it is found that better machining performance
can be achieved with lower parametric setting of open circuit voltage, duty cycle and
pulse-on-time with higher value of discharge current and by the use of graphite
electrode. But, to get better surface finish machined parts AlSilOMg SLS tool
electrode must be used.

By using linear regression analysis between the GRG and the EDM process
parameters the objective function has been found out and expressed in Eq. (13)
with the R? value of 99.8%. This equation is used as the objective function in the
Firefly algorithm and the optimal parametric setting is obtained by using the Firefly
algorithm with the help of software MATLAB R2014a. In the Firefly algorithm
various parameters taken are number of firefly (n) = 40, number of iteration
(N) = 500, randomization (o) = 0.5, attractiveness (f) = 0.2 and absorption
coefficient (y) = 1, which leads to total number of function evaluations of 20,000.
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Table 11 ANOVA for grey relational grade (GRG)

49

Source DF |Seq SS Adj SS Adj MS F P % Contribution
A 2 |0.000352 |0.000352 |0.000176 | 0.74 |0.506 2.30

B 2 | 0.000531 |0.000531 |0.000266 1.12 | 0.373 3.47

C 2 ]0.002916 |0.002916 |0.001458 | 6.15 |0.024* 19.04

D 2 |0.000210 |0.000210 |0.000105 | 0.44 |0.657 1.37

E 2 ]0.005911 [0.005911 |0.002955 |12.46 |0.003* | 38.59

B*E 4 10.001836 |0.001836 |0.000459 1.94 0.198 11.99

C*E 4 10.001667 |0.001667 |0.000417 1.76 | 0.230 10.88
Residual Error | 8 | 0.001897 |0.001897 |0.000237 12.36

Total 26 |0.015320 100

“Significant parameters at 95% confidence interval

Main Effects Plot for Means
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Fig. 10 Main effects plot for means of GRG
Table 12 Response table Level A B C D E
grey relational grade (GRG) = 03546 03484 | 03646 |03527 | 0.3361
2 0.3506 | 03462 |0.3462 [0.3519 |0.3442
3 0.3458 0.3565 0.3402 0.3464 0.3707
Delta 0.0088 0.0103 0.0244 0.0063 0.0346
Rank |4 3 2 5 1




50 A. K. Sahu and S. S. Mahapatra

Table 13 Optimal parametric setting

Parameters V(A) Ip (B) 7 (C) Ton (D) Tool type (E) Fitness value
Optimal setting 20V 20A 67% 100 ps Graphite 0.27281105

Fig. 11 Surface crack density of machined surface by different tool electrodes at parametric setting
V=20V,I,=10A, T = 67%, T,, = 100 ps (a) AlSil0Mg RP, (b) Copper, and (c¢) Graphite

The firefly algorithm provided the best parametric setting to get optimal EDM
performance that is given in Table 13.

f(X) = 0.349 x A70.021 % BO‘OZO X C70.065 X D70.014 X E0.086 (13)

7 Surface Crack Density of Machined Surface

The scanning electron micrograph of the machined surface by three different types of
tool electrodes are taken by SEM (Model: Jeol JISM-6480LV, Japan) and the surface
crack density (SCD) of the machined surface are measured by pdf xchange viewer
software (as shown in Fig. 11). The SCD of work piece machined by AlSilOMg,
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cooper and graphite tool electrodes are 0.01926 pm/pm? 0.02074 pm/pm?® and
0.03407 pm/pm? respectively. The SCD of the machined surface machined by
AlSi10Mg electrode is less as compare to copper and graphite electrodes. The
SCD of the machined surface machined by graphite tool electrode is highest. Here,
by the use of graphite electrode, more spark energy generated with increase in the
thermal stress. Higher thermal stress is generated with increase in spark energy
during the sparking. Therefore, the SCD on the machined surface by the use of
graphite electrode is more.

8 Conclusion

In the present work, machining performance of AISil0Mg composite tool electrode
prepared via selective laser sintering process along with conventional copper and
graphite tool electrodes have been investigated by taking Titanium alloy (Ti6Al4V)
as work piece material and commercially available EDM 30 oil as dielectric fluid
during EDM. The design of experiment approach like Taguchi’s L27 orthogonal
array has been used to conduct the experiment by varying the process parameters like
oven circuit voltage (V), discharge current (Ip), duty cycle (), pulse-on-time (Ton)
and type of tool electrodes. The EDM performance like material deposition rate
(MRR), tool wear rate (TWR) and average surface roughness (Ra) have been
evaluated and the effect of different process parameters on these output responses
have been studied. To obtain the best EDM performance, grey relational analysis
based Firefly algorithm has been used. From this work following conclusion can be
drawn.

1. Better MRR can be achieved with increase in the process parameters like open
circuit voltage, discharge current, duty cycle and pulse-on-time and by the use of
graphite tool electrode. Graphite tool electrode have higher material removal
capacity followed by cooper and AlSi10Mg SLS tool electrode.

2. Lower value of TWR can be achieve with lower parametric setting of open circuit
voltage, discharge current, duty cycle and pulse-on-time and by the use of
graphite tool electrode. Graphite tool electrode has less tool wear as followed
by cooper and AlSi10Mg SLS tool electrodes.

3. The average surface roughness value of the machined surface is increased with
increase in the process parameters like open circuit voltage, discharge current,
duty cycle and pulse-on-time and better surface finish achieved by using
AlSi10Mg SLS tool electrode followed by copper and graphite tool electrodes.

4. The SCD of the machined surface machined by AISAi10Mg RP electrode is less
as compare to the machined surfaces by the use of copper and graphite electrodes.
Therefore, AISi10Mg RP tool electrodes must be use to achieve less surface crack
density on the machined surfaces.
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5.

A. K. Sahu and S. S. Mahapatra

By using GRA based Firefly algorithm best optimal setting of the machining
parameters has been obtained to increase MRR and to decrease TWR and average
surface roughness of the machined surface. The best parametric setting obtained
isV=20V,I, =20A, t=67%, T,, = 100 ps and graphite electrode.
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Laser-Based Additive Manufacturing )
of Lightweight Metal Matrix Composites @

Eskandar Fereiduni, Mostafa Yakout, and Mohamed Elbestawi

1 Introduction

In recent decades, there has been an increasing demand in modern industries for the
development of high-performance lightweight materials having outstanding
mechanical properties. As well-known lightweight metallic materials, the poor
wear resistance and low hardness of aluminum (Al) and titanium (Ti) are serious
impediments limiting their further development especially in automotive and aero-
space industries. If reinforced with ceramic reinforcing particles, the obtained
materials are capable of meeting most of the industrial requirements. These materials
are known as light-weight metal matrix composites (MMCs) and offer outstanding
combination of properties including low density, low coefficient of thermal expan-
sion (CTE), high hardness, improved wear resistance and comprehensive mechan-
ical properties.

Lightweight MMCs have been fabricated for many years using a wide variety of
manufacturing processes. Based on the temperature of the metallic matrix during
processing, the conventional fabrication methods used for producing MMCs can be
categorized into five groups as follows [1-4]:

(i) Liquid phase processes (liquid metal ceramic particulate mixing; melt infiltra-
tion; squeeze casting or pressure infiltration; reaction infiltration; melt oxida-
tion processing).

(i1) Solid phase processes (powder metallurgy processes such as pressing and
sintering, forging and extrusion; high energy and high rate processes; diffusion
bonding; plastic deformation processes such as friction stir welding and super-
plastic forming).

