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Abstract

Metal matrix composites (MMCs) are frequently employed in various advanced industries due
to their high modulus and strength, favorable wear and corrosion resistance, and other good
properties at elevated temperatures. In recent decades, additive manufacturing (AM) technology
has garnered attention as a potential way for fabricating MMC:s. This article provides a
comprehensive review of recent endeavors and progress in AM of MMCs, encompassing
available AM technologies, types of reinforcements, feedstock preparation, synthesis principles
during the AM process, typical AM-produced MMC:s, strengthening mechanisms, challenges,
and future interests. Compared to conventionally manufactured MMCs, AM-produced MMCs
exhibit more uniformly distributed reinforcements and refined microstructure, resulting in
comparable or even better mechanical properties. In addition, AM technology can produce bulk
MMCs with significantly low porosity and fabricate geometrically complex MMC components
and MMC lattice structures. As reviewed, many AM-produced MMCs, such as Al matrix
composites, Ti matrix composites, nickel matrix composites, Fe matrix composites, etc, have
been successfully produced. The types and contents of reinforcements strongly influence the
properties of AM-produced MMCs, the choice of AM technology, and the applied processing
parameters. In these MMCs, four primary strengthening mechanisms have been identified:
Hall-Petch strengthening, dislocation strengthening, load transfer strengthening, and Orowan
strengthening. AM technologies offer advantages that enhance the properties of MMCs when
compared with traditional fabrication methods. Despite the advantages above, further challenges
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of AM-produced MMC:s are still faced, such as new methods and new technologies for
investigating AM-produced MMCs, the intrinsic nature of MMCs coupled with AM
technologies, and challenges in the AM processes. Therefore, the article concludes by

discussing the challenges and future interests of AM of MMCs.

Keywords: additive manufacturing, feedstock, metal matrix composites, microstructure,

performance

1. Introduction

Metal matrix composites (MMCs) are the intimate combina-
tion of continuous metal matrix and reinforcing materials [1,
2]. MMCs encompass a diverse range of materials that can
be classified based on their metallic matrix (e.g. Ti, Al, Mg,
Cu, Fe, Ni, Co, etc) and reinforcing materials (e.g. particles,
fibers, and whiskers) [3—5]. Over the recent decades, MMCs
have garnered global attention owing to their remarkable abil-
ity to exhibit improved toughness and good ductility within the
metallic matrix, coupled with the high stiffness and strength
conferred by the reinforcements. MMCs typically exhibit high
modulus and strength, good wear resistance, and noteworthy
high-temperature properties. Owing to these remarkable char-
acteristics, MMCs have emerged as a good material choice
and are employed in some industrial sectors [1, 6-10]. For
instance, the fan exit guide vanes utilized in the Pratt &
Whitney 4000 series gas turbine engines, equipped on Boeing
777 commercial airliners, are constructed using discontinu-
ously reinforced Al matrix composites [9].

Generally, conventional techniques for the fabrication of
MMCs include stir casting, forging, diffusion bonding, infilt-
ration, and powder metallurgy [11-15]. The fabrication meth-
ods mentioned above invariably entail a multitude of pro-
cessing steps. Furthermore, the attainment of the desired
shape and dimensional accuracy of the part necessitates the
involvement of machining, thereby contributing to the over-
all production cost of MMC components [16]. Certain types
of MMCs, such as Ti matrix composites, exhibit comparat-
ively low thermal conductivity and a high degree of chem-
ical reactivity. Therefore, undesired chemical reactions during
the machining process negatively influence their machinability
[17]. The manufacture of MMCs using powder metallurgy is
confronted with many challenges, primarily due to the inter-
actions between the reinforcement and metal matrix, includ-
ing weak interfacial bonding and non-uniform distribution of
the reinforcements within the metal matrix [14]. Surface and
heat treatments are frequently used as post-processing tech-
niques to enhance the properties of the as-fabricated MMCs
[18, 19]. Consequently, endeavors have been undertaken to
overcome these challenges and expand the scope of MMCs
applications in recent years. Fortunately, additive manufactur-
ing (AM) technologies have emerged as a promising alternat-
ive for producing MMCs [20].

AM technologies enable the layer-wise, computer-aided
design (CAD) model-based, direct production of three-
dimensional components without any intermediate steps, ori-
ginating in 1986 [21]. These AM technologies alleviate the

constraints imposed by conventional manufacturing meth-
ods, enabling the fabrication of components with more com-
plex geometries. AM processes can potentially eliminate the
requirement for extensive post-processing schedules, signi-
ficantly reducing material waste and energy consumption
associated with producing intended components [22-25].
Additionally, the ease of generating CAD models facilitates
the attainment of high-level designs that promote lean produc-
tion practices. Under these benefits, AM technologies have
emerged as a favored fabrication approach across various
industries [26-31].

Besides their inherent characteristics, AM technologies
have some merits in fabricating MMCs. There are two options
for adding reinforcements during the AM process. The rein-
forcement can be pre-mixed with the metal matrix powder in
various ways (such as ball-milling or mechanical mixing) to
ensure the homogeneousness of the feedstock in the AM pro-
cesses. Therefore, the reinforcements are not aggregated and
have a homogeneous distribution in the AM-produced MMCs
[32]. Otherwise, the reinforcements can be added from powder
feeders and mixed with the metal matrix powder during some
AM processes. Subsequently, the mixed powders are melted
by the heat source. In such AM processes, the proportional
mass of the reinforcements and metal matrix powder can be
precisely modulated by adjusting the feed rate of each respect-
ive powder feeder [33]. Owing to this merit, the functional
gradient MMCs can also be achieved [34]. Moreover, some
types of reinforcements are formed during the production of
MMCs by in-situ reactions. Hence, precise control of in-situ
reaction is the key to efficiently synthesizing desired reinforce-
ments. The energy input can be controlled during the AM pro-
cess by optimizing the processing parameters [35]. As such,
the undesired chemical reactions between the additive and
matrix can be partially avoided.

Various AM technologies have successfully fabricated
numerous fully dense MMCs, including but not limited to
Ti-, Al, Fe-, Ni-, and Co-based MMCs, displaying prom-
ising performances [6, 18, 19, 36-38]. Consequently, AM-
produced MMCs have gained considerable attention in recent
years. This article comprehensively overviews recent devel-
opments and research efforts in AM-produced MMCs. The
primary focus is on the principles of AM technologies used
for MMC production, feedstocks, and reinforcements, as
well as the properties and applications of various MMCs.
Additionally, the strengthening mechanisms of MMCs are dis-
cussed. Based on current research findings, this review also
discusses the opportunities, challenges, and prospects of AM-
produced MMCs.
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2. Available AM technologies for producing MMCs

In recent decades, numerous AM technologies have emerged
and been used for fabricating MMCs [39]. In order to obtain
high-performance MMCs, it is crucial to achieve homogen-
eous reinforcement distribution [6]. However, due to their
different processing principles, not all AM technologies are
appropriate for producing MMCs. The primary feedstocks
used in AM technologies include particles, fibers, whiskers,
wires, and sheets. When employing wires or sheets as feed-
stocks, it is imperative to introduce potential reinforcements
(particles, fibers, and whiskers) before manufacturing the wire
or sheet.

Plastic deformation is typically involved during the pro-
duction of wire or sheet feedstocks, which may result in
uneven reinforcement distribution within the material [40].
Deng et al [41] addressed this issue by preparing in-situ TiB,
particles that reinforced Al-7Si—-Cu-Mg composite ingots,
which were extruded and drawn into wire feedstocks. The
resulting wire feedstocks still exhibited suboptimal reinforce-
ment distribution. Using feedstocks with non-uniform rein-
forcement distribution is not advisable for fabricating high-
performance MMCs. Hence, powder-based AM technologies
remain the primary choice for producing MMC:s. In the sub-
sequent sections, several powder-based AM technologies will
be introduced, along with their applications in the fabrication
of MMCs.

