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Abstract
Nowadays, as an emerging technology, additive manufacturing (AM) has received numerous attentions from researchers 
around the world. The method comprises layer-by-layer manufacturing of products according to the 3D CAD models of the 
objects. Among other things, AM is capable of producing metal matrix composites (MMCs). Hence, plenty of works in the 
literature are dedicated to developing different types of MMCs through AM processes. Hence, this paper provides a compre-
hensive overview on the latest research that has been carried out on the development of the powder-based AM manufactured 
MMCs from a scientific and technological viewpoint, aimed at highlighting the opportunities and challenges of this innovative 
manufacturing process. For instance, it is documented that AM is not only able to resolve the reinforcement/matrix bond-
ing issues usually faced with during conventional manufacturing of MMCs, but also it is capable of producing functionally 
graded composites and geometrically complex objects. Furthermore, it provides the opportunity for a uniform distribution 
of the reinforcing phase in the metallic matrix and is able to produce composites using refractory metals thanks to the local 
heat source employed in the method. Despite the aforementioned advantages, there are still some challenges needing more 
attention from the researchers. Rapid cooling nature of the process, significantly different coefficient of expansion of the 
matrix and reinforcement, processability, and the lack of suitable parameters and standards for the production of defect-free 
AM MMCs seem to be among the most important issues to deal with in future works.

Keywords  Additive manufacturing · Metal matrix composite · Microstructure · Interfacial bonding · Mechanical properties

1  Introduction

Metal matrix composites (MMCs) are a class of materials 
that can be produced by adding one or more reinforcements 
to a metallic matrix [1, 2]. Over the past years, MMCs could 
attract worldwide attention mainly owing to their unique 
properties as well as the possibility to tailor the properties 

of materials and consequently fulfil the criteria of the par-
ticular applications [3, 4]. In fact, through the production 
of MMCs, it is possible to combine the ductile, tough and 
conductive characteristics of metals with wear resistance, 
stiffness, and rigidness of ceramic materials. MMCs are 
commonly employed as a promising class of materials to 
produce lightweight components and structures in differ-
ent sectors such as aerospace, automotive, and construction. 
In particular, nowadays, a growing interest in the MMCs 
in both the automotive and aerospace industries confirms 
the worldwide demand for these materials. Nevertheless, 
the production of MMCs is faced with several challenges, 
mostly stemming from their complicated processing and 
incompetent economic efficiency [5].

In general, the conventional production processes of 
MMCs can be classified into three different groups: solid-
state, semi-solid, and liquid-state processes [6]. Physi-
cal vapour deposition (PVD), diffusion bonding (DB), 
mechanical alloying (MA), and powder metallurgy (PM) are 
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those of solid-state methods. As the semi-solid methods, 
compocasting and thixoforging methods have been devel-
oped to improve the distribution of reinforcement within 
the matrix [7]. Stirring casting, ultrasonic-assisted casting, 
spray deposition, and pressure infiltration methods are also 
developed as liquid-based manufacturing processes [8–10]. 
On the other hand, the production of MMCs can be divided 
into three main concepts from the manufacturing process 
standpoint: (I) casting, (II) DB, and (III) PM. Among them, 
PM is the only process that can be used to manufacture the 
MMCs reinforced by particle or whiskers that exhibit out-
standing specific strength and stiffness, isotropic properties, 
and the ease of near-net-shape production. For this type of 
MMCs, various reinforcing materials such as carbides (i.e. 
SiC, B4C), oxides (i.e. SiO2, Al2O3), nitrides, borides, and 
elemental materials like C and Si, can be used [8, 11, 12].

As mentioned earlier, PM is a promising route for produc-
ing MMCs reinforced by particles. Hot pressing (HP) and 
spark plasma sintering (SPS) are the two main conventional 
manufacturing processes that have been used to consolidate 
the composite powder mixtures [13, 14]. However, the pro-
duction of MMCs via these techniques is faced with several 
challenges as well. These challenges may be attributed to 
the interaction of matrix/reinforcement issues such as weak 
interfacial bonding between them and inhomogeneous dis-
tribution of reinforcement within the matrix [2]. Some of 
these issues become even more critical when a part with 
a complex geometry is required [15]. In addition, the high 
production cost of MMCs from the economic point of view 
has been considered as another important challenge that 
should be fulfilled to increase the application of MMCs in 
various industries [16, 17]. Hence, over the past years, sev-
eral efforts have been undertaken to address these issues 
to broaden the application of MMCs. Among other things, 
these efforts constituted employing metal additive manufac-
turing (AM) techniques, a recent technology that has been 
rapidly developed into a promising method for the produc-
tion of complex-shaped components [5, 15].