E. Fereiduni - M. Yakout - M. Elbestawi (P<)
Department of Mechanical Engineering, McMaster University, Hamilton, ON, Canada
e-mail: elbestaw @mcmaster.ca

© Springer International Publishing AG, part of Springer Nature 2019 55
B. AlMangour (ed.), Additive Manufacturing of Emerging Materials,
https://doi.org/10.1007/978-3-319-91713-9_3


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-91713-9_3&domain=pdf
mailto:elbestaw@mcmaster.ca

56 E. Fereiduni et al.

(iii) Solid/liquid two-phase processes (rheo-casting/compo-casting; variable
co-deposition of multiphase materials)

(iv) Deposition techniques (spray deposition; chemical vapour deposition (CVD);
physical vapour deposition (CVD); spray forming techniques)

(v) In-situ processes in which the reinforcements are formed in-situ during the
fabrication process.

While the conventional methods of MMCs fabrication could be employed to
fabricate parts with non-complex geometries, they are not suitable candidates when
it comes to the manufacturing of parts with complex shapes. The design freedom
associated with AM technology demonstrates an outstanding capability in fabrica-
tion of novel structures with unique geometrical designs. In addition, this technology
provides manufacturers with the ability to incorporate tailored materials
(e.g. reinforcements) into the structure to produce parts with desired properties. By
combining the design freedom with the ability to produce lightweight MMCs, AM
technology provides an exceptional opportunity to fabricate parts with noticeable
weight saving while maintaining the strength. The obtained MMCs parts are good
candidates to meet the requirements of various industries such as automotive and
aerospace among others. Considering above, this chapter focuses on the use of AM
technology in fabricating lightweight MMCs, metal matrix nano-composites
(MMnCs) and functionally graded metal matrix composites (FGMMCs). The AM
processes and processing techniques employed for producing various types of
lightweight MMCs are discussed, and the effect of reinforcements features on the
mechanical properties are explored.

2 Additive Manufacturing Processes

Additive manufacturing (AM) is a relatively new manufacturing technique, having
only been created in 1986. The father of AM title is granted to Charles W. Hull, who
first patented the technique of Stereolithography (SLA) [5]. In addition to the first
technique for AM, he created an intermediary file system, STL, which breaks down
the CAD drawing into a series of layers to be interpreted by the AM machine. This
file format is currently the de facto standard of file preparation software for all AM
machines. After this, Fused Deposition Modeling (FDM) was introduced by
Stratasys Inc. in 1991 [6], followed shortly by the introduction of Laminated Object
Manufacturing (LOM), according to the Wohlers Report of 2014. Selective Laser
Sintering (SLS), the next largest technique, which is capable of additively producing
metal and ceramic parts, was created in 1992. Continuing on the rapid growth of AM
technology, the following year Inkjet Binder Printing was invented and patented by
MIT. It wasn’t until 1999 when a technique to produce fully dense metal parts,
Selective Laser Melting (SLM), was invented. A notable AM technique invented
shortly after this in 2002 was the Direct Metal Deposition (DMD) [7].
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The leading companies for AM systems around the world are 3D Systems in
USA, Electro Optical Systems (EOS) in Germany, Stratasys in USA, Renishaw in
England, and Arburg in Germany. Table 1 shows a list of leading companies for AM
systems arranged according to the year of foundation or when they launched their
AM technology. For each company, the table summarizes the materials used, the
technologies offered, and the applications served. In addition, the table shows the
industrial terms used by each company for the technologies offered and their
corresponding scientific terms.

Table 1 List of leading companies in AM systems

Technology acronym(s) Material
Company | Academic | Commercial classes Applications Developed
3D SLA SLA Polymers Aerospace, Defense, 1987 in
Systems SLS PLS Architecture, Geo, USA
3DP CJP Arts, Jewelry, Enter-
tainment, Automo-
MM MIP tive, and Healthcare
SLA Cast Urethane
3DP PJP
SLM DMP Metals
CMET SLA SLA Polymers Rubber-Like Proto- 1988 in
types and Super Heat | Japan
Resistant Models
EOS SLM DMLS Metals Aerospace, Automo- | 1989 in
SLS PLS Polymers tive, Lifestyle Prod- Germany
ucts, Medical, and
Tooling
Stratasys 3DP PolyJet 3DP Polymers Aerospace, Automo- | 1989 in
FDM FDM tive, Industrial, USA
Defense, Medical,
and Dental
Sciaky EBM EBAM Metals Large Parts, Aero- 1990 in
space, Automotive, USA
Nuclear, Medical,
Power Generation,
Marine
Arcam EBM EBM Metals Aerospace and 1997 in
Orthopedic Implants | Sweden
Optomec DED LENS Metals Components Repair, 1997 in
Hybrid Manufactur- | USA
ing, Medical
Implants, and
Electronics
SLM SLM SLM Metals Automotive, Medical, | 1998 in
GmbH Dental, Aeronautics, Germany
and Construction

(continued)
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Table 1 (continued)
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Technology acronym(s) Material
Company | Academic | Commercial classes Applications Developed
Voxeljet 3DP Continuous Sands Molds and Tools for 1999 in
3D Printing Sand Casting Germany
Plastics Aerospace, Automo-
tive, Medical, Art,
and Architecture
Carima SLA DLP Polymers Architecting, 2000 in
Machine Elements, Korea
Jewellery, Plaything,
and Medical
Concept SLM Laser Metals Aerospace, Automo- | 2000 in
Laser CUSING tive, Dental, Medical, | Germany
Jewellery, and Molds
Envision LTP DLP Polymers Aerospace, Biomedi- | 2002 in
TEC 3SP cal, Electronics Germany
Architecture, and
Automotive.
Real.izer SLM SLM Metals and | Dental, Automotive, 2004 in
Ceramics Tools, Medical, and Germany
Jewellery
Mcor Tec. | LOM SDL Papers Geospatial, Arts, 2004 in
Architecture, Medi- Ireland
cal, and
Manufacturing
ExOne 3DP Sand 3DP Sands Molds and Tools for | 2005 in
Sand Casting USA
Metal 3DP Metals Aerospace, Automo-
tive, Art, and Heavy
Equipment
DWS LTP X-Y Scanning | Polymers Jewellery, Fashion, 2007 in
DLP Dental, Biomedical, Italy
Galvanometer and Industrial
Blueprinter | SLS SHS Polymers Architecting, Design, | 2008 in
Engineering, Con- Denmark
struction, and
Manufacturing
ASIGA SLA SAS Polymers Dental, Jewellery, 2009 in
Audiology, and USA
Medical
BeAM DED CLAD Metals Aeronautics, Aero- 2009 in
space, Defence, France
Nuclear, and Medical
Farsoon SLS SLS Polymers Automotive, Archi- 2009 in
tecture, Medical China
Aerospace, and
Manufacturing
Renishaw SLM LM Metals Dental, Aerospace, 2010 in UK
Medical, Automotive,
and Tooling

(continued)
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Table 1 (continued)

Technology acronym(s) Material
Company | Academic | Commercial classes Applications Developed
LUXeXcel |3DP Printoptical Transparent | LED Lighting 2012 in
Polymers Industry Netherlands

Arburg FDM AKF Polymers Manufacturing, Med- | 2013 in
ical, and Dental Germany

Carbon 3D | SLA CLIP Polymers Automotive, Archi- 2013 in
tecture, Fashion, and | USA
Medical

XJET 3DP NPJ Metals Nano-Manufacturing | 2016 in

Israel

3 Additive Manufacturing Versus Conventional
Manufacturing

AM technology opens the door to produce complex, customized, and cost-effective
components with acceptable mechanical properties. It allows a vast innovation in
material development and metallurgical engineering. In addition to polymers,
metals, and ceramics, AM technology provides an outstanding opportunity for
fabricating composites and complex materials.