2.1. Powder bed fusion (PBF)

PBF techniques employ laser or electron beams as heat sources
to selectively melt powder on a powder bed to fabricate com-
ponents in a layer-by-layer approach [39, 42—46]. Depending
on the heat source employed in AM, PBF technologies are
categorized as laser PBF (LPBF or selective laser melting,
SLM) and electron beam PBF (EBPBF or electron beam melt-
ing, EBM) [47-50]. PBF processes are usually carried out in
a protective atmosphere, such as argon for LPBF [48, 51—
53] and vacuum for EBPBF [47, 54], to prevent oxidation.
A laser or an electron beam directly scans the pre-deposited
powder layer to achieve rapid fusion based on a pre-designed
CAD model. Defects, including balling effect, porosities, and
cracks, can be minimized by optimizing processing paramet-
ers like layer thickness, beam power, scanning speed, scanning
strategy, hatching space, and pre-heating temperature of the
platform [55, 56]. The PBF-produced components with poros-
ities lower than 0.5% have been widely reported in the literat-
ure, e.g. [57-63]. Meanwhile, PBF can process various mater-
ials, such as metals [64, 65], ceramics [66], and composites
[36, 67]. The produced components are more accurate than
those produced using other AM techniques. Therefore, PBF is
a promising technology for fabricating metallic composites.
The feedstock in the PBF processes can be composite
powder or mixture. Therefore, in many cases, one can con-
clude that the reinforcements are integrated before the PBF
process [68]. Of course, there are also exceptions. The high-
energy heat sources of PBF technologies facilitate in-situ reac-
tions, enabling the formation of reinforcements by the in-situ

reaction between the metal matrix powder and additives [36,
69]. It has also been reported that the reinforcements can be
produced via reactive gases in the processing chamber, react-
ing with metal matrix particles [70]. PBF has a good accuracy
in production but a low production rate. Therefore, PBF is par-
ticularly advantageous for the parts with complex geometries.
Moreover, PBF has a high material utilization, allowing for
the recycling of non-sintered feedstock [71]. Given the sub-
stantial cost of composite feedstock, such recycling practices
are critical in minimizing the overall production expenditure.
Apart from PBF technologies, other AM technologies are also
accessible for fabricating MMC:s.

2.2. Direct energy deposition (DED)

Unlike PBF technologies, DED technology uses blown
powder feedstock with a scanning high-energy source to
produce components based on a pre-designed CAD model
[72-75]. This technology is often regarded as a developed
laser cladding technology in the literature [76—78]. During
the DED process, the deposited feedstock is melted in
an inert gas-protected environment, creating an active melt
pool. Multiple nozzles can be employed to deposit dif-
ferent materials simultaneously [72]. Therefore, DED can
process various materials, including alloys, ceramics, and
composites [72, 73, 79-81]. However, DED-produced parts
often exhibit poor surface finish and low build accuracy,
with partially melted powder commonly found on the com-
ponents. The attached partially melted powder can increase
surface roughness and decrease fatigue performance [82—
84]. Therefore, post-processing treatments (e.g. hot isostatic
pressing (HIP), heat treatment, and machining) are typic-
ally required to enhance the performance of DED-fabricated
components [85-87].

DED technology exhibits several advantages in the pro-
duction of MMCs. Fundamental to the DED technology is
the capacity for simultaneous deposition of different materi-
als using multiple nozzles [72]. During this process, reinforce-
ments can be introduced alongside the metal matrix powder,
allowing for the precise regulation of different material ratios
through the controlled adjustment of the flow rate of each
powder feeder [88]. Multiple reinforcements can especially be
added during the DED process, and therefore, the MMCs with
multiple reinforcements can be produced. The strategic control
of powder feed rates within the DED process makes the cre-
ation of functionally graded MMC:s attainable [34]. Typically,
the energy input density in DED exceeds that of PBF, resulting
in a greater production rate for DED than PBF [89]. PBF and
DED technologies utilize a high-energy source to melt mater-
ials during the process. By contrast, alternative AM technolo-
gies do not utilize a heat source but employ a liquid binding
agent and bond materials to produce MMC components.

2.3. Binder jetting (BJ) printing

The fabrication method known as BJ printing necessitates
using a powder bed, like that employed in PBF techniques. BJ
printing entails the application of a liquid binding agent onto
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the powder bed to produce a two-dimensional pattern [90-92].
The layer-by-layer deposition of the binding agent leads to the
production of a 3D component. The BJ printing could employ
any powder-based feedstocks (such as metals [93], ceramics
[94], polymers [95], and composites [96]) in combination with
a binder to produce components. Furthermore, BJ printing can
be performed in the air, making it a cost-effective and high-
speed AM process compared to other methods [97]. However,
owing to the binder, post-processing processes (e.g. sintering,
de-binding, infiltration, and powder removal) are required to
remove the binder from the final products [98—101]. Removing
the binder leaves pores produces relatively high porosities
in the BJ-fabricated components. Hence, HIP is commonly
used to minimize porosity [102]. Even so, full density is still
unachievable with BJ-printed components, resulting in lower
mechanical properties than their numerical models, even if
well-designed [103].

In the BJ process, the absence of a heat source precludes the
possibility of in-situ reactions during fabrication, necessitating
the pre-integration of reinforcements within the feedstock in
most instances [104]. Owing to such a feature of BJ, the pre-
alloyed powder is better to produce MMCs with good perform-
ances. Nevertheless, in-situ reactions can be facilitated during
post-processing stages, such as sintering, which removes the
binder. Do et al [101] demonstrated that the employment of
Inconel 625 alloy with a carbon-containing binder in the BJ
process results in the formation of carbides through reactions
between carbon and elements in the alloy during the sinter-
ing. Moreover, the binder should be removed, which produces
pores in the final products, resulting in decreased mechanical
properties [ 103]. BJ may be considered analogous to PBF from
certain perspectives, with the former bonding materials using a
binder and the latter employing a high-energy heat source for
bonding. Both PBF and BJ exhibit impressive competencies
in manufacturing parts with complex geometries, albeit their
production rates are comparatively moderate.

2.4. Spraying technology

Compared to PBF and BJ technologies, spraying techno-
logies have high production rates for manufacturing parts,
encompassing metals and MMCs. Spraying technologies for
manufacturing MMCs can be categorized into thermal and
cold spraying methods [105-107]. Both techniques employ
composite powder as feedstock to fabricate MMC compon-
ents. Thermal spraying methods use the flame, electric arc,
or plasma arc as heat sources and spray the powder in a
semi-molten state in high-speed gases [108—110]. The tem-
perature of the high-speed gases ranges from 1500 °C to
15 000 °C, depending on the heat sources used [108, 110].
Cold spraying employs a high-pressure supersonic gas jet
to propel powder particles at or surpass a critical velocity
range of 500—1200 m-s~! to fabricate components [111]. Cold
spraying can occur at room or low pre-heated temperature
(typically below 600 °C) [112]. Both thermal and cold spray-
ing processes involve impact and deformation, and the pro-
duced components often contain pores and lamellar boundar-
ies that negatively affect their performances [113, 114]. As

a result, post-treatments (e.g. remelting and heat treatment)
are sometimes required [109, 113]. In addition, the kinetic
energy of in-flight particles during cold spraying is signific-
antly higher. Such a phenomenon results in strong particle-
substrate and particle-particle interactions, effectively rup-
turing surface oxides and promoting clean interfaces [115—
117]. Consequently, the components manufactured using cold
spraying exhibit fewer flaws than those produced via thermal
spraying. Nevertheless, to achieve MMCs with optimal per-
formance, the choice of spraying technology should be fully
evaluated based on the characteristics of the feedstock.

Both pre-alloyed and mixed powders are viable feed-
stocks for fabricating MMCs through thermal or cold spray-
ing technologies [115, 118]. Applying a heat source enables
in-situ reactions to occur during the process, as shown in
[119]. Specifically, during spraying, additives may undergo
reactions that result in the formation of reinforcements within
the produced components. Additionally, reactive gases have
been reported to interact with materials during thermal spray-
ing, forming reinforcements [120]. Nevertheless, using react-
ive gases can adversely affect the anode nozzle of thermal
spraying equipment.