AM, which is initially developed in 1986, refers to the 
manufacturing process that allows the direct net shape pro-
duction of 3D parts from a computer-aided design (CAD) 
model by progressively adding materials in a layer-wise 
manner [18, 19]. AM technologies provide several advan-
tages to the production of complex-shaped parts. For 
instance, by using AM processes, it would be possible to 
eliminate the post intermediate tooling necessity, which con-
sequently decreases the manufacturing time. Besides, AM 
provides opportunities to reduce materials waste, reduce 
energy consumption, and provide the best design for lean 
production [20]. Contrary to the conventional manufactur-
ing processes, AM can produce complex geometries with a 
high level of design accuracy and flexibility [21, 22]. Due 
to the all aforementioned advantages, AM processes have 

been widely applied as a new manufacturing concept in vari-
ous industries such as medical, aerospace, automotive [23] 
prototyping, and more recently in the construction industry 
[24, 25].

In metal AM, an energy source is employed to selectively 
melt a layer that solidifies afterwards. In MMCs, this energy 
source melts the layer and can trigger a chemical reaction if 
the starting powders have the potential for a chemical reac-
tion. This selective melting/solidifying phenomenon during 
the metal AM process offers an exceptional flexibility to the 
production of complex-shaped MMCs with a homogenous 
dispersion of reinforcement. Therefore, several investiga-
tions have been carried out on the production of MMCs 
using AM technologies [26–28]. For instance, AlMangour 
et al. [29] produced 316L/TiB2 stainless steel composite 
via laser powder bed fusion (LPBF) process. Gu et al. [30] 
manufactured Ti/TiC nanocomposite components using the 
LPBF process. In another work, Gu et al. [31] studied the 
feasibility of the production of AlSi10Mg/AlN via LPBF. 
Ramakrishnan et al. [32] fabricated functionally graded 
MMCs of Haynes 282/SiC via directed energy deposition 
(DED) process. Pouzet et al. [33] used an in situ reaction 
phenomenon during the DED process to produce the tita-
nium/TiB + TiC composites from a blend of pre-alloyed 
Ti-6Al-4V/B4C powder. Nonetheless, despite a grow-
ing body of literature and several reviews that have been 
focused on understanding the metal AM processes [34–36], 
the number of reviews including a comprehensive under-
standing of the production and performance of MMCs with 
metal AM processes is relatively negligible. In fact, it is well 
documented that the presence of reinforcements changes the 
physical properties of the materials and consequently affects 
the thermal and rheology characteristics of the melt pool 
[5]. As a result, MMCs would have a different processabil-
ity behaviour as compared to the monolithic materials, a 
fact that requires further in-depth investigations. Thus, the 
necessity of a complete understanding of the manufacturing 
and performance of MMCs manufactured via metal AM pro-
cesses is felt. Hence, this work aims to analyse the scientific 
and technological aspects of MMCs processing through AM 
technologies. For this reason, this review is focused on the 
processability of MMCs via metal AM technologies, in par-
ticular, LPBF and DED processes. At first, to provide a basic 
understanding of the AM approach, the AM technologies are 
introduced in this paper. Thereafter, the main AM methods 
for producing metallic components, including PBF and DED 
technologies, are described comparatively. This would offer 
a clear vision of the different technologies, including their 
concept together with their capabilities in the production 
of MMCs. An in-depth overview of the production-related 
aspects, including materials and AM process parameters, 
is then provided. Microstructure and mechanical proper-
ties of MMCs processed via AM technologies are analysed 
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afterwards to provide a better understanding regarding their 
performance. Finally, the main challenges in the fabrica-
tion of MMCs by metal AM technologies are evaluated and 
discussed.

2 � Metal Additive Manufacturing

In general, according to the ASTM International (Ameri-
can Society for Testing of Materials) [37], the AM process 
can be classified into seven techniques, based on the adhe-
sion and bonding method. Table 1 lists the categories, the 
techniques and proper materials which can be used for each 
process.

On the other hand, AM processes can be classified as 
“direct” and “indirect” processes. Direct approaches are 
the processes in which the shaping and consolidation of the 
components are performed simultaneously, and no post-
processing is required to densify the parts. In fact, in these 
methods, the final pieces are produced by completely melt-
ing of metal powder followed by a solidification process. 
PBF and DED, the two main metal AM technologies, are 
considered as direct methods [38]. Instead, in indirect meth-
ods such as SLA, BJ, MJ, etc., since a binder is employed 
for the shaping, some post-processing such as debinding and 
sintering are necessary to consolidate the materials and con-
sequently increase the density of components [38].

In all metal AM processes, the starting materials (metal 
powder or wire) are consolidated into dense 3D objects 
using a heat source such as laser or electron beam [39]. This 
work provides an overview on the development of MMCs 
through the metal AM processes, mainly PBF and DED 
technologies.