AM technology has a lot of advantages over conventional manufacturing tech-
niques. One of these advantages is the ability to produce complex designs from
either traditional or newly developed materials. This will allow high flexibility in
producing parts containing various elements within the same design. Figure 1 shows
an example of a multi-directional preform having large numbers of yarn groups and a
complex architecture. As shown, the unit-cell consists of three different yarn orien-
tations. If not impossible, this design could be difficulty manufactured using con-
ventional manufacturing methods. AM technology allows the manufacturing of
multi-directional composite structures as well as the optimization of parts design [8].

New properties, forms, and functionalities can be also created by processing new
materials to produce complex structures using AM technology. Despite the conven-
tional manufacturing techniques, the design freedom in AM technology allows the
designer to design parts with complex geometries or even to apply topology opti-
mization to produce parts with the desired dimensions, complexities and properties
[9]. For instance, while being difficult or even impossible for some of the cellular
structures in Fig. 2 to be produced with conventional manufacturing processes, these
complex geometries could be made using AM processes.

Parts with different materials or functionally graded objects could be also
manufactured using AM technology. The possibility to use different feedstocks in
some of the AM processes enables the manufacturers to produce multi-material
structures and functionally graded materials (FGMs). Figure 3 shows a dual alloy
blisk (as an example of multi-material component) fabricated by direct laser depo-
sition (DLD) process using powder feedstock. FGMs are those structures having
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Fig. 1 An example of
multi-directional structure
that could be manufactured
using AM processes [8]

Fig. 3 DLD processed
TC11/Ti,AIND dual alloy
blisk [10]

TC 11 alloy
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Fig. 4 (a) Optical cross-section and (b—g) SEM micrographs of functionally graded TiC reinforced
Ti matrix composite with increasing TiC content along the building direction (bottom to top). UMC
and RSC refer to un-melted and re-solidified TiC reinforcement, respectively [11]

varying material properties along one direction of the structure. Figure 4 provides an
example of functionally graded MMC benefiting from gradient change of reinforce-
ment content along the building direction.

AM technology can be also employed to create customized alloys and composite
materials. The possibility of using customized mixtures of powders in AM will
provide the opportunity to fabricate composites with improved mechanical proper-
ties compared to the conventionally processed parts. The size, volume fraction,
distribution pattern and orientation of reinforcement incorporated into the matrix
affect the characteristics of fabricated MMCs. The control and optimization of these
parameters are the main challenges in the manufacturing of MMCs. The high degree
of complexity and customization as well as the flexibility in optimizing the charac-
teristics of reinforcements are the main advantages of AM processes over conven-
tional manufacturing methods used for fabricating MMCs.
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Table 2 AM versus conventional manufacturing [1, 12—15]

Factor AM processes Conventional manufacturing processes
Part AM offers high flexibility in producing | They require assembly for complex
complexity | complex geometries and customized designs
products
Part design | AM offers flexibility in manufacturing Conventional manufacturing methods
lightweight components (i.e. hollow or are not applicable for hollow and/or
lattice structures) lattice structures
Material The material distribution within a part The material distribution within a part
distribution | structure could be varied is almost uniform
Production | Low production volumes Large production volumes
volume
Production | Available for the production of low and | They provide the production of large-
size medium size parts size components
Post- Mandatory Optional
processing
Assembly It reduces the number of part and assem- | It requires assembly
bly stages
Material High Low
cost
Material Reduces the material waste High amount of material waste
waste

Table 2 lists the advantages and disadvantages of AM technology over other
conventional manufacturing processes.

4 Additive Manufacturing Processes
for Fabricating MMCs

According to ISO/ASTM 52900 standard [16], the AM processes are classified into:
VAT polymerization, material jetting, powder bed fusion (PBF), binder jetting,
direct energy deposition (DED), and sheet lamination. These processes can be
categorized according to the state of the raw material into: liquid, molten, powder,
and solid-layer processes as shown in Fig. 5. While some of these processes are
available for polymers, the others are available for metals and ceramics.

AM processes could allow the fabrication of MMCs reinforced with either
particulates or fibres. While few attempts have been performed to produce fibre
reinforced MMCs using solid layer AM processes, most of the literature existing on
AM processing of MMC:s refers to powder-based processes used to fabricate partic-
ulate reinforced MMCs. In fact, solid-layer AM processes (e.g. sheet lamination)
might not be applicable for fabricating MMCs parts with complex geometries
[17, 18]. This chapter focuses only on particulate reinforced MMCs made through
powder-based AM processes.
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Fig. 5 Classification of ISO/ASTM 52900 standard AM processes according to the state of
material

Powder-Based AM Processes used for MMCs fabrication

Ex-situ MMCs ]| In-situ MMCs
e N
The reinforcement is externally synthesized. The reinforcement is synthesized in the matrix through the
The reinforcement is either pre-mixed with the matrix powder or fed chemical reactions ocuured m‘ The melt pool during AM
separetly to the melt pool during the laser processing. process.
Sintering or binding of powder particles is required. Full melting of powder particles is required.
\. J
Powder Bed Fusion Direct Energy . . . Direct Energy
o Binder Jetti o
(PBF) Il Deposition (DED) inder Jetting Powder Bed Fusion (PBF) Deposition (DED)
Sflseftsl;/ f)}sﬁ:;ﬁﬁ:{;?g Selective Laser Electron Beam
Laser Sintering (DMLS) Melting (SLM) Melting (EBM)

Fig. 6 Powder-based AM processes used for fabricating two different categories of MMCs

In general, powder-based AM processes can be used to fabricate two major
categories of MMCs, i.e. ex-situ and in-situ reinforced MMCs [181]. Figure 6 pre-
sents the AM processes employed for manufacturing each category of these MMC:s.

4.1 Powder Bed Fusion (PBF) Processes

The PBF processes such as DMLS, SLM and EBM are available for fabricating both
ex-situ and in-situ reinforced MMCs. In DMLS or SLS processing of MMCs, a
single powder layer (mixture of reinforcements and the matrix powders) is spread on
abed, then a focused laser beam is directed at the layer to sinter the mixed powder as
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Fig. 7 Schematic illustration of DMLS/SLM process [19]

shown in Fig. 7. The SLM process reflects the SLS and DMLS processes with full
melting of the powder particles. The EBM process is similar to SLM process except
that the powder is melted using an electron beam instead of a laser source.

The sintering phenomenon associated with AM processes with partial melting
nature (e.g. SLS or DMLS) leads to the production of ex-situ reinforced MMCs.
However, the AM processes with full-melting nature (e.g. SLM and EBM) could be
used for fabricating in-situ reinforced MMCs through activating chemical reactions
between the constituents existing in the system.

