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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
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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
P a2 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



4 T. Larimian and T. Borkar

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,O; — 2Fe3Al + 3Al1,0; + heat, in which Al reduces the Fe,O;
[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, 05 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/5S 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 20 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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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 44.74 322 65.28 317
Dso=15pum | 38.52 492 0.356 44.74 239 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



10 T. Larimian and T. Borkar

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
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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 lubrication.

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 mm ™ 2);
(b) 15BN-300/20 (38 J mm2), (¢) 5BN-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 a 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 f + 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 f
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
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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 [S]. 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.
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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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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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