Spraying AM differs from other AM techniques, particu-
larly regarding product accuracy. However, it is highly effi-
cient in producing coatings, making it a more appropriate
choice for such applications. While CAD can also be utilized
in the context of spraying AM, the achieved accuracies of the
products are typically lower compared to those produced by
other AM technologies such as PBF and DED. In PBF and
DED processes, molten pools are consistently present on the
surfaces of the produced parts throughout the manufacturing
process [121]. In contrast, there are no molten pools during
spraying AM. The feedstock is melted or semi-melted at the
nozzle of the spraying AM equipment, and the resultant melted
or semi-melted in-flight particles are sprayed onto the sub-
strate following a pre-designed route [122]. Consequently, the
designed deposition of in-flight particles cannot be guaranteed.

Selecting the appropriate AM technology is paramount
to achieving good production of MMCs since each techno-
logy presents its distinct set of advantages and disadvantages.
Table 1 outlines several AM technologies that produce MMCs
and the corresponding processing mechanisms.

3. Feedstocks and reinforcements

3.1 Feedstock

Indeed, despite utilizing powder, wire, and sheet as feedstocks
in the AM process for fabricating metals and alloys, it is note-
worthy that, in the context of MMCs, the predominant feed-
stocks employed are generally powders [6, 38]. Various com-
posite powders have been reported for different AM processes,
including gas-atomized powder, mechanically mixed powder,
ball-milled powder, and satellited powder [18, 123—-126]. Four
commonly used typical powders are shown in figure 1. The
gas-atomized powder is produced by incorporating reinforce-
ments within the metallic powder (figure 1(a)) [18]. The com-
posite ingots are melted and gas-atomized to produce the
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Table 1. Different powder-based additive manufacturing technologies for fabricating metal matrix composites, the feedstock used, the

processing mechanisms, advantages, and disadvantages.

Technology Processing mechanism

Advantages Disadvantages

Powder bed fusion The powder is partially melted
or fully melted in a powder bed,
and the melted or semi-melted
powder is solidified at a
significantly fast cooling rate
The blown powder is supplied
into a scanning laser path and

melted to produce a component

Direct energy deposition

Binder jetting The jetted binder bonds the
spread powder layer-by-layer;
no heat source is used;
post-treatments are always
required.

The powder is sprayed at a high
velocity; the powder is
deformed and melted depending

on the heat resource used

Spraying technology

High accuracy, high material
utilization, and minimal
machining; some
reinforcements can be in-sifu
synthesized

High production rate; additives
can be added during the process
with controllable content; some
reinforcements can be in-situ
synthesized

It can be conducted at room
temperature and in an
atmospheric environment

Low production rate, the
even-distributed reinforcements
may not be reached using the
mechanically mixed feedstock

Relatively high production rate,
poor surface finish, and low
accuracy

High porosity, poor surface
finish, and low accuracy; parts
have limited shapes and extra
adhesive residue

High production rate; it can be
conducted at room temperature
and in an atmospheric
environment

High porosity, poor surface
finish, very low accuracy; parts
have limited shapes; the
even-distributed reinforcements
are very difficult to achieve
using the mechanically mixed
feedstock

composite powder. Gas-atomized powder generally exhibits
good flowability and sphericity but is expensive [37, 127].
Mechanically mixed powder is generated by rotating a mech-
anical mixer for several hours, resulting in unevenly distrib-
uted reinforcements in the MMCs due to the non-attached or
detached particles (figure 1(b)) [123, 128—131]. Mechanically
mixed powder often shows poor wettability, resulting in the
instability of the melt pool during the AM process [132].
The ball-milled powder subjected to ball milling is obtained
through hardened milling balls, which are processed via either
a planetary ball mill or a ball-tube mill. The process is strictly
controlled to prevent deformation or non-attachment of rein-
forcements in the final composite powder (figure 1(c)) [133,
134]. It has been reported that gases can become trapped inside
the particles during the powder atomization process, forming
pores [135]. Ball milling is effective at sealing these pores
[20]. However, ball milling can adversely affect the surface
finish of MMC components. AlMangour et al [136] also found
that ball-milled powder exhibits more extensive and severe
cracking than directly mixed powder. However, the directly
mixed powder demonstrates the presence of deep grooves and
pores.

Satellited powder, also known as wet granulation, is pro-
duced by adding a small amount of binder, such as polyvinyl
alcohol, to the blender of metal particles and reinforcements,
followed by gyroscopic mixing to obtain the desired powder
(figure 1(d)) [125, 137]. Although satellited powder exhibits
a higher level of reinforcement attachment, the poor adhe-
sion of the binder can still result in unsatisfactory adhesion
of reinforcements. Mechanically mixed powder, ball-milled
powder, and satellited powder have inferior flowability and
sphericity compared to gas-atomized powder. Therefore, the

eoemg

Figure 1. Four types of composite powders available for additive
manufacturing processes: (a) gas-atomized powder, (b)
mechanically mixed powder, (c) ball-milled powder, and (d)
satellited powder. (a) Reprinted from [18], © 2019 Elsevier B.V. All
rights reserved. (b) Reprinted from [123], Crown copyright © 2010
Published by Elsevier B.V. All rights reserved. (c) Reprinted from
[124], © 2021 Elsevier B.V. All rights reserved. (d) Reprinted from
[125], © 2019 Published by Elsevier B.V.

gas-atomized composite powder is a good choice for fab-
ricating high-performance MMCs. However, the production
cost of gas-atomized powders is significantly higher than
those of other composite powders, necessitating consider-
ing the performance-cost tradeoff. Table 2 lists the advant-
ages and disadvantages of these types of composite powders.
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Table 2. Various feedstocks used for producing metal matrix composites, methods, advantages, and disadvantages.

Feedstock Method

Advantages

Disadvantages

Gas-atomized powder Gas atomization

Evenly distributed reinforcements,

High cost

strong bonding of the reinforcement
and matrix, high flowability, and

sphericity

Mechanically mixed powder =~ Mechanical blending
low-cost

Ball-milled powder Mechanical ball milling

Satellited powder Wet granulation

A wide range of the content of
reinforcement, simple operation,

Good controllable weight fraction,
dimension, and distribution of
reinforcements, a good interfacial
bonding, sealing of pores in powder
Increased level of reinforcements
with even distribution

Particle size limitation, almost no
interface bonding, non-uniformly
distributed reinforcements, poor
wettability, inferior flowability
Impurities possibly introduced during
milling, complex than mechanical
blending, particle morphology
change

Complex than mechanical blending,
binder remained, poor interface
bonding, inferior flowability

These composite powders employ distinct methods to integ-
rate the metal matrix powder and reinforcements. The specific
approaches vary in their techniques for achieving a homogen-
eous mixture, ensuring proper distribution of reinforcements
within the metal matrix. The subsequent section will delve into
the unique characteristics of these reinforcements, exploring
their role in enhancing the properties of the resulting MMCs.