2.1 � Powder Bed Fusion (PBF)

In all PBF processes, a layer of powder is spread on the 
building platform or previously solidified layers, which is 

consequently melted in a selective manner according to the 
CAD model. The spread of a layer of powder followed by 
selective melting via local heating is repeated until the entire 
part is printed. The focused source of energy used for the 
PBF technique can be either electron beam or laser beam 
that classifies the techniques into two categories of laser 
powder bed fusion (LPBF), also known as selective laser 
melting (SLM) and electron beam melting (EBM) [40]. The 
number of publications regarding PBF acquired from the 
Scopus database is shown in Fig. 1. It is shown that since 
2000, there is a growing body of literature published on the 
LPBF and EBM methods. According to the Scopus database, 
the overall number of publications on these two technologies 
has exponentially increased to several thousands of papers 
(almost more than 11,000) by 2020. However, it is found 
that despite the growth of these technologies (Table 2), the 
development of new materials specifically developed for AM 
requires more attention which justifies carrying out more 

Table 1   ASTM International 
classification of AM [37]

SLA stereolithography, DLP digital light processing, UC ultrasonic consolidation, LOM laminated object 
manufacturing, SLS selective laser sintering, SLM selective laser melting, EBM electron beam melting, 
DMD direct metal deposition, LD laser deposition, LC laser cladding, EBDM electron beam direct melting, 
FDM fused deposition modelling

Category VAT BJ MJ SL ME PBF DED

Process SLA
DLP

3D printing Polyject
Ink-jetting
Thermojet

UC
LOM

FDM SLS
SLM
EBM

DMD
Ink-jetting LD
S-Print LC
M-Print EBDM

Materials Photopolymer
Ceramic

Metal Photopolymer
Wax

Metal Photopolymer
Wax

Metal Metal 
(pow-
der, 
wire)

Ceramic Ceramic Ceramic
Polymer Hybride Polymer

Fig. 1   Number of publications on SLM and EBM as keywords (Sco-
pus, 30 December 2020)
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researches focused on the development of new alloys and 
new MMCs to be processed via PBF techniques.

However, it should be noted that even if there is a closely 
similar concept behind EBM and LPBF processes, the pro-
cessing steps are quite different. Therefore, these differences 
are highlighted in this work and compared with the DED 
process, which is a wire/powder-fed AM technology.

2.2 � Laser Powder Bed Fusion

As mentioned earlier, LPBF is one of the direct AM pro-
cesses where the powder particles are fully melted during 
the process resulting in much stronger final 3D components 
with approximately 100% density [41, 42]. In this method, 
as shown in Fig. 2, a thin layer of metal powder is spread 
across the metal build plate through a delivery system of 
powder. Thereafter, the cross-section of metal powder is 
selectively scanned by a high-energy laser beam leading 
into melting and consolidating of powder particles into a 
homogenous and dense part. Extra materials that are not 
part of the 3D model play as a support structure and remain 
unaffected. Afterwards, the build platform moves down as 
much as a pre-defined layer thickness, followed by the coat-
ing process aimed at creating the next layer. Subsequently, 
the laser scanning of the next layer is carried out, and the 
process continues until the final 3D component is completely 
produced [43–45]. After the part is completely formed, extra 
powders are directly collected from the build chamber and 
recycled [46].

In comparison with conventional manufacturing pro-
cesses, LPBF presents some advantages such as the abil-
ity to produce complex parts, the capability to increase the 
functionality of the new structural products, the capability 
to join various metals via metallurgical means and rapid 
prototyping. These benefits led to the extensive use of LPBF 
in industrial applications such as aerospace, automotive, 

electronics, and biomedical devices [47]. For instance, Song 
et al. [48] analysed the production of the metal die with a 
low cost and short process cycle to be used as an automobile 
deck part. In the research carried out by Wits et al. [49], 
high-pressure and low-weight micropumps were produced 
to be used in small satellite applications. Hou et al. [50], 
Wong et al. [51], and Zenou et al. [52] explored the appli-
cation of the LPBF process in the production of electronic 
devices such as circuit boards, heat sinks, and transparent 
conductors. Besides, the LPBF process has been employed 
in medical applications for producing customized bioim-
plants [53–55]. Recently, new materials, including metal 
matrix nanocomposites (MMNCs) [56–58] and functionally 
graded materials (FGMs) [59–61], are developed through 
the LPBF technology.

Nevertheless, LPBF suffers from some disadvantages 
such as intense interaction between material and laser, the 

Table 2   Some commercially 
available PBF systems for 
metallic materials

Manufacturer System Process Layer 
thickness 
(μm)

Laser spot size (μm) Energy source

Prima additive PrintSharp 250 LPBF 20–100 70–100 Yb-fibre laser, 500 W
SLM solutions SLM500 LPBF 20–74 80–115 Quad fibre lasers, 4 × 700 W
EOS M400 LPBF N/A 90 Yb-fibre laser, 1000 W
Concept Laser M1Cusing LPBF 20–80 50 Fibre laser, 200–400 W
Realizer SLM300i LPBF 20–100 N/A Fibre laser, 400–1000 W
Farsoon FS271 LPBF 20–80 40–100 Yb-fibre laser, 200 W
Renishaw AM400 LPBF N/A N/A Optical fibre, 400 W
Sisma MYSINT300 LPBF 20–50 100–500 Fibre laser, 500 W
Arcam AB Q20 plus EBM 140 – Electron beam, 3000 W
Arcam AB A2X EBM 50–100 – Electron beam, 3000 W
Arcam AB Spectra H EBM N/A – Electron beam, 6000 W

Fig. 2   A schematic of a LPBF system [41]
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high degree of shrinkage, instability of molten pool, and 
complex residual stress [62].