4.2 Direct Energy Deposition (DED) Processes

DED is a powder-fed AM process in which the powder is fed through a nozzle and
then melted through a laser/electron beam as shown in Fig. 8 [20, 21]. DED
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Fig. 8 Schematic illustration of DLD process [25]

processes with a laser source are called Direct Laser Deposition (DLD), Laser Metal
Deposition (LMD) [13], Laser Engineered Net Shaping (LENS) [22], Laser Con-
solidation (LC) [23] or Laser Cladding [24]. It has the ability to reface or add layers
onto objects (cladding or hardfacing) [21] as well as to deposit multiple materials in
one process loop. These multi-materials are FGMs and allow designing of material
with varying compositions and microstructures depending on the position [20]. In
terms of metallurgy, DED creates a mobile melt pool on the substrate with a cooling
rate which is significantly dependent on the input of powders [13].

The DED processes utilize knowledge of thermal and kinetic parameters such as
temperature, velocity and composition, which are essential to understand if the
technique is successfully used [13]. The processes with DED nature such as
LENS, LMD and Cladding are all available for fabricating both ex-situ and in-situ
reinforced MMCs. The DED systems benefiting from several nozzles are outstand-
ing systems enabling the fabrication of MMCs and FGMs.

Plasma Deposition Manufacturing (PDM) also belongs to the DED category of
AM processes. This process starts with supplying a continuous powder feed to a
plasma-melted zone where the powder then gets melted and solidified as the plasma
beam scans across the deposited layer. In order to avoid or reduce oxidation,
processing occurs in an environment with inert gas such as argon, helium or
nitrogen. PDM is a feasible technique for fabricating 3D parts as well as FGMs.
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The parts are metallurgically acceptable but further experiments are necessary to
optimize this process [26].

In addition to the DED processes using powder as feedstock, some of the DED
processes employ wire as feed-stock. During the wire-fed DED processes, a wire of
small diameter is fed, melted, and deposited on the substrate. This repetitious process
leads to the fabrication of very dense and large parts with mechanical properties that
are competitive to cast material [27]. By developing DED systems benefiting from
both wire and powder feeding, novel MMCs and FGMs can be also manufactured.

5 Challenges of MMCs Fabrication Using Additive
Manufacturing Processes

Fabrication of MMCs with AM processes has some challenges which have been
summarized as follows [19, 28-33, 180]:

1. The chemical reactions between the elements existing in the system. Although
the chemical reactions between the powder particles are essential to develop
in-situ reinforced MMCs, the occurrence of unwanted reactions may deteriorate
the mechanical properties and material characteristics of the developed
composites.

2. Irregular dissolution of elements that may take place during the AM process.

3. Extensive cracking between tracks or layers due to the high thermal gradients
induced during the process.

4. Loss of specific material properties (e.g. the decrease in the content of alloying
elements due to over-heating and excessive energy density subjected to the
system).

5. Micro-segregation of reinforcements to the bottom of each melt pool, especially
in the case of ex-situ reinforced MMCs.

6. Micro-cracking at the reinforcement/matrix interface which is mainly attributed
to the significant difference in physical and mechanical properties of reinforce-
ments and the matrix. These micro-cracks affect the functionality of fabricated
parts and may cause failure.

7. The residual stresses induced in inter-track/inter-layer regions and consequently
the whole part might affect the mechanical properties of fabricated components.

8. The balling effect that may happen due to the improper selection of process
parameters. This phenomenon might inversely affect the surface integrity and
densification level of parts.

9. The thermal history experienced by a single layer during the deposition of
subsequent layers may cause microstructural changes in it.

10. The determination of optimum process parameters for each specific composite
material.
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These challenges could be addressed and solved using the following suggested
considerations:

1. Optimizing the process parameters for various MMCs and finding their influence
on the surface integrity, mechanical properties and material characteristics of the
parts produced [34, 35].

2. Modifying the AM machines to produce new in-sitt MMCs and developing new

multi-material AM systems [36-38].

. Design and topology optimization for AM [39, 40].

. Creating a real-time process control for the AM systems [36].

5. Building a material database for AM of each MMC system [36, 41, 42].

B~ W

6 Various Types of MMCs
6.1 Ex-Situ Reinforced MMCs

Particle reinforced MMCs are fabricated by various conventional methods. In most
of these processes, the ceramic reinforcing particles added to the matrix have been
made separately prior to the composite fabrication process. As a result, such
composites are called ex-situ reinforced MMCs.

Laser-based AM processes have been recently used to fabricate 3D MMC
structures as well as coatings to improve the properties of materials [43]. One of
the unique features of AM processes is their capability to incorporate reinforcements
either ex-situ or in-situ into the structure. While the size and shape of reinforcements
in ex-situ reinforced MMCs are limited by the initial powder condition [44], the
in-situ reinforced MMCs benefit from desired reinforcing particles synthesized
directly from the chemical reaction between the reactants in the melt pool.

The SiC particle reinforced Al matrix composites (AMCs) are one of the most
common ex-situ reinforced MMCs fabricated by AM processes. Figures 9a, b show
the microstructures of DMLS processed SiC reinforced Al sCuz;Mg matrix com-
posites having two different particle sizes of SiC (i.e. coarse and fine) [45]. Although
the SiC ceramic reinforcing particles may partially melt and dissolve into the Al
matrix and probably form a few in-situ phases, the remaining of primarily added SiC
mostly as un-melted particles in the matrix can introduce the obtained parts as ex-situ
reinforced MMCs. Besides the applied AM process (e.g. laser sintering (LS) or laser
melting (LM) nature of the process) and the selected process parameters, the degree
of melting experienced by the ceramic reinforcing particles is also affected by their
size. While the large size reinforcing particles may remain relatively un-melted in the
solidified microstructure, the finer ones could be partially melted during the laser
processing.

The main drawbacks associated with the ex-situ reinforced MMCs are the
relatively weak interfacial bonding between the ceramic reinforcing particles and
the matrix as well as the poor wettability between them due to the surface contam-
inations existing on pre-processed reinforcing particles. Combination of these two
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Fig.9 SEM micrographs of laser sintered SiC/Al,; sCusMg powder mixtures having: (a) coarse and
(b) fine SiC ceramic particles. (¢) Cracking at the SiC/Al matrix interface of laser processed parts
[45]

Table 3 AM processed lightweight MMCs having hybrid ex-situ/in-situ reinforcements

Mixed powder | Applied AM | Reinforcement Morphology of In-Situ

system process Ex-Situ In-Situ | reinforcements Reference

SiC/ SLM Un-melted | Al4;SiC4 | Combined Plate-like & [46]

AlSil0Mg SiC Particle-shape

SiC/A356 DMLS Al,SiC, | Plate-like [47, 48]

Si Particle-shape

Al,O3/Al SLM Un-melted | Al,O3 Long-strip [49]
AlLO;

TiN/Ti6Al4V | LENS Un-melted | TiN Elongated rods [50]
TiN

SiC/Ti LENS Un-melted | TiC Dendritic [51,52]
SiC TisSis Faceted particles

phenomena and the noticeable difference between the CTEs of ceramic particles and
the metallic matrix introduces the particle/matrix interfaces as potential locations for
crack nucleation and propagation (Fig. 9c). These cracks lower the load transfer
efficiency from the matrix to the reinforcements and inversely affect the mechanical
properties of MMCs. Moreover, when subjected to external loading, these cracks
may easily propagate into the matrix and lead to premature failure of MMCs parts.
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6.2 Hybrid Ex-Situ/In-Situ Reinforced MMCs

In recent years, several AM processes including LENS, DMLS and SLM have been
used for fabricating lightweight AMCs and Ti matrix composites (TMCs) containing
hybrid ex-situ/in-situ reinforcements. Table 3 summarizes various material systems
used to produce these types of composites via AM processes. It should be noted that
the ex-situ part of the reinforcements refer to the primarily added reinforcing
particles remained un-melted in the microstructure. However, the in-situ part repre-
sents those reinforcements synthesized in an in-situ manner during the fabrication
process. The in-situ formed reinforcements may be either as the same or as a
different phase from the starting reinforcing particle.