3.2. Reinforcements

Incorporating reinforcements is an important factor that influ-
ences the fabrication and properties of MMCs, as it serves
to refine their microstructures and inhibit the formation and
propagation of cracks [129, 138-140]. For MMC:s to exhibit
high performances, the reinforcements should possess high
thermal stability and hardness and be compatible with the
metal matrix. Successful MMC design of the AM proced-
ure requires the consideration of numerous factors, including
the chemical composition of reinforcements, the natural oxide
film, the flowability of feedstock, and processing parameters
during the AM process. MMCs produced using AM and con-
ventional methods can be categorized based on two methods
of introducing reinforcements: ex-sifu and in-situ [38, 141].
The ex-situ method involves adding the reinforcements to the
metal matrix before the AM process. In contrast, the in-situ
method produces reinforcements during the AM process via
the in-situ reaction between the metal matrix and additives.
Compared with the ex-situ method, the in-situ method
can promote the nucleation and growth of reinforcements
and prevent the formation of interfacial products [128, 142].
In-situ reinforcements are also more uniformly distributed.
The in-situ reinforcements can be exemplified by the pro-
duction of TiB/Ti composites, where TiB is generated by the
in-situ reaction between TiB, and Ti matrix [143]. The mixture
powder comprises TiB; particles surrounding the Ti particles
(figure 2(a)). During the process, the in-situ reaction results in
the generation of TiB (figure 2(b)). Although some unreacted
TiB, particles remain, the resulting TiB particles are evenly

(b) Semi reacted

Figure 2. Illustration of the generation of TiB particles via the
in-situ reaction between Ti matrix and TiB,: (a) TiB, particles
surrounding the large Ti powder in the powder mixture (b) in-situ
formed TiB, semi-reacted TiB, and unreacted TiB, particles [143].
[8 January 2017], reprinted by permission of the publisher (Taylor
& Francis Ltd, www.tandfonline.com).

dispersed. Notably, the processing parameters can influence
the in-situ reaction.

Moreover, the in-situ method confers a notable benefit in
the fabrication of MMCs owing to the strong interfacial adhe-
sion engendered between the reinforcements and the metal
matrix as an outcome of the in-situ reaction, as reported in
[144, 145]. Consequently, MMCs fabricated by the in-situ
method generally exhibit superior properties to those fabric-
ated by the ex-situ method [144, 145]. However, the AM pro-
cess can cause instability in the melt pool of materials during
the in-situ reaction, which generates additional heat and causes
excessive evaporation and powder splash [36, 146]. Therefore,
when designing and selecting a material system for in-situ
composites in the AM process, several critical factors, such
as the metallurgical process, thermal history of materials, and
compositions of additives and matrix, should be carefully con-
sidered and designed.

The selection of reinforcements for MMCs should consider
various factors, including their dimensions, morphology, coef-
ficient of thermal expansion (CTE), elastic modulus (EM),
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Table 3. Characteristics of widely used reinforcements or additives.

Thermal expan-

Reinforcement or Crystallographic sion coefficient Elastic modulus

additive structure (x107%.K™ (GPa) Melting point (K) References
TiB, Hexagonal Qa = 6.6, ac = 8.6 560 3498 [154]
LaBg Cubic 4.9 227 2988 [155]
CaBg Cubic 6.5 379 2373 [156]

TiB Orthorhombic 8.6 550 2333 [157, 158]
TiC Face-centered cubic 7.42 400 3340 [159]

SiC Cubic 3.8 430 3243 [160]
B4C Rhombohedral 4.5 450 2723 [159]

TiN Face-centered cubic 9.4 250 3223 [161]

AIN Hexagonal 4.5 310 2500 [162, 163]
BN Hexagonal 1.1-8.6 44-68 2973 [164]
SizNgy Hexagonal 2.4 320 2173 [159, 163]
Al,O3 Hexagonal 8 400 2316 [159]

B Icosahedron 8.2 400 2573 [165]
Hydroxyapatite Hexagonal 9.9-10.6 60-100 1887 [166-168]

crystallographic structure, wettability, and in-situ reactivity
with the metal matrix. For the ex-situ method, the dimen-
sion and morphology of the reinforcements play a crucial role
in their distribution in the blend, thereby affecting the per-
formances of the produced composites [147]. Saba et al [147]
investigated the effect of diamond powder size on the Ti mat-
rix. They found that adding diamond powder with an aver-
age size of 5 nm could significantly improve the strength and
ductility of in-situ composites by interacting with dislocations
and inhibiting grain growth. Moreover, the mismatch of the
coefficients of thermal expansion and elastic moduli between
the reinforcement and matrix produces geometrically neces-
sary dislocations (GNDs), which can improve the strength of
composites [148, 149]. However, the mismatch of the coeffi-
cients of thermal expansion between reinforcement and matrix
can result in residual stress at their interfaces, which becomes
the site for crack nucleation [150]. The crystallographic struc-
ture of the reinforcement determines the lattice mismatch with
the metal matrix, which further facilitates the heterogeneous
nucleation of melt during solidification [151]. For instance, Xi
et al [151] found that TiB, ceramic particles with low lattice
match with the Al matrix could eliminate the pronounced crys-
tallographic texture of LPBF-produced TiB,/Al-12Si compos-
ite, resulting in a homogeneous microstructure with refined
equiaxed grains with random orientations. A favorable wet-
tability of the molten metal matrix can enhance the interfacial
strength between the metal matrix and reinforcement [152].
The in-situ reaction of the additives and metal matrix ulti-
mately determines the final reinforcements in the composite
[153].

Table 3 summarizes the characteristics of widely used rein-
forcements or additives, while table 4 describes the character-
istics of the frequently employed metal matrix. New MMCs
can be designed based on the characteristics of the additives
and metal matrix. To successfully produce MMCs using AM
technologies, a judicious selection of an appropriate metal
matrix combined with suitable additives is crucial. For AM
technology development, numerous instances of successful

printing of MMCs have been reported, showcasing the feas-
ibility and potential of this approach in fabricating advanced
composite materials.

3.3. Matrix materials

Metallic powders serve as the primary feedstocks in the AM
process. The consistency of the printing, when viewed through
the powder characteristics, such as particle size distribution,
flowability, and sphericity, plays pivotal roles in influencing
the spreadability and recoatability during the AM process
[71]. These factors, in turn, can have consequential effects on
the densifications, microstructures, and performances of the
parts. Apart from pre-alloyed composite powder, other types
of composite powders, including mechanically mixed powder,
ball-milled powder, or satellited powder, are all derived from
the powder made of matrix material. Therefore, the quality
of the metal matrix powder, such as particle size distribu-
tion, sphericity, flowability, and chemical composition, is vital
for preparing composite feedstocks. Particle size distribution
delineates the proportionality of particles of disparate sizes in
the powder, influencing the packing efficiency, particle melt-
ing, and flowability of particles [172—174]. AM technologies
impose distinct requisites on powder particle size parameters
[175]. Sphericity indicates the degree to which the particle
morphology approximates a spherical geometry; the sphere,
optimal due to its minimized surface-to-volume ratio, facilit-
ates reduced surface friction traction and enhances flowability,
spreading behavior, and packing density [176]. Flowability
is characterized by powder mobility and significantly influ-
ences homogenous powder deposition, resulting in consistent
layer thickness, packing density, and uniform energy assim-
ilation, which, in turn, augments the density and functional
attributes of the final products [177]. Chemical composition
is paramount due to its capacity to precipitate pronounced
changes in product density, phase distribution, and perform-
ance with even minuscule alterations [178]. Therefore, the
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Table 4. Characteristics of frequently employed metal matrix materials.

Thermal expansion

Crystallographic coefficient Elastic
Metal matrix structure (x 107K hH modulus (GPa) Melting point (K) References
Pure Ti Hexagonal 9.4 116 1923 [165]
Ti6Al4V Hexagonal (a-Ti) 8.8 115 1951 [169]
Al Face-centered cubic 23.2 25 933 [165]
Fe Face-centered cubic 12.2 200 1808 [170]
Ni Face-centered cubic 13.1 207 1728 [165]
Co Hexagonal 12.5 211 1766 [165]
Cu Face-centered cubic 18.7 117 1356 [171]

characteristics of composite feedstocks are distinctly influ-
enced by the attributes above of the metal matrix powder.
For illustrative purposes, utilizing the metal matrix powder
with a narrow particle size distribution in feedstock prepar-
ation is undeniably different from the powder characterized
by a broad particle size distribution in the performances of the
final products [179].