2.3 � Electron Beam Melting

As mentioned earlier, EBM is one of the PBF processes 
where an electron beam is applied for the full melting of 
powder particles. In 1992, the first patent [63] was recorded 
to describe the fusion of conductive powders using an 
electric beam to fabricate a 3D part in a layer-wise man-
ner. However, the first commercial EBM system was not 
presented until 2002 [64], which belonged to the Arcam 
company. It should be noted that, due to the utilization of 
an electron beam, this process should be carried out under 
a vacuum environment because of the improvement of the 
electron beam quality, prohibition of the electron beam dis-
sipation and prevention of powder contamination or the fab-
ricated components [65, 66]. In this technology, at a high 
temperature, the electrons are emitted from a filament, and 
two magnetic fields control the electron beam with the rate 
of half of the light speed. One of the fields works as a mag-
netic lens focusing the beam to the proper diameter, while 
the focused beam is deflected by another field to melt the 
desired points. In this process, a layer of powder is spread 
on the build platform, followed by preheating and melting 
of powders carried out by electron beam according to the 
digital data (as shown in Fig. 3). The build platform is low-
ered, and the next layer of powder is spread, followed by 
preheating and then melted ageing according to the CAD 
model. Finally, the 3D components are built by repeating 
these steps [65].

After producing the final part, as same as the other AM 
processes, the additional powder should be eliminated 
from the build chamber. In the EBM technique, these 
powders pass through a powder recovery system (PRS) 
in order to eliminate and recover the sintered powders 
around the parts [46]. EBM process is featured with a 
higher energy density than the LPBF technique, enabling 
this AM method to have powder layers with higher thick-
nesses (higher than 50 µm). Considering this, the particle 
size distribution of the starting powder can be in the range 
of 45–150 µm (larger than LPBF, which is in the range of 
15–50 µm). Nevertheless, some drawbacks occur at high 
production rates, such as finishing and inferior surfaces 
[38]. As reported in the literature [67, 68], the resolution 
and surface roughness of EBM components are lower and 
higher than LPBF, respectively. Studies have compared 
the powder recyclability in EBM and LPBF and found 
that they are rather similar [69–71]. In contrast to LPBF, 
a vacuum atmosphere (around 1 × 10–5 mbar) is applied in 
the EBM chamber, which is useful to avoid any contami-
nation, especially for the processing of reactive materials 

such as titanium alloys or gamma titanium aluminide 
intermetallics [72]. Moreover, since EBM employs a dif-
ferent source of energies, compared to the one used in 
LPBF, higher scanning rates and generally preheating of 
the powder (even up to 1100 °C) is possible. As a matter 
of fact, the powders’ preheating before melting reduces 
the thermal stress generated during the building process 
[73]. The lower level of residual stress decreases the risk 
of crack formation and hence enables the production of 
rather brittle materials such as intermetallics [74–77].

In general, EBM technology is capable of producing 
extremely complex parts, making it suitable for the manu-
facturing of materials with special features [64] such as 
bulk metallic glass [78, 79], Ti-6Al-4V lattice structures 
[80], and 316L stainless steel [81, 82]. An additional 
advantage of this technology is the possibility to tailor the 
microstructure and consequently, the properties within the 
components in the same process through the adjustment of 
the process parameters [83–85].

Fig. 3   A schematic of electron beam melting (EBM)
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2.4 � Directed Energy Deposition

DED technology is a powder/wire feed process in which the 
powder/wire is delivered into the molten pool that is gener-
ated by a heat source. In fact, in DED, feeding of starting 
materials is simultaneously carried out with irradiation of a 
concentrated energy source (such as electrons beam, plasma 
arc or laser) on a certain area of the substrate, whereas in 
the PBF method, an already distributed powder bed is selec-
tively fused [86]. At the same time, feedstock (Fig. 4 a, b) is 
continuously fed via either a single nozzle or multi-nozzles 
into the melt pool. Various processes are named DED tech-
nology, as listed in Table 3 [34, 87]. It should be highlighted 
that fully dense components with highly controllable micro-
structure properties and FGM components can be fabricated 
using the DED process [88].