The microstructures shown in Fig. 10 are hybrid ex-situ/in-situ reinforced AMCs
and TMCs fabricated by AM processing of Al,O3/Al, TiC/Ti6Al4V and TiB,/
Ti6Al4V powder mixtures. The obtained MMCs contain un-melted or partially
melted Al,Os, TiC and TiB, particles remained even after the solidification process.
The remaining of un-melted particles in the microstructure can be ascribed to several
reasons including relatively low laser energy densities applied to the system, and
large-size and/or high contents of high melting point ceramic reinforcing particles
present in the powder mixture. Under these conditions, sufficient energy and time
may not be provided for complete melting of reinforcing particles, leading to the

L

Fig. 10 SEM micrographs of: (a) SLM processed Al,O3/Al [49], (b) Direct laser fabrication (DLF)
processed TiC/Ti6Al4V [53], and (c¢) DLF processed TiB,/Ti6Al4V [54] systems
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remaining of un-melted or partially melted particles in the microstructure along with
the in-situ formed precipitates. Figure 10a shows the un-melted Al,O3 particles
gathered at the grain boundaries to form colonies. This is while the un-melted TiC
and TiB, particles in Figs. 10b, c are found all over the matrix. The part of Al,O;
particles melted and dissolved into the matrix tends to reprecipitate as Al,O3 phase in
a long-strip morphology along the grain boundaries of the Al matrix [49]. To the
same, TiC powder particles melted and dissolved into the matrix also precipitate
again as TiC in the microstructure. However, the in-situ reaction between the TiB,
reinforcing particles and the Ti matrix results in the synthesis of a new phase (TiB).

6.3 In-Situ Reinforced MMCs

Depending on the applied processing parameters (e.g. laser power, scan speed, layer
thickness and hatch spacing) and the properties of mixed powder system
(e.g. melting points of constituents, size and volume fraction of powder particles),
varying amounts of reaction may proceed in the system to form in-situ products.
Compared with the ex-situ and hybrid ex-situ/in-situ reinforced MMCs, the primar-
ily added reinforcing particles are fully consumed in the case of in-situ reinforced
MMCs. This results in the formation of microstructures free of primarily added
reinforcing particles, containing desired reinforcements synthesized directly from
the induced chemical reaction among the starting materials. The in-situ reinforced
MMCs have some advantages over the ex-situ reinforced ones as follows [55-58]:

(i) While the size of reinforcements in ex-situ reinforced MMCs is dictated by
their size in the staring powder mixture and is typically in the order of microns,
the fine in-situ synthesized reinforcements with improved distribution state in
the matrix offer significantly enhanced mechanical properties.

(i1) The higher thermodynamic stability of in-situ synthesized reinforcements than
the ex-situ ones introduces them as better candidates for MMCs having high
temperature applications.

(iii) Clean, un-oxidized and contaminant-free surface of the in-situ synthesized
reinforcements improves their wettability with the surrounding melt and results
in stronger reinforcement/matrix interfacial bonding.

(iv) The in-situ processes are potentially cost-effective and require fewer processing
steps since the reinforcements are synthesized during the fabrication process.

Because of benefitting from these unique advantages, MMCs with in-situ syn-
thesized reinforcements have attracted a great attention in recent decades. Tables 4
and 5 summarize the works performed to fabricate in-situ reinforced AMCs and
TMCs employing AM processes, respectively.

Because of benefiting from two or more reinforcements in a single composite
structure, the hybrid and multiple reinforced MMCs have been recently developed
and have attracted a great attention. The in-situ reactions in these MMCs are
controlled by several parameters including the type and ratio of powders in the
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Table 4 Additively manufactured AMCs containing in-situ synthesized reinforcements

Mixed powder Applied AM | In-Situ Morphology of
system process reinforcement(s) reinforcement(s) Reference
TiC/AlSi10Mg SLM TiC Particulate [59-64]
SiC/AlSi10Mg SLM AlLSiCy Plate-like & Particle- [65]
shaped both together
Al,O4/ SLM Al,Si404 Particulate [66]
AlSilOMg
AIN/AISi10Mg SLM AIN Particulate [67]
Al-20Si-5Fe- SLM Al FeSi, Needle-like [68]
3Cu-1Mg
TNM/AI-12Si SLM AlgMoTi Irregularly-shaped den- [69]
drites and particles
Al85Nd8NiSCo2 | SLM AINd;, Platelet [70]
Al4CoNi,,
AINdNiy
Fe,05/(Al) SLM Al-Fe IMCs?, Particulate [71]
a-Al,O3
Fe, 05/ Al-Fe IMCs,
(AIMg1SiCu) a-Al,O3
Fe, 05/ Al-Fe IMCs,
(AISi10Mg) Aly sFesSig s
SiC/AlSi10Mg DMLS AlCy Elongated acicular [72]
TiB,/AlISilOMg | SLM TiB, Rod-like [73]

“Intermetallic compounds

mixed powder system as well as the applied processing parameters affecting the
temperature and the duration of reaction in the melt pool.

Typical microstructures of hybrid (TiB + TiC) and (TiB + TiN) reinforced
TMC:s fabricated by LENS process are presented in Figs. 11a, b, respectively. The
hybrid (TiB + TiC) reinforced TMC is produced by in-situ reaction between B,C
and Ti powders while the (TiB + TiN) one is made as a result of the induced reaction
between BN and Ti part of Ti6Al4V powder.

Although having different size and distribution pattern, TiB reinforcing phase
shows a needle-like morphology in both of the hybrid reinforced microstructures.
The differences between the size and distribution pattern of TiB reinforcements are
related to the differences in size of primarily added ceramic powder particles (BN,
B4C) as well as the B content of the systems. The partial melting of relatively large
size (30—45 pm) B4C powder particles as well as the hypereutectic composition of
the Ti-B system result in the formation of coarse primary TiB precipitates distributed
in the matrix. However, very small size of BN powder particles (0.5-2 pm) com-
bined with the exothermic nature of reaction between BN and liquid Ti leads to the
complete melting of BN powder particles. Although B concentration is as high as 2.5
and 7.5 wt.% in the system, TiB precipitates form as very fine eutectic wisker/nano-
rod morphology distributed as a quasi-continuous network in the microstructure
(Fig. 11b). To the same feature as the TMCs having either TiC or TiN as
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Table 5 Additively manufactured TMCs containing in-situ synthesized reinforcements

E. Fereiduni et al.

Parameter
Mixed Applied (s) affecting
powder AM Reinforcement morphological
system process | (s) Morphology change Ref.
TiC/Ti SLM TiC Rod-like Increase in laser [74]
Lamellar energy density
Lamellar Increase in laser [75]
Accumulated whis- energy density
ker
Coarsened dendrite
Lamellar Enhancement of [76]
Feather-structured TiC content
Dendritic
B.C/Ti DLD TiB Needle-like & - [77]
Prismatic
TiC Granular
TiB,/Ti- LENS TiB Needle like & - [78]
Nb-Zr-Ta Prismatic
Si3Ny/Ti SLM TiN Irregular polyangular | Increase in laser [79]
Refined near round energy density
shape
Coarsened dendrite
Elemental DLDor |TiB Needle-like - [54, 80—
B/Ti6Al4V | LENS 82]
Elemental
B/Ti
TiB,/
Ti6Al4V
TiB,/Ti SLM TiB Needle-like - [83-85]
SiC/Ti SLM TiC Dendritic - [86]
TisSis Faceted particles
BN/ LENS TiB Very fine whiskers Increased laser [871]
Ti6Al4V and nano-rods energy density
TiN Plate like or Flow- and/or Enhanced
ery-dendritic BN content
Ti, Aland |SLM TiC Round-shaped - [88]
Graphite
elemental
powders
BN/ LENS TiB Fine needle like - [89]
Ti6Al4V TiN Flowery or
Dendritic

reinforcement, the TiC and TiN precipitates show also granular and dendritic/plate-
like morphology, respectively in the hybrid reinforced TMCs.