As reviewed, many metals and alloys can be used as the
metal matrix to produce MMCs, such as Al, Ti, Ni Fe, Co,
and their alloys. The widely used methods for producing metal
matrix powder are gas atomization [180], electrode induc-
tion melting gas atomization [181], vacuum induction melt-
ing gas atomization [182], plasma atomization [183], water
atomization [184], centrifugal atomization [185], and plasma
rotating electrode process [186]. Irrespective of the powder
production methods, there is a widely acknowledged con-
sensus that the cost of powder employed in the AM process
is high [71]. Consequently, the efficient reduction of powder
costs emerges as a pivotal strategy for enhancing the overall
cost-effectiveness of the fabrication process. An approach to
mitigate powder costs involves reusing the remaining powder
after the AM process. Nonetheless, it is imperative to recog-
nize that the recycled powder may undergo change in terms
of physical and mechanical properties, encompassing aspects
such as chemical composition, particle size distribution, and
flowability [187, 188]. This change is attributed to the inter-
actions between the heat resource and powder during the
AM process. Therefore, caution should be exercised when
using recycled powder to prepare composite feedstock, as it
may yield different results than composite feedstocks prepared
using virgin powder.

Researchers have employed virgin powder to prepare the
composite feedstock in most published works. Almost no
works regarding recycled powder are mentioned. However,
recycled powders are used more frequently for cost consider-
ation, even if commercialized [189, 190]. Therefore, it is still
worthy of understanding the difference between virgin powder
and recycled powder [191]. Huang and Yan [71] concluded the
characteristics of the reused powder in terms of particle size
distribution, sphericity, and flowability. The primary factors
contributing to the altered properties observed in the powder
upon recycling are the genesis of spatters and a reduction
in the proportion of fine particles [192, 193]. Therefore, the

reused powders have a right-shifted particle size distribu-
tion, lower sphericity, and flowability compared to the virgin
powder [71]. In order to mitigate the influence of the spat-
ters, the reused powders are frequently subjected to sieving
or exposure to airflow, effectively eliminating agglomerated
spatters. In such a situation, the reused powders would have
a left-shifted particle size distribution and recovered spheri-
city and flowability [192, 194, 195]. It follows that recycled
powders, despite treatment, retain distinctive attributes when
contrasted with virgin powder. The properties of the utilized
powder should be considered when preparing composite feed-
stock. Detailed characterization of the metal matrix powder
is advocated for augmented quality control of the composite
feedstock.

4. AM of MMCs

4.1. Aluminum matrix composites (AMCs)

AMC:s exhibit properties derived from Al alloys and reinforce-
ments, enabling AMCs to demonstrate high specific strength
and stiffness, low CTE, and good wear resistance [68, 196—
198]. As such, AMCs have become commonly used light-
weight materials in various industrial sectors. Conventional
AMCs can be produced via melt processing or powder
metallurgy [199-206]. Despite the promising properties of
conventional AMCs, they have been observed to exhibit cer-
tain limitations, including irregularly distributed reinforce-
ments, inadequate interfacial bonding between the matrix
and reinforcement, and high levels of porosity [207-209].
Recently, AM technologies have been employed to fabricate
particle-reinforced AMCs, which can overcome these issues.
Compared to conventional AMCs, AM-produced AMCs
exhibit a relatively even distribution of reinforcements, low
porosity, and a clear matrix-reinforcement interface. The most
commonly used reinforcements in AMCs include SiC, TiC,
AIN, BN, Si3Ny4, Al,O3, ZrO,, and TiO; [38, 124, 210].
Carbides are commonly used as reinforcements in AMCs.
Gu et al [211] reported a comparative investigation on the
tensile properties of LPBF-produced TiC/AlISi10Mg compos-
ite and LPBF-produced AlSi10Mg alloy. They found that the
tensile strength of LPBF-produced TiC/AlSi10Mg composites
is 52 MPa greater than that of their counterparts. Raj Mohan
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et al [212] prepared NbC/A1Si10Mg composites with different
NbC particles by LPBF. They demonstrated that the LPBF-
produced NbC/AlSi10Mg composites exhibit better mechan-
ical properties, including tensile strength, hardness, and wear
resistance, compared with the unreinforced LPBF-produced
AlSi10Mg alloy. The addition of NbC does not decrease the
grain size of the composites, and dispersion strengthening is
identified as the primary mechanism responsible for strength-
ening LPBF-produced NbC/AlSi10Mg composites. An inter-
esting phenomenon was found by Chang et al [213]. They used
varied sizes of SiC particles (dso = 5 pm, 15 pm, and 50 pum,
respectively) to fabricate AMCs by mixing AISi10Mg powder
and employing the LPBF process. As revealed in figure 3(a),
the formation of in-situ reaction products (AlsSiCy) is dis-
cernible only in the composites containing fine and medium-
sized SiC particles. Despite all feedstocks having an identical
SiC particle content (20 wt%) and applying identical LPBF
process parameters, the composite with large SiC particles
exhibits the a reduced relative density (figure 3(b)). Therefore,
this particular composite demonstrates the diminished hard-
ness coupled with an escalated wear rate (figures 3(c) and

(d)). The fine particles (SiC) in the melt provide more inter-
faces and facilitate the in-situ reaction [214]. Hence, as the
initial particle size diminishes, in-sifu reactions intensify, res-
ulting in greater reinforcement formations. Due to the notably
brief period of laser interaction, the large SiC particles are
still almost unmelted. Such a situation interrupts and causes
discontinuities within the laser-scanned molten tracks [214,
215]. Hence, at this stage, the viscosity and surface tension
within the molten pool are comparatively elevated, leading to
a markedly chaotic melt flow. Such chaotic melt flow results
in the non-uniform dispersal of both mass and thermal energy.
The resultant destabilization of the melt pool, alongside the
pronounced balling effect, contributes to the emergence of
large pores adjacent to the SiC reinforcements. Hence, the
careful selection of reinforcement particle size is pivotal for
the AM process.

Besides the direct addition of reinforcements, the in-situ
reaction is also reported in the fabrication of AM-produced
AMC:s. Yi et al [69] used CP-Ti, B4C, and AlSi10Mg particles
(B4C-Ti content from 0.7 wt% to 17.2 wt%) as initial materi-
als during the LPBF process. A notable in-situ reaction occurs
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between CP-Ti and B4C, resulting in the generation of TiB,
and TiC within the produced AMCs. Compared to unrein-
forced LPBF-produced AlISi10Mg alloy, the tensile strength
of the composite with the incorporation of 0.7 wt% CP-Ti and
B4C experienced an increase. With increased content of CP-
Ti and B4C, the tensile strength of the composites decreases.
Incorporating additional additives correlates with an augmen-
ted exothermic response from in-situ reactions. This phe-
nomenon contributes to the remelting of the interface between
melt pools and diminishes the viscosity of the liquid phase as
the operative temperature within the molten pool rises [20].
The consequence of these conditions is the emergence of an
enlarged molten pool, with an augmented liquid phase tem-
perature and an extended residency time within the pool. It is
beneficial for the even dispersion of AlSi10Mg melt and leads
to superior material densification [216]. However, an eleva-
tion in operative temperature leads to an increment in the size
and quantity of reinforcements. Crack initiation and propaga-
tion are readily facilitated at the interface between the soft
aluminum matrix and the hard reinforcements under tensile
stress, resulting in brittle failure and a consequent diminution
of tensile strength.

By contrast, Xi et al [217] employed LPBF to fabricate
(ZrC + TiC)/Al composites using mixed Al, ZrC, and TiC
powder. An in-situ reaction between ZrC and TiC is initiated
in the LPBF process to generate (Ti, Zr)C phase, which facilit-
ates the formation of strong bonding with the Al matrix [218].
Figures 4(a)—(e) confirm the even dispersion of TiC-rich and
ZrC-rich particles in the (ZrC + TiC)/Al composites produced
by LPBF. Transmission electron microscopy (TEM) investig-
ations of the TiC-rich and ZrC-rich particles reveal clear inter-
faces, as shown in figures 4(f)—(j). In the domain of the inter-
faces between the Al matrix and reinforcements, the Ti, Zr,
and Al elements change gradually, as illustrated in figures 4(h)
and (k). The mechanical tests conducted indicate that the pro-
duced composites exhibit enhanced strength and wear resist-
ance. Well-bonded interfaces between the matrix and rein-
forcements resulting from in-situ reactions play a critical role
in determining the performance of the composite. However,
the in-situ reactions are often exothermic. Such heat input pro-
duces an extra factor influencing the overall AM process [69].
Therefore, the design of MMCs should comprehensively con-
sider all potential factors.