Poor resolution, low power efficiency, and lower surface 
quality can be considered as the main disadvantages of this 
process [91]. Table 4 summarizes the difference between the 
DED and PBF processes from various aspects. In contrast 
to the LPBF process, no powder bed is applied in the DED 
method and also the starting materials are fused and depos-
ited in a layer-wise manner which can be useful to fill the 
cracks and to retrofit the manufactured parts. Furthermore, 
DED is able to manufacture components with less complex-
ity as compared with PBF methods. That’s why DED is gen-
erally utilized in the manufacturing and repairing of larger 
parts [88]. This is very interesting to note that due to the 
presence of a carrier gas that delivers the feedstock material 
directly into the melt pool, application of the DED process 
in the production of MMCs could attract more attention. In 
most cases, when the powder mixture has poor flowability 
due to the presence of irregular shape reinforcements, the 
carrier gas facilitates the powder feeding.

3 � Additive Manufacturing of MMCs

In general, the production of metallic components via con-
ventional manufacturing methods is costly and time-con-
suming. In addition, in MMCs, the presence of hard reinforc-
ing materials can make their fabrication processes even more 
challenging and expansive. For this reason, several efforts 
have been undertaken to develop new and highly flexible 
techniques for the production and design of net-shape MMC 
components. AM produces not only net shape MMCs com-
ponents but also is capable of imparting mechanical charac-
teristics comparable to or even higher than those brought by 
the conventional manufacturing processes. The advantages 
of AM in comparison with the conventional manufacturing 
processes could bring attention from various industrial sec-
tors to this technology, which has been labelled as the “Third 
Industrial Revolution”.

Over the last decade, several research studies focused 
on AM of metallic materials for different industrial sec-
tors [72, 98–100]. On the contrary, far too little attention 

Fig. 4   Schematic of a powder-fed, b wire-fed DED process [89]

Table 3   Different commercialized names of DED process [34, 90]

Process Acronym

Laser cladding LC
Laser direct casting LDC
Laser engineer net shaping LENS™
Direct metal deposition DMD
Direct light fabrication DLF
Shape deposition manufacturing SDM
Laser powder fusion LPF
Laser-aided direct metal deposition LADMD
Laser-aided manufacturing process LAMP
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has been paid to the AM of MMCs. This discrepancy in 
the trend of monolithic alloys and MMCs can be related 
to two major challenges in the production of MMCs via 
AM processes. The first challenge is related to the initial 
feedstock, i.e. powders of MMCs. In general, it is well 
documented that one of the main criteria for the AM pow-
ders is the necessity of having spherical morphology. For 
this reason, gas-atomized or plasma atomized powders 
are considered as the most desirable powders for AM. 
However, the composition of atomized powder for AM of 
monolithic alloys is rather limited, and there is no feed-
stock in the case of composites. On the other hand, metal-
lic matrixes and reinforcing materials may have markedly 
different melting points that make some challenges for 

the processability of those powder mixture via AM. This 
difficulty can be ascribed to their different viscosity and 
melting/solidification behaviours. Therefore, in the case 
of MMCs, optimization of process parameters should be 
carried out carefully to fabricate MMCs components with 
high relative densities. However, despite several efforts 
that have been undertaken to address these challenges, 
there is no overview on the dependency of challenges on 
the type of reinforcing material and metallic matrixes. 
Therefore, this work provides a systematic and comprehen-
sive overview on the recent progress in the AM of some 
very well-known MMCs such as aluminium and titanium, 
considering the challenges in their fabrication via AM and 
structure–property relationship in these composites.

Table 4   Comparison of DED and PBF processes [90, 92–97]

Differences SLM Process EBM Process DED Process

Heat source Laser Electron beam Laser/Electron beam/Electric arc
Source of power (W) 200–1000 3000 100–3000
Size of beam (mm) 0.1–0.5 0.2–1.0 2–4
Environment of build chamber Ar/N2 Vacuum/He bleed –
Max dimension of component 

(mm × mm × mm)
500 × 350 × 300 350 × 380 ( � × H) (2000 × 1500 × 750)

(5000 × 3000 × 1000)
Build envelop Limited Limited Large, Flexible
Build ability Complex geometry, very high resolu-

tion
Complex 

geometry, good 
resolution

Relatively simpler geometry, less resolu-
tion

Layer thickness (µm) 20–100 50–200 500–1000
Maximum rate of feedstock (g/s) – – 0.1–2.8
Maximum rate of production (cm3h−1) 20–35 80 16–320
Maximum feature size (µm) 40–200 100 40–200
Dimensional precision of (mm) 0.04–0.2 0.04–0.2 0.5–1.5
Surface finishing Very good Good Coarse
Geometric tolerance  ± 0.05–0.1  ± 0.2 –
Residual stress High Minimal High
Addition of metal on existing parts Not possible Not possible Possible
Build of multi-material/Hard coating Not possible Not possible Possible
Post-processing Stress relieve, HIP (rarely) HIP (rarely) Stress relieve, HIP, Machining, Surface 

grinding
Resolution range (µm) 80–250 80–250 250
Preheating process of powder Platform heating Preheat scanning Platform heating
Preheating temperature of powder (°C) 100–200 700–1100 –
Size of melting pool (mm) 0.1–0.5 0.2–1.2 –
Advantages Fine resolution