Recently, DMLS process was combined with self-propagating high-temperature
synthesis (SHS) to fabricate in-situ reinforced AMCs with multiple reinforcements.
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Fig. 11 Microstructures of hybrid: (a) (TiB + TiC) reinforced TMC fabricated by LENS
processing of B4C/Ti mixed powder system [77] and (b) (TiB + TiN) reinforced TMC made by
LENS processing of BN/Ti6Al4V system [87]

Fig. 12 Microstructure of
DMLS processed B4C/TiO,/
Al mixed powder system
[90]

2000m  Mag= SS00KX EMT= 500KV SgralA=SEZ  Dato 23 Mar 2010 Saeet
— WO= 7mm Gun Vacuum = 1 860-009 mBar Time 103101

For this purpose, mixture of Al, TiO, and B,C powders were used, resulting in the
formation of in-situ Al,O3, TiC and TiB, reinforcements [90]. Figure 12 shows the
particulate shape TiC and TiB, reinforcements distributed in the Al matrix of
obtained AMCs.

6.4 TMCs with Metallic Reinforcements

By SLM processing of 10 wt.% Mo/Ti6Al4V powder mixture, Vrancken et al. [91]
recently developed TMCs having Mo metallic particles as reinforcements randomly
dispersed in a -Ti matrix (Fig. 13a). TiTa solid solution matrix composites with few
un-melted Ta particles as reinforcements have been also developed by SLM
processing of 50 wt.% Ta/Ti mixed powder system (Fig. 13b) [92]. Due to the
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Fig. 13 Microstructures of SLM processed: (a) 10 wt.% Mo/Ti6Al4V system showing un-melted
Mo particles randomly dispersed in the Ti matrix [91] and (b) 50 wt.% Ta/Ti system with un-melted
Ta particles remained in the solidified structure [92]

higher melting temperatures of Mo and Ta (2625 and 3020 °C, respectively)
compared with that of Ti6Al4V (1668 °C), a part of them may not be melted
when subjected to relatively low laser energy densities. Moreover, the higher
reflectivity of Mo and Ta than Ti6Al4V to the laser beam could be also responsible
for their lower laser absorptivity and the subsequent partial melting. Therefore, a part
of Mo and Ta powder particles may remain as unmelted particles and play the role of
metallic reinforcement for the matrix.

6.5 Additively Manufactured Lightweight Metal Matrix
Nano-Composites (MMnCs)

The field of nano-composites has been widely considered in recent decades because
of the significant differences in mechanical, electrical, thermal, electrochemical and
optical properties of nano-composites compared with the component materials. The
main concept behind the development of lightweight MMnCs is benefiting from the
great potential of nano-scale reinforcements for further improvement of mechanical
properties beyond those of conventional MMCs.

The desired properties of MMnCs are obtained when the nano-scale reinforce-
ments are uniformly distributed throughout the matrix. However, the low wettability
of ceramic nanoparticles with the molten metal matrix and the extremely large van
der Waals attractive force between the reinforcing nanoparticles are the main issues
limiting the production of MMnCs by conventional fabrication processes. The main
problems with these processes are agglomeration of nanoparticles to the coarsened
clusters or even the disappearance of nanoscale nature of reinforcements. This
phenomenon paves the way for microstructural inhomogeneity and makes it rather
difficult to achieve the optimal exploitation of the strengthening potentials of nano-
scale reinforcements. Therefore, it would be necessary to develop novel fabrication
methods avoiding the agglomeration of reinforcing nanoparticles and guaranteeing
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Fig. 14 SEM images of SLM processed: (a) TiC reinforced Al matrix [95], (b) TiC reinforced Ti
matrix [76] and (c) TiB reinforced Ti matrix [85] nano-composites

their homogenous distribution throughout the matrix. In addition to the problems
associated with the distribution of nano-scale reinforcements, fabrication of nano-
composites still have some challenges including processing, cost, consistency in
volume production as well as oxidation and thermal instability of nano-
materials [58].

AM technology is believed to be one of the promising approaches able to mitigate
some of these limitations [93]. Due to the ease of incorporating nano-materials as
well as the significant progress in polymer-based AM techniques, the recent devel-
opments in AM processing of nano-composites have been mostly focused on
polymer-matrix composites. However, limited numbers of works have been
performed in the field of MMnCs. This could be due to the difficulties accompanied
by incorporation of nanoparticles in metal powder-based AM techniques as well as
the limitation with the variety of existing materials that can be used. The develop-
ment of new processes and innovative materials may open new windows for wider
fabrication of MMnCs adopting AM technology.

Recently, novel MMnCs with nanometer-scale reinforcements have been fabri-
cated using AM processes, especially SLM. TiC is the most widely used reinforce-
ment for fabricating Al matrix nano-composites (AMnCs). This is while TiC and
TiB are both used in the literature as reinforcement to the Ti matrix nano-composites
(TMnC:s). Figure 14 shows typical microstructures of TiC reinforced AMnCs as well
as TiC and TiB reinforced TMnCs. Due to the extremely small size of ceramic
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reinforcing particles (nanometer-scale TiC, and very small 2-5 pm size TiB, and
elemental B) in the mixed powder systems and the full melting nature of the SLM
process, the in-situ TiC and TiB precipitates are most likely synthesized through
solution precipitation mechanism, during which the reinforcement nuclei is formed
by heterogeneous nucleation and then grows.

The nanoscale TiC reinforcements in AMnCs are also formed through solution
precipitation mechanism by multiple nucleation and growth of TiC nuclei from
carbon saturated AI-Ti melt [94, 95]. Microstructural observation of the TiC
reinforced AMnCs reveals that the nanometer scale TiC precipitates are not only
round in shape, but also uniform in size. The in-situ formation of TiC precipitates as
equiaxed spherical morphology in the AMCs has been extensively reported in the
literature [96—100]. The nanometer-size of TiC precipitates and their narrow size
distribution in the matrix both give evidence of easier nucleation than growth.

When in nanometer scale, the TiC precipitates in TMnCs show a lamellar
morphology with a mean thickness less than 100 nm. It is interesting to point out
that despite the particulate morphology of TiC precipitates in AMnCs for a wide
range of processing conditions, the TiC precipitates in TMnCs are associated with
extensive changes in size and morphology based on the applied processing param-
eters as well as the characteristics of mixed powder system [74-76].

To the same as all TiB reinforced TMCs made by various processing methods,
TiB reinforcements also show needle-like morphology in the AM processed TMCs.
However, by using appropriate processing parameters and engineered mixed powder
systems, TiB reinforced TMnCs containing needle-like TiB precipitates with diam-
eters in nanoscale can be fabricated through AM technology [82, 84, 85].