Other reinforcements, including multiple types, have been
employed in the fabrication of AMCs by AM technologies.
For example, Wang et al [124] used ball milling to prepare
TiB,/AlSi10Mg feedstock, which was subsequently used in
the LPBF process to produce TiB,/Al1Si10Mg composites. The
porosity levels of the produced composites are highly depend-
ent on the milling dose, which indicates the milling progress
and is regulated as the ratio of the impact energy transferred
to the powder mixture from the mass of milled powder [219].
The resultant TiB,/Al1Si10Mg composite exhibits a density of
99% at the milling dose of 275 W s g~!, improving tensile
strength (450 MPa) and ductility (7.2%). Mair et al [220] used
gas-atomized Al-Cu—-Ag-Mg-Ti-TiB, powder in the LPBF

process to fabricate crack-free Al-Cu-Ag—Mg-Ti-TiB,
(A205) samples with a relative density of (99.5 - 0.1)%. TiB,
reinforcements are homogeneously dispersed in the sample,
and their sizes ranged from 0.1 pym to 1.3 um (figures 5(a)—
(c)). Al,Cu phase is distributed at the grain boundaries, and
TiB, particles are embedded in the grains (figures 5(d)—(f)).
The Al,Cu and TiB, particles exhibit distinct and coher-
ent interfaces with the Al matrix (figures 5(g)—(n)). More
examples of the properties of AM-produced AMCs with dif-
ferent reinforcements are shown in table 5 in the following.

Besides the well-known dispersion strengthening intro-
duced by reinforcements, the disparity in thermal expansion
coefficients between the metal matrix and the reinforcements
generates GNDs within MMCs. This phenomenon results
from the differential expansion and contraction rates between
the matrix and the reinforcements during thermal cycling
[221]. The introduction of GNDs is a crucial factor influen-
cing the microstructural evolution and mechanical properties
of the composite, highlighting the intricate interplay between
the metal matrix and the reinforcements in MMCs. Therefore,
the produced GNDs impede each other, giving rise to the dis-
location strengthening of the metal matrix. The dislocation
strengthening could be expressed using the following equation
[222]:

Aoy = MBGbp? 1
where G is the shear modulus of the matrix, b is Burger’s vec-
tor, M is the Taylor factor, B is a constant coefficient, and p is
the dislocation density. p is respectively derived from the mis-
match in the CTE and EM, which could be given by [6, 223]:

(br)’
12ATAQV,
pCTE — P (3)
br(1— V)
where pCTE and pFM are the dislocation densities resulting

from the mismatch in the CTE and EM, respectively, of the
matrix and reinforcement, AT is the difference in the pro-
cessing temperature and ambient temperature, A« is the dif-
ference in the CTE between the matrix and reinforcement.
For Aoy, the calculations from p€TE and pPM are required,
respectively. In [222], Gao et al used LPBF to produce a
TiN/AISi10Mg composite. They observed the generation of
numerous dislocations within the Al grains, which interacted
with intragranular TiN particles (figures 6(a) and (b)). The
observed dislocations result from the thermal stresses from
rapid solidification during LPBF and the mismatch in CTE
between the metal matrix and reinforcement [224, 225]. High-
resolution TEM images of the TiN/Al matrix and Mg,Si/Al
matrix interfaces (figures 10(c)—(f)) reveal various phases of
TiN, Mg,Si, and Si with different plane spacing, resulting
in the production of GNDs that contribute to the dislocation
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Figure 4. Microstructural features of (ZrC/TiC)/Al composites produced using laser powder bed fusion: (a) and (b) are SEM images, (c),
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(j) along with the red arrows. Reprinted from [217], © 2022 The Authors. Published by Elsevier B.V.

strengthening of the AMCs. Gao et al [222] used equation (1)
to calculate the Aoy, in the produced TiN/AISilOMg com-
posite, with M assumed to be 3.06 for face-centered cubic
crystal. p is 1.14 x 10"%m~2, B is 1.25, G is taken as
26.5 GPa for Al, and b is 0.286 nm for Al. Therefore, the
calculated Aoy, is about 12 MPa for the LPBF-fabricated
TiN/AISi10Mg composite. Although the dislocation

strengthening mechanism plays an important role in strength-
ening the MMCs, thermal stresses, engendered by the dif-
ferential CTE between the metal matrix and the reinforce-
ments, may induce cracking and interlayer de-bonding. This
tendency is exacerbated by residual stresses being more pro-
nounced in the direction orthogonal to the scanning direction
than in the parallel direction [226]. Therefore, it is essential
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Figure 5. Microstructure of laser powder bed fusion produced Al-Cu—Ag-Mg-Ti-TiB, sample: (a) and (b) inverse pole figure maps of Al
and TiB; grains; (c) size distributions of Al and TiB; grains; (d)—(f) scanning transmission electron microscopy (STEM) in high-angle
annular dark field (HAADF) and energy disperse spectroscopy results of Al-Cu—Ag-Mg-Ti-TiB, sample showing the distributions of
Al,Cu and TiB; grains; (g)—(n) STEM in HAADF images of the interfaces of Al,Cu and TiB, with the Al matrix; the insets in (i) and (m)
are fast Fourier transforms from Al, Al,Cu, and TiB; grains. Reproduced from [220]. CC BY 4.0.

to meticulously regulate processing parameters to mitigate
residual stress levels.

Furthermore, AMC coatings are commonly produced
using thermal spraying technologies. Xie et al [18]
developed a novel 7075Al coating reinforced with nano-TiB,
particles using cold spray AM with atomized TiB,/7075Al

composite powder. The even distribution of TiB, nano-
particles in the composite powder improves the mechanical
properties of the sprayed TiB,/7075Al1 composite coatings,
including hardness, elongation, and tensile strength, com-
pared to those of sprayed 7075Al coatings using the same
spraying parameters. Similarly, Zhang et al [227] prepared
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as-built and heat-treated states. Additionally, the presence of
nano-particles is found to be crucial in refining the micro-
structure of the Inconel 718 composite at temperatures below
980 °C. Under the 980 °C + aging condition, a maximum
tensile strength of 1370 MPa is achieved, indicating a 16%
improvement compared to the unreinforced TiC/Inconel 718.

Besides LPBF-produced NMCs, DED-fabricated NMCs
have also been reported. Promakhov et al [334] prepared
TiB,/Inconel 625 composites using mixed powders of NiTi-
TB; and Inconel 625. The content of NiTi-TB; is in the range
of 5 wt% to 100%. They proposed that DED is a prom-
ising technique for introducing less than 5 wt% NiTi-TB,
in the Inconel 625 composite. When the content of rein-
forcements is over 70 wt%, the high internal stresses would
cause the brittle fracturing of built samples. Hong et al [335]
found that if the laser energy input is in the range of 80—
120 kJ-m~! in the preparation of Inconel 718/TiC, a coher-
ent interfacial layer (identified as (Ti,M)C, M = Nb or Mo),
with a thickness ranging from 0.8 ym to 1.4 pm, is estab-
lished between TiC particles and the matrix. The formation
of an interfacial layer enhances the hardness and wear per-
formance of TiC/Inconel 718 composites. Gu et al [336] pre-
pared TiC/Inconel 718 composites using different sizes of
TiC particles, and they found that incorporating nano-TiC
particles leads to the formation of refined columnar dend-
rites with well-developed secondary arms. Conversely, adding
micro-TiC particles results in coarser and highly degenerated
columnar dendrites, suppressing secondary dendrite growth.
Therefore, the nano-TiC/Inconel 718 composite shows better
hardness, tensile strength, and wear resistance without com-
promising ductility. Table 7 summaries the properties of some
NMCs produced by AM technologies.