High quality
Reduced cost of manufacturing
Great mechanical properties
Precise control of microstructure and 

composition
Excellent for repairing and retrofitting

Disadvantages Slow printing
Expensive manufacturing

Low accuracy and quality of surface
Restriction in manufacturing of complex 

parts including fine details
Applications Biomedical, Electronics, Aerospace, Electro-packaging Aerospace, Automotive, Die repair
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3.1 � Feedstock Preparation

To fabricate a MMC through AM processes, the starting 
point is the preparation of the composite powder mixture. 
In general, an ideal powder mixture should exhibit a uni-
form elemental distribution as well as good flowability. 
Up to now, several methods such as ball milling, powder 
electrostatic self-assembly, and in situ reaction have been 
proposed for the preparation of the composite powder mix-
tures. In ball milling, to increase the bonding between the 
matrix and reinforcement, hard grinding balls are placed in 
the milling media together with the powder mixture. Dur-
ing the milling process, the forces between the balls create 
bonds between the matrix and reinforcement particles. These 
forces, however, can deform the particles and consequently 
reduce the flowability of the powder mixture significantly. 
Accordingly, this lower flowability would negatively affect 
the processability of the composite powder mixture [101]. 
Therefore, to resolve this issue which is related to the defor-
mation of particles, the electrostatic self-assembly method 
has been developed. In this method, an electrostatic attrac-
tion is created by inducing a positive and negative charge to 
the particles, leading to a uniform powder mixture [102]. 
Nevertheless, this method suffers from challenges such as a 
complex preparation process and low efficiency, limiting its 
application for composite powder preparation. As an alter-
native, the in situ reaction method is proposed to be used 
as a more efficient method to prepare a composite powder 
mixture through the addition of the reinforcing material in 
the molten state, and after a while, the molten material is 
atomized into powders [103]. In comparison with the other 
two mixing methods, the in situ reaction process is con-
sidered as an ideal method in terms of making a uniform 
powder mixture with an acceptable morphology and good 
flowability. However, this method has some disadvantages; 
among them, the complexity and cost of the process can be 
considered as the main ones. Moreover, in situ reactions 
leading to the desired secondary phases are not appropri-
ate for all the composite systems, and hence, it can only be 
applied for some certain cases.

3.2 � Processability

3.2.1 � Aluminium Matrix Composites (AMCs)

AMCs are considered as a new substitute for Al alloys due 
to their excellent specific stiffness, wear resistance and out-
standing structural integrity and physical properties [104, 
105]. From the industrial point of view, AMCs can be pro-
duced through two main class of manufacturing processes: 
(I) solid-state and (II) liquid-state processes. Diffusion bond-
ing and vapour deposition processes are two important solid-
state-based production processes of AMCs, whereas casting, 

infiltration, and in situ processing are the liquid-based ones 
[106]. It is well documented that the real applications of 
AMCs, in addition to the properties of the material, strongly 
depend on their ease of production. In general, casting, 
which is considered as one of the most promising methods 
for the production of Al alloys, suffers from undesired reac-
tions and also a serious lack of control on the dispersion 
of the reinforcing material within the matrix in the case of 
AMCs. Moreover, further machining of the cast components 
reinforced by hard reinforcements is a very difficult task, 
which increases their production cost significantly.

PM methods such as metal AM processes can overcome 
these challenges via point-by-point material consolidation. 
Therefore, it can be expected that through the combination 
of metal AM advantages (in particular laser-based ones), 
such as high processing precision, short production cycle, 
and customized production feasibility, with the aforemen-
tioned characteristics of the AMCs, fully dense near-net-
shape AMCs with superior properties can be produced. 
Since AM is a rapid solidification process, the microstruc-
ture of as-built AM AMCs is finer than those of conventional 
one, which further strengthens the final AMCs product.

During the production of Al alloys via an AM process, 
the Al powder is melted locally through the irradiation of the 
laser, which then creates a melt pool quickly solidifying via 
nucleation and directional growth mechanisms. Typically, in 
the case of monolithic Al alloys, the columnar microstruc-
ture is observed due to the absence of heterogeneous nuclea-
tion sites and the presence of a very high thermal gradient 
along the building direction [107, 108]. During the interac-
tion of the laser with the Al powder, the Marangoni convec-
tion is a fluid flow mechanism taking place in the melt pool 
that helps the reinforcing materials to be distributed homo-
geneously in the liquid. On the other hand, as mentioned 
earlier, since the molten material is solidified in the metal 
AM processes rapidly, there is not enough time for a detri-
mental reaction between the Al matrix and reinforcement 
phase. Therefore, this rapid solidification process results in 
the formation of very fine second phases that, together with 
the unreacted reinforcement, create multi-phase reinforced 
AMCs [109, 110]. As a result of this coexistence of rein-
forcement and the fine second phase, the microstructure of 
AMCs turns from the columnar to equiaxed or to the colum-
nar with a small aspect ratio (Fig. 5) [111].