7 Temperature-Driven Forces and Flows and Viscosity
in Laser-Induced Melt Pools

7.1 Surface Tension and Marangoni Flow

The temperature variation in the melt pool during laser-based AM is in a way that
compared to the edges, the central regions are associated with higher temperatures.
Moreover, there exist chemical potential gradients of solute elements in different
regions of the melt pool. These thermal and chemical gradients can induce a surface
tension gradient which is the main driving force for the movement of molten material
in the melt pool usually from the center toward the edges. The surface tension
gradient induced in the melt pool results in the formation of a so called Marangoni
flow which is significantly dependent on temperature sensitivity of the liquid-to-
solid surface tension of the material. When Marangoni flow is active, the induced
radial temperature gradients exceed the depth-wise temperature gradients [101].

As shown in Fig. 15, the surface tension is inversely proportional to the melt pool
temperature for most pure metals with low oxygen content and follows an increasing
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Fig. 15 Variation of surface temperature and surface tension in the melt pool of SLM processed

TiC/AlSi10Mg mixed powder system containing different amounts of TiC [64]
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tension tension
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Fig. 16 Schematic illustration of material flow in the melt pool without and with oxidation [67]

Edge of the
molten pool

trend by moving from center toward the periphery of melt pool [64, 102]. In
addition, higher temperatures and consequently smaller surface tensions are induced
in the melt pool when processing powder mixtures with higher contents of
reinforcing particles. In fact, due the higher laser absorptivity of ceramic reinforcing
particles than the metallic powder, the increase in volume fraction of reinforcing
particles enhances the effective laser absorbance of the whole powder system and

consequently elevates the melt pool temperature.
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The surface tension induced during laser processing is also affected by the
oxidation phenomenon [67]. Moreover, the presence of oxides can influence the
convection pattern in the melt pool. Owing to the accumulation of insufficient heat at
initial stages of melt pool formation, the oxide films existing at the edges of melt
pool are not completely destroyed, leading to reverted surface tension gradient and
convection pattern from the edges toward the center (Fig. 16a). When subjected to
enough heat during laser processing, the braking of oxide films results in the
reversion of material flow from center toward the edges (Fig. 16b). The addition
of impurities to the pure metals can also reverse the fluid flow direction in the melt
pool from outward to inward pattern [103].

Generally, the effect of Marangoni flow on the bulk flow of a melt is normally
weaker than bulk convection at the same thermal and chemical gradients. However,
under special circumstances, e.g. in laser processing and electron-beam melting of
metals, the Marangoni flow may significantly affect the bulk flow. The Marangoni
flow generates higher peak velocities in the melt pool and elevates the heat transfer
coefficient. However, when the Marangoni flow is negligible, free convection flow
becomes dominant, and smaller peak velocities are attained. The heat transfer for this
type of melt pool is evaluated via conduction only [101]. The intensity of Marangoni
flow can be evaluated using the dimensionless Marangoni number (M,) as [104]:

M,=20 (1)
HOK

here, Ao represents the surface tension difference (N/m), L is the length of free
surface which is considered as the melt pool length, and v, refers to the kinematic
viscosity which is defined as dynamic viscosity (p) divided by density. The
Marangoni number can be positive or negative. The negative Marangoni numbers
represent melt pools having a wide form factor with a flow direction from center
toward the edges. However, positive Marangoni numbers describe a narrow melt
pool with edge to center directional flow [105]. The positive/negative nature of
Marangoni flow also affects the microstructural evolutions during solidification.
While positive values favour microstructural refinement at the bottom of melt
pool, the negative ones lead to the formation of fine microstructures along the top
regions of a deposited layer [106]. The Marangoni flow also assists in mixing and
stirring of the melt pool to avoid macro-segregation phenomenon [101].

7.2  Recoil Pressure

One of the interfacial forces induced during laser processing of metals which affects
the temperature and morphology of melt pool is recoil force. The recoil force and the
Marangoni flow are considered as the main driving forces for the instability of melt
flow during laser processing [107]. Since subjected to the highest superheat during
laser processing, the surface temperatures directly below the laser spot can easily
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reach the boiling temperature of the material. The extremely high superheat gener-
ated directly at and beneath the center of melt pool can pave the way for vapour
recoil which is characterized by the nucleation and growth of metal vapour bubbles
and trapped inert gas [108, 109]. When the vapour recoil pressure goes beyond the
melt/gas surface tension, small droplets eject from the melt pool to the surrounding,
resulting in a phenomenon known as balling effect in AM processes [110, 111]. The
recoil vapour pressure varies exponentially with temperature as [107, 112]:

P(T)=0.54P (s (r="11)) )

where P, is the ambient pressure, A represents the evaporation energy per particle,
Kjp is Boltzmann constant, T is the surface temperature, and 7, refers to the boiling
temperature of the material.

7.3 Rayleigh-Benard Convection

The thermal variations during laser processing cause temperature difference (AT)
between the top and bottom of the melt pool. The difference in density induced by
these thermal variations generates a buoyancy force which acts to rearrange the
lighter molten material at the top and the heavier one at the bottom of the melt pool.
When AT is not so significant, the molten material remains stationery, and heat
transfer occurs through conduction. However, as AT exceeds a critical value (AT,),
energy transfer through rearrangement of molten material (convection) becomes
dominant and leads to the motions in the melt pool known as Rayleigh-Benard
convection. The magnitude of Rayleigh-Benard convection can be addressed by
Rayleigh number (R,) as [113]:

3
P ol 3)

Qavy

where f is the CTE, g is gravitational acceleration, d represents the melt pool
thickness, and «a signifies the thermal diffusivity.

7.4 Dynamic Viscosity of Solid-Liquid Mixed Melt Pools

The dynamic viscosity of the melt pool containing solid reinforcing particles dis-
tributed in the liquid metal is defined mathematically as [114-116]:
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@12
H=Ho {1 - <1>_m] 4)
where i, refers to the viscosity of pure liquid metal (excluding the solid reinforcing
particles), @ is the volume fraction of solid phase in the liquid, and @,,, corresponds
to the critical volume fraction of solid phase above which the mixture has infinite
viscosity. The dynamic viscosity of the melt pool is substantially increased by the
retention of solid particles in it. Therefore, the viscosity of pure liquid metal (p)
should be low enough to ensure the successful surrounding of solid particles.
However, when the viscosity of pure liquid metal is too low, covering of solid
particles with the liquid is limited.

Assuming that there exists a suitable wetting between the liquid and solid
particles, the quality of laser processed part is significantly driven by the dynamic
viscosity of pure liquid (), assessed by [117]:

160 m
M= 15\ K,T (5)

in which ¢ indicates the surface tension of liquid metal, m represents the atomic
mass, and 7 refers to the melt pool temperature. Based on Eq. 5, higher temperatures
or lower surface tensions result in the formation of liquids with lower viscosities.
Referring to Egs. 4 and 5, the elevated temperature has two major effects on dynamic
viscosity of solid-liquid mixed melt pool: (i) reducing the dynamic viscosity of the
liquid metal, and (ii) facilitating the melting or at least partial melting of solid
reinforcing particles which leads to the formation of higher liquid volumes. Both
these factors decrease the melt pool viscosity and consequently improve the wetting
of solid reinforcing particles by the surrounding molten metal. It should be noted that
at extremely low melt viscosities, there may not be enough liquid to wet the solid
particles. This may lead to balling effect. Therefore, the appropriate selection of
solid-liquid ratio as well as the controlled superheating degree of the powder with
lower melting point could be suggested to control both the yo and u for fabricating
high quality MMCs parts.