4.4. Iron matrix composites (IMCs)

IMCs exhibit high strength, stiffness, modulus, wear resist-
ance, fatigue resistance, and corrosion resistance and, there-
fore, have been widely acknowledged in modern industries
[345, 346]. IMCs produced by conventional technologies
(such as infiltration casting [347] and powder metallurgy
[348]) usually have poor wettability between the matrix and
reinforcements, resulting in large residual stress, low density,
poor strength, high cracking susceptibility, and reduced mech-
anical performance. Significant efforts have been made to use
AM technologies to address these issues.

For example, Chen et al [349, 350] have effectively pro-
duced WC-reinforced 1.276 7L tool steels containing differ-
ent weight percentages of WC by LPBF using balling-mixed
spherical powder. They observed that the martensite start tem-
perature decreases with an increase in the weight percent of
WC, which is attributed to the dissolution of W and C in
the Fe matrix during the LPBF process. The in-situ reaction
between WC and Fe is known to form (Fe,W)sC, signific-
antly refining the resulting composite grains. Upon comparing
the unreinforced sample, the composite reinforced by 2 wt%
WC demonstrates a synergetic effect characterized by ultimate
tensile strength of 1677 MPa, elongation of 8.5%, compressive
strength of 3210 MPa, and fracture strain of 30.2%. Such an

22

improvement in the mechanical characteristics can be ascribed
to the combined influence of refinement strengthening, disper-
sion strengthening, and the effect of transformation-induced
plasticity.

Riquelme et al [351] manufactured SiC/316L composites
by DED with varying SiC contents up to 80 wt% and process
parameters. The SiC reacts with molten 316L steel, produ-
cing Cr and Fe carbides, which results in the increased hard-
ness of the composites. The highest hardness of 1085 HV is
achieved for the 40 wt% SiC-addition composites. However,
the increased weight percentage of SiC results in forming
brittle and large-sized graphite precipitates, decreasing the
hardness of the SiC/316L composites. Table 8 summarizes the
mechanical properties of some AM-produced IMCs.

Moreover, Putra et al [358] synthesized a mixed Fe-
akermanite printing ink with varying akermanite contents
and fabricated porous Fe-akermanite composite scaffolds by
the extrusion-based AM method. Despite the differences in
shape between the iron powder and akermanite powder, a
water-based binder composed of a 5 wt% aqueous solution
of hydroxypropyl methylcellulose is used to mix the powder
combination and produce the printing ink (figures 13(a)—(c)).
The green parts that are produced are sintered to remove the
printing ink. Small akermanite particles with irregular shapes
are dispersed across the struts and adhered to the iron powder
(figures 13(d)—(i)). Adding akermanite results in the improved
adhesion of mouse embryonic osteoblastic precursor cells
(MC3T3-E1) and high levels of cell proliferation.

4.5. Others

AM technologies can also produce other MMCs, copper mat-
rix composites [359], and cobalt matrix composites [274—
276]. Many reports can also be found on Cu matrix compos-
ites. In recent decades, Cu matrix composites have garnered
significant attention because of their good mechanical prop-
erties and high electrical/thermal conductivity, making them
ideal for lightweight macroscopic conductors in electronics
[360]. AM technologies can also be used to produce Cu matrix
composites.

In this regard, Constantin ef al [361] have successfully
developed diamond/Cu composites with low porosity by
integrating recoating and remelting steps into the conven-
tional LPBF. Recoating and remelting are two key strategies
employed in the AM process to improve the quality of printed
parts. Recoating involves passing a recoater over the previ-
ously printed layer to eliminate pores or voids. On the other
hand, remelting involves melting the thin layer of powder
deposited by the recoating process to fill any remaining pores
and suppress printing defects. As depicted in figure 14(a), it
is evident that the utilization of the recoating process results
in increasingly pronounced porous surfaces with higher scan
speeds and larger hatch distances. Cracks are found in the
reduced scan speed and hatch distances due to critical thermal
gradients being generated [362]. A similar trend is observed
using the remelting strategy (figure 14(b)). However, produ-
cing dense diamond/Cu composites requires a narrow pro-
cessing window. Figures 14(c) and (d) show that the remelted
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Table 9. Summarized information on strengthening mechanisms in additive manufacturing produced metal matrix composites.

Mechanism

Cause

Contribution by AM

Comment

Hall-Petch strengthening

Dislocation strengthening

Load transfer strengthening

Orowan strengthening

Reinforcements introduce
nucleation sites, enhancing the
nucleation rate within the metal
matrix. This process leads to a
finer grain structure in the
solidified metal matrix. The high
cooling rate of the material
hinders the growth of grains of the
metal matrix.

Geometrically necessary
dislocations are generated during
thermal cycling, owing to the
differential expansion and
contraction rates between the
metal matrix and reinforcements.
The produced dislocations impede
each other, giving rise to the
dislocation strengthening of the
metal matrix.

The reinforcements transfer tensile
stress from the matrix to
reinforcements, employing
effective shear stresses on their
interfaces.

The magnitude of stress that is
necessary for dislocations to
bypass the reinforcements.

AM technologies promote the
uniform distribution of
reinforcements in the metal
matrix. The materials such as
LPBF and DED have high cooling
rates during the AM process.

The components are fabricated
using a layer-by-layer method
during the AM process, such as
PBF, DED, and thermal spraying
additive manufacturing, providing
multiple thermal cycling of
materials.

AM technologies promote the
uniform distribution of
reinforcements in the metal
matrix, providing more matrix

interface areas and reinforcements.

AM technologies promote the
uniform distribution of
reinforcements in a metal matrix,
providing a greater

This enhancement in MMCs
depends upon the grain size of the
matrix, which is influenced by the
dimensions and volume fraction of
the reinforcements.

The influence of this enhancement
becomes pronounced with the
increase in temperature due to the
growing disparity in expansion
and contraction rates between
matrix and reinforcements. This
mechanism is less relevant at
lower temperatures and can be
disregarded at room temperature.

This mechanism is substantially
reliant on the interface quality
between the metal matrix and the
reinforcements, with
reinforcements generated through
in-situ reactions demonstrating
more stable interfaces than ex-situ
counterparts.

This mechanism assumes
significance only when the size of
the reinforcements is less than

1 pm

dispersion-strengthening effect.

total increment in the yield strength of MMCs. Ao,, Aoy,
Aoy, and Aog, are the increment contributions of refine-
ment strengthening, dislocation strengthening, load transfer
strengthening, and Orowan strengthening in the yield strength,
respectively. The method above primarily applies to the rein-
forcements or the matrix grains at the micrometer scale,
as it may not hold for nanocomposites. This phenomenon
arises because the properties and performance of compos-
ites and alloys can significantly vary as they approach the
nanoscale [371-375]. Table 9 summarizes the information
on the strengthening mechanism in AM-produced MMCs.
Generally, the contribution to the mechanical properties by
AM technologies can be attributed to the promotion of uni-
form distribution of reinforcements, multiple thermal cycles
of materials, and high cooling rate during the process.

6. Challenges and outlook

6.1. New methods and new technologies for investigating
AM-produced MMCs

The design and preparation of high-performance MMCs pose
significant challenges. Each step demands scrutiny, from the

meticulous selection of reinforcements and metal matrices
to the thoughtful consideration of the AM process. Despite
meticulous planning, failures in the fabrication of MMCs are
not uncommon. The intricate interplay of various factors, such
as material compatibility, processing parameters, and rein-
forcement distribution, requires a nuanced understanding to
achieve the desired performance characteristics. The design
of MMC:s has conventionally been approached using a single-
step method, as depicted in figure 17(a). This linear method
involves a series of sequential steps, each based on the results
of the preceding step. However, because of its time-consuming
and expensive nature, there has been a shift towards devel-
oping high-throughput methods to overcome the limitations
of the single-step method. High-throughput methods facilit-
ate the rapid optimization of the composition, process, and
performance of MMCs and are often based on the mater-
ial database. Compared to the single-step method, the high-
throughput method offers several advantages, such as paral-
lelization, as illustrated in figure 17(b) [376].