It is also very interesting to notice that due to a signifi-
cant difference in the melting point of the Al matrix (about 
660 °C) and reinforcing materials (typically more than  
2000 °C), these reinforcements can significantly improve the 
laser absorption of the Al alloy and increase the efficiency 
of the processes [109].

Laser energy density, which defines the amount of heat 
input during the laser interaction with the alloy, is found to 
be another important factor having a marked effect on the 
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microstructure of AMCs. For instance, Lei et al. [112] stud-
ied the impact of the energy density on the microstructure 
formation and microhardness of the LPBF 7075 Al alloy 
modified by Sc and Zr. They found that at low energy den-
sity, the grains grew epitaxially, and as a result, columnar 
grains with an average size of 4.1 μm were formed. How-
ever, they reported columnar to equiaxed transformation by 
increasing the energy density, which increased the number 
of equiaxed grains with an average size of 0.78 μm (Fig. 6).

In another work, Gu et al. [111] studied the microstructure 
and mechanical properties of AlSi10Mg/CNTs composites 
produced via the LPBF process. They found that by increas-
ing the laser scanning speed, the microstructure of the AMC 
reinforced by CNTs transformed from the coarse columnar 
crystals to the equiaxed ones. Jue et al. [113] investigated 
the mechanical properties and microstructure of in situ Al/
Al2SiO4 composites produced via LPBF. According to the 
authors’ findings, by decreasing the energy density, the grain 
size of AMCs decreased first and then increased. This trend 
was explained by the correlation between the energy density 
and the maximum temperature gradient of the melt pool that 
promoted the reinforcement and Al matrix reaction. In fact, 
the degree of in situ reaction increased by increasing the 

energy density, and as a consequence, more nucleation sites 
for the heterogeneous nucleation were formed, leading to 
the grain refinement. However, at very high energy densi-
ties, since the melt pool remained liquid for a bit longer time 
at high temperatures, the reaction between the reinforce-
ment and Al matrix was completed. Therefore, the num-
ber of nucleation sites decreased significantly, leading to 
grain coarsening. Among all the ceramic reinforcements, 
TiB2 is one of the most interesting materials to be used as a 
reinforcing phase for developing new AMCs. TiB2 does not 
react with the Al matrix and significantly participates in the 
strengthening of the composite [114].

Jiang et  al. [101] analysed the microstructure and 
mechanical performance of 7075Al/TiB2 composites pro-
duced via the DED process. Despite a non-uniform disper-
sion of TiB2 within the Al matrix, slight grain refinement 
was achieved in the samples containing 4 wt% TiB2. Wen 
et al. [115] also reported the same trend in their studies 
on 2024Al/TiB2 composites produced via DED. In another 
study, Li et al. [103] evaluated the effect of nano-TiB2 
on the microstructural evolution of the AlSi10Mg alloy 
produced via the LPBF process. As shown in Fig. 7, they 
obtained a texture-free microstructure consisting of fine 

Fig. 5   Central schematic represents an overview of the AM: a unreinforced Al7075 powder, b reinforced Al7075 powder, c Al7075 tend to 
solidify by columnar growth of dendrites, d suitable nanoparticles can induce heterogeneous nucleation and facilitate equiaxed grain growth, e 
many alloys exhibit intolerable microstructure with large grains and periodic cracks when AM using conventional approaches, as illustrated by 
the inverse pole figure, f functionalizing the powder feedstock with nanoparticles produces fine equiaxed grain growth and eliminates hot crack-
ing [102]
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grains and a cell structure. It was also revealed that the 
nano-TiB2 particles have a preferred distribution being 
mainly located along the cell boundaries with some nano-
TiB2 agglomerates seen in the triple pockets of the cells. 
As mentioned earlier, in the case of AMCs, the coexistence 
of the fine grains and reinforcement results in superior 
mechanical and physical characteristics compared to the 
monolithic Al alloys. In nano-AMCs, i.e. AMCs reinforced 
by nanomaterials, the presence of nanoscale reinforce-
ments results in the formation of ultrafine grains. Wen 
et al. [115] used nano-TiB2 particles to strengthen 2024Al 
alloy produced via the DED process. In their 2024Al-3 
wt% TiB2 nanocomposites, the high tensile strength of 284 
MPa and excellent ductility of 18.7% were achieved, which 
were much higher than those of 2024Al alloys produced 
by casting. Li et al. [103] studied the microstructure and 
mechanical properties of LPBF AlSi10Mg nanocompos-
ite reinforced by 7 vol% nano-TiB2 particles. The results 
showed that nano-AMCs had a high tensile strength of 
530 MPa, excellent ductility of 15.5% and microhardness 
of 191 HV, marking the best mechanical properties ever 
published for the AMCs based on AlSi10Mg alloy.