8 Parameters Affecting Microstructural Features
of Reinforcements in Hybrid Ex-Situ/In-Situ Reinforced
and In-Situ Reinforced MMCs

8.1 Laser Energy Density

The amount of laser energy density applied during AM processing has a significant
influence on microstructural evolution of fabricated MMCs. The elevated heat
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Fig. 17 SEM micrograph
of DLF processed TiB,/
Ti6Al4V system as in
Fig. 10c but subjected to
higher laser power [54]

accumulation and reduced cooling rates induced at relatively high energy densities
may have three major effects on the system:

(1) The mixed powder system may experience higher levels of melting,
(i1) Higher temperatures and longer times are provided for the elements to diffuse
into the system, and
(iii) The oscillation of reinforcing particles and dissolved elements in the melt are
increased.

The effects of laser energy density on the amount, size and morphology of in-situ
synthesized reinforcements are discussed in the following.

8.1.1 Amount of In-Situ Reaction

When using relatively low energy densities, the energy delivered to the mixed
powder system may not be high enough for full melting of powder particles,
especially those with high melting points (e.g. Al,O3, TiC and TiB, particles in
Fig. 10), leading to the melting of only fine reinforcing particles or the edges of
larger irregular-shape ones [65]. Accordingly, the microstructure may contain
un-melted reinforcing particles along with the in-situ synthesized reinforcements.
The enhanced melt pool temperature and larger degrees of melting caused by
increased energy density can be an effective approach for decreasing the size and
volume fraction of un-melted reinforcing particles and consequently increasing the
amount of in-situ synthesized reinforcements [51, 52]. Figure 17 shows the micro-
structure for the same specimen in Fig. 10c but processed with higher laser power.
As is indicative, the starting TiB, powder particles completely reacted with the fully
melted Ti to form in-situ TiB precipitates with needle-shape morphology.
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Residual SiC particles

Fig. 18 Microstructures of SLM processed SiC/AlSil0Mg mixed powder system subjected to laser
energy densities of: (a) 800 and (b) 1000 J/m [118]

Fig. 19 Microstructures of LENS processed SiC/Ti system subjected to energy densities of: (a)
33.95 and (b) 12.73 J/mm” [52]

8.1.2 Size of In-Situ Reaction Products

The greater heat accumulation and reduced cooling rates associated with higher laser
energy densities provides the system with higher temperatures and longer times,
leading to the growth of in-situ synthesized reaction products. When occurred, the
obtained MMCs structures may contain fewer numbers of larger-size in-situ synthe-
sized reinforcements. As shown in Fig. 18, the elevated melt pool temperature
caused by application of higher energy densities increases the length and width of
plate-like Al4SiC4 phase and favors the growth of particle-shape Al4SiC, precipi-
tates. However, the reduced melt pool temperatures combined with the increased
cooling rates lead to extremely finer reaction products. This can be observed by
comparing the size of TisSi; precipitates as well as the microstructural features of
lamellar eutectic structures in SiC/Ti powder mixtures processed with two different
laser energy densities (Fig. 19).
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Fig. 20 Microstructures of SLM fabricated TiC reinforced TMCs processed with laser energy
density of: (a) 120, (b) 180 and (c) 360 J/mm? [75]

8.1.3 Morphology of In-Situ Synthesized Reinforcements

The applied energy density can also affect the morphology of in-situ synthesized
reinforcements in some systems. As presented in Table 5, one of the systems in
which the size and morphology of in-situ synthesized reinforcements are greatly
dependent on the applied energy density is the TiC/Ti system having nanoscale TiC
powder particles. As being observed in Fig. 20, the morphology of in-situ synthe-
sized TiC precipitates in SLM processing of this system follows successive change
from discrete nanoscale lamellar to accumulated whiskers and finally to coarse
dendrites with the enhancement of laser energy density [74, 75].

In general, TiC primarily nucleates as NaCl-type hexagonal structure with center-
symmetric position of Ti and C atoms in the lattice. The deposition of Ti and C atoms
on TiC nuclei is believed to form a lamellar crystal with [111] basal plane (Fig. 21)
[74]. The combined effects of evaporative recoil pressure and surface tension of melt
induced on [111] plane of TiC crystals especially at high scan speeds (low laser
energy density), restricts the growth along [111] direction and results in a desirable
nanostructure (Fig. 20a). However, the increased activation of Ti and C atoms
caused by elevated temperatures at higher energy densities favors their deposition
on [111] planes of the TiC crystal and leads to morphological change from nanoscale
lamellar structure to coarsened sub-micrometer scale whisker-like structure
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Fig. 21 Schemati - .
ilustration of primarily Microscopic pressure
nucleated TiC structure [75] [
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Fig. 22 Schematic illustration of morphological change experienced by in-situ TiN phase in SLM
processed Si3N,4/Ti mixed powder system [79]

(Fig. 20b). The enhanced instability of melt pool caused by the intensified
Marangoni flow combined with the extremely high melt pool temperatures at
excessive energy densities facilitates the dendritic growth of crystals to form coars-
ened structure (Fig. 20c).

The improved wettability of solid reinforcements with the surrounding melt
caused by the enhanced energy density can also affect the morphology of reinforce-
ments. Figure 22 schematically shows the variation in morphology of in-situ syn-
thesized TiN precipitates as a function of energy density subjected to the SizN4/Ti
powder mixture during SLM processing [79]. The limited wettability of TiN pre-
cipitates with the melt at relatively low energy densities leads to their non-uniform
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polyangular morphology with some agglomeration. The elevated temperature and
improved wettability gained at higher energy densities change the morphology to
near-round shape with some refinement. However, at considerably high energy
densities, the intensified perturbations and noticeable internal energy caused by
significantly reduced dynamic viscosity and enhanced Marangoni flow makes the
solid-liquid interface instable and favors the formation of coarse dendritic TiN
precipitates.

8.2 Characteristics of Powder Mixture

The effective laser absorption of a powder mixture containing metal, ceramic and
pores is defined as the following [119]:

Agr=> AVi\/(1+0.5P) (6)

where A; and V; represent the absorption coefficient and volume fraction of con-
densed part, respectively, and P corresponds to the fraction of porosity.

Due to the significant effects ceramic reinforcing particles have on laser absorp-
tivity of powder mixture, their features (e.g. laser absorptivity, size and volume
fraction) play important roles in microstructural evolution and mechanical properties
of laser-based AM fabricated MMCs. The influence of size and volume fraction of
reinforcing particles on microstructural characteristics is discussed in the following.

8.2.1 Size of Reinforcing Particles

The limited in-situ reaction between the coarse reinforcing particles and the melt
results in heterogeneous microstructures containing high volumes of un-melted
reinforcing particles along with low amounts of in-situ synthesized precipitates.
However, compared with the larger reinforcing particles, the higher effective surface
area of finer ones can lead to the improved laser absorption efficiency. This can
consequently elevate the melt pool temperature and induce much more in-situ
reactions in the system. Therefore, more uniform microstructures containing higher
amounts of in-situ reinforcements may be formed. It is worth noting that when
employing relatively low energy densities, the fine reinforcing particles may gather
to form clusters [47]. This can diminish the efficiency of laser absorption by
reducing the effective surface area of ceramic reinforcing particles.

8.2.2 Volume Fraction of Reinforcing Particles

Due