The design and preparation of MMCs are complex because
of the many variables involved. The design of MMCs involves
several variables, such as the type, content, size, and dis-
tribution of reinforcements, as well as the characteristics of
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works report that nearly compact parts can be produced
(porosity < 0.5%) [161, 395, 396], full compact parts are
rarely reported.

Cracking in AM processes can be broadly classified into hot
and cold types. Hot cracks, also called solidification cracks,
emerge during the late stage of solidification as grains develop
continuous skeletons. Research indicates that fine equiaxed
semi-solid structures can mitigate the amount of entrapped
liquid, thereby facilitating grain rotation and deformation
compared to dendritic structures [397]. This phenomenon
absorbs strain within the semi-solid state, thereby averting
the onset and propagation of cracks. Introducing reinforce-
ments that act as nucleation sites promotes the transition from
dendritic to equiaxed structures [261, 398]. The cold crack,
attributed to residual stresses, is more significant in the AM
processes [399]. These stresses can cause cracks and separa-
tion between layers of material [226]. In materials with mul-
tiple phases, internal strains develop from the differing coeffi-
cients of thermal expansion among the phases [400]. One way
to manage residual stress is by pre-heating the base substrate,
which can reduce the temperature gradient. For MMCs made
using AM, added reinforcements can increase the viscosity of
the melt pools, affecting their flow. A greater energy density
input is often required during manufacturing to distribute the
particles evenly and prevent clumping. A high temperature is
beneficial because it reduces the negative effects of viscosity
on the spreading of the liquid material, which helps create a
dense final product. However, introducing high-energy input
and temperature gradients have been shown to induce cracks
due to residual stress [401]. This phenomenon creates a delic-
ate balance between achieving fine grains and managing vis-
cosity, which needs more in-depth research for better under-
standing and control.

As mentioned above, the defects in the MMC parts pro-
duced during the AM process would degrade their perform-
ance. Therefore, MMCs produced using the same AM pro-
cess and with similar reinforcement content may demonstrate
diverse properties, primarily due to variations in processing
parameters [211, 243, 310, 311]. Hence, identifying optim-
ized parameter sets to ensure the reproducibility of proper-
ties remains a significant concern in AM-produced MMCs.
Many AM-produced MMCs involve in-situ reactions [36].
In-situ reactions between additives and the metal matrix dur-
ing the AM process may involve endothermic or exothermic
reactions, requiring careful consideration during parameter
optimization.

Additionally, specific AM processes, such as LPBF, involve
rapid cooling, and the incorporation of ceramic reinforce-
ments may render MMCs susceptible to cracking. Thoughtful
consideration is necessary when selecting the types, morpho-
logies, and quantities of reinforcements, considering poten-
tial in-situ reactions and the susceptibility of the metal mat-
rix to cracking. Therefore, the processing parameters should
be optimized to avoid stress concentration and improve the
performance of the MMCs that are produced. As such, the
optimization of parameter sets is particularly crucial for
in-situ formed reinforcements, where the use of appro-
priate parameters during the AM process is essential.
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Unfortunately, no existing database currently provides com-
prehensive information regarding processing parameters to
guide the manufacturing of AM-produced MMCs. Future
advances in the AM processes are still a challenge.

6.4. Future interests

In the future, two important research directions for the AM-
produced MMCs should be significantly considered. One is the
optimization of the cost of AM technologies. The other is the
potential applications of AM-produced MMCs. The economic
aspect of MMCs fabrication via AM often surpasses conven-
tional methods. Present investigations into the costs associ-
ated with AM suggest that the technology is financially viable
when producing limited quantities within centralized manu-
facturing settings [402]. Nonetheless, as automation advances,
the potential for cost-effectiveness in distributed production
surges correspondingly. The costs of AM technology cur-
rently consist of material costs, machine costs, build envelope
utilization, build time, energy consumption, and labor costs
[402]. For a rough estimation, material costs take about 30%—
50%, depending on the type and quantity of materials used.
The costs of machines and energy are about 10%—-20% and
5%—15% [403, 404]. The combined influence of these factors
makes cost reduction in AM technologies challenging and
complex. Accordingly, while a thorough evaluation of cost
reduction encompasses all factors throughout the AM process,
selecting and optimizing materials may constitute a significant
portion of the overall expenses [404].

Combining the advantages of AM technologies, such as
design freedom, material savings, topologically optimized
design, rapid prototyping, customized production, and reduced
assembly [39], and the merits of MMCs, such as improving
strength and rigidity, reducing component weight, improving
wear resistance and corrosion resistance, improving thermal
performance, and improving fatigue life [1, 405], AM-
produced MMCs have possessed considerable prospects for
potential application in many industrial sectors. For example,
AM-produced AMCs and TMCs can be used in the aerospace
field, such as engine components, fuel nozzles, lightweight
structural frames, space capsule interior structures, mars base
building parts, and space suit accessories owing to their high
specific strength and personalized customization [68, 284].
Because of their high strength, compatibility, and complex
geometries, AM-produced TMCs can also be used in the
biomedical field, such as custom orthodontics, orthopedic
implants, and surgical tools [293]. Due to their excellent high-
temperature performance, corrosion resistance, and oxidation
resistance, AM-produced NMCs are widely used in harsh
working environments, such as structural materials for nuc-
lear reactors, turbochargers and exhaust systems in vehicles,
valves and pumps in chemical and petroleum industries [330,
338]. Therefore, the potential application of MMCs in AM
is broadly acknowledged, particularly concerning advance-
ments in aerospace and automotive engineering that necessit-
ate enhanced performance and mass efficiency. Technological
advances have made producing functionally graded materials
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a reality, further driving the optimization of material prop-
erties. Research is focused on enhancing the key physical
attributes of AM-produced MMCs through process innovation
and expanding their applications in personalized manufactur-
ing and repair. Interdisciplinary collaboration is essential for
the development in this field, and future research will focus
on the demands of cost effectiveness and efficient resource
utilization.

7. Conclusions

This article presents an overview of the latest advancements
in AM of MMCs. These developments include AM tech-
nologies, feedstock, reinforcements, MMCs, and strengthen-
ing mechanisms. Due to their exceptional properties, MMCs
have been used for numerous years, finding applications
across diverse industrial sectors. However, the traditional tech-
niques employed in manufacturing MMC components are
cost-intensive and characterized by several processing steps.
Consequently, AM techniques have emerged as a promising
route for producing MMCs. Although multiple AM techniques
have been developed in the last few decades, powder-based
AM techniques (including PBF, DED, BJ, and spraying tech-
nologies) remain prevalent for the fabrication of MMCs.

This article discusses the significance of feedstocks in the
performances of additively manufactured MMCs. The prepar-
ation of feedstocks is usually accomplished through in-situ
and ex-situ methods. The former produces a composite powder
with a homogeneous distribution of metal matrix and rein-
forcements, while the latter produces a mixture of metal mat-
rix powder and additives. In any case, achieving a uniform
distribution of reinforcements is crucial to producing high-
performance MMCs. Reinforcements with high thermal sta-
bility, hardness, and compatibility with the metallic matrix
should be selected for optimal results. This review highlights
that oxides, carbides, and borides are commonly used as rein-
forcements in MMCs.

The AM technologies have successfully fabricated high-
performance MMCs such as Ti, Al, Fe, and Ni-based MMCs.
Compared to the pure metal matrix, the incorporation of
reinforcements in MMCs refines their microstructures and
prevents the production and propagation of cracks, thereby
leading to improved mechanical properties. The fast-cooling
rates during the AM process further refine the microstruc-
tures of MMCs. Therefore, the resulting AM-produced MMCs
exhibit the advantages of both AM technologies and rein-
forcements. Nevertheless, much work must be done before
the widespread commercial applications of AM-produced
MMCs can be realized. Specifically, a comprehensive under-
standing of the processing—microstructure—properties of AM-
produced MMCs is needed to guide their design, processing,
and optimization.
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