Graphene (Gr) and carbon nanotubes (CNTs) are rather 
new reinforcing materials for AMCs. In fact, these carbonic 
materials react with molten Al during the AM process and 
form aluminium carbide (Al4C3) with different morpholo-
gies. These carbon-bearing products play a key role in the 
strengthening of the AMCs. During the irradiation of the 
laser, the input energy is first absorbed by graphene or CNTs 
that results in the partial decomposition of Gr or CNT, fol-
lowed by their in situ reaction with the Al matrix and con-
sequently the formation of Al4C3 at their interfaces [111]. In 
addition, when an AMC reinforced with CNTs is subjected 
to external forces, the oriented CNTs in the loading direction 
play a key role in the strengthening of the composite [104, 
116]. Zhou et al. [117] used graphene oxide as a reinforce-
ment for AMC production through the LPBF process. In 
their work, Al4C3 nanorods were reported as the products of 
the reaction between the reinforcement and pure Al matrix. 
Ma et al. [118] reported the formation of nanoplate Al4C3 
near the interface of the diamond/AlSi12 composite pro-
duced via LPBF technology (Fig. 8).

More recently, Tiwari et al. [119] assessed the effect of 
0.1 and 0.2 wt% Gr on the microstructure and mechanical 

Fig. 6   EBSD images of block specimen at different energy densities: a 44 J/mm3, b 66 J/mm3, c 111 J/mm3, d 222 J/mm3, e 333 J/mm3, and f 
375 J/mm3 [112]



A Comprehensive Overview on the Latest Progress in the Additive Manufacturing of Metal Matrix…

1 3

characteristics of the AlSi10Mg-based composites fabricated 
using the LPBF method. They reported tensile properties 
of samples as being remarkably influenced by the induced 
porosity after incorporation of Gr. The authors reported an 
approximate of 22% increment in yield strength (YS) of the 
samples in the presence of 0.1 wt% Gr, in contrast to the 
elongation of the composite showing a decreasing trend 
(Fig. 9). According to Fig. 10, incorporation of 0.2 wt% Gr 
had a significant effect on the hardness of the samples, while 
the laser power variation had no effect on the hardness.

Gu et al. [111], studied the effect of CNTs on the micro-
structure evolution and mechanical properties of AlSi10Mg 
composites produced via the LPBF process. From the 
microstructural point of view, three distinct phenomena, 
namely the formation of the primary Al9Si cellular den-
drites decorated with fibrous Si, the in situ formation of 
Al4C3 on the CNTs, and precipitation of Si inside the cellu-
lar grains, were revealed. AlSi10Mg/CNTs composites fea-
tured superior mechanical properties (tabulated in Table 5) 
due to the microstructure being ultrafine and having a high 

Fig. 7   a–c SEM images, d EBSD orientation map, e grain size distribution of the LPBF Al composites [103]



	 M. Dadkhah et al.

1 3

Fig. 8   a Scanning TEM (STEM) high-angle annular dark-field (HAADF) image showing the diamond(111)/Al interfacial area where Al4C3 
interfacial layer and plate-like particles are developed, b the EDX spectrum of a typical interfacial particle is shown, c–f are elemental EDX 
maps for Al, O, Si, and C, respectively [118]

Fig. 9   Tensile properties of the pure AlSi10Mg, AlSi10Mg-Gr composites at different laser powers; a YS, b UTS, and c Elongation [119]
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densification level. Nonetheless, it should be highlighted that 
the structure of Gr can be damaged during the interaction 
with laser marking a weak point to the mechanical perfor-
mance of the composite. Notwithstanding, it is reported that 
the presence of these types of reinforcements improved the 
hardness and tribological characteristics of the AMCs [120]. 
As an example, Bai et al. [121] analysed the effect of Gr on 
the microstructure and wear resistance of AMCs produced 
by the LPBF process. They found that at low Gr contents, 
the wear resistance of the composite increased while it fol-
lowed a decreasing pattern by increasing the Gr content as 
a consequence of the Gr agglomeration and formation of 
higher porosity within the AMCs. Instead, Jiang et al. [101] 
exhibited that the addition of TiB2 particles as reinforcement 
improves the wear resistance of the 7075Al-based composite 
produced by the DED process.

All in all, it can be concluded that AMCs reinforced by 
nanoparticles exhibit superior comprehensive mechanical 
properties with respect to those using micron size reinforce-
ments. However, AMCs reinforced by microparticles pre-
sent higher hardness and wear resistance in comparison with 
Al alloys. In these systems, the microparticles act as stress 
concentration sites and hence their effect on the mechani-
cal properties is not stable. On the other hand, in the case 
of using nanoparticles, their ease of agglomeration deterio-
rates the flowability of the powder, which reduces the pro-
cessability of the AMCs powder mixture. Moreover, using 
carbonaceous reinforcements like CNTs and Gr results in 
outstanding tensile and compressive properties, increasing 
in hardness and wear resistance of the AMCs.

Finally, it is worth mentioning that despite of all the R&D 
efforts that have been made on the production of AMCs via 
AM process, still there are some challenges and barriers 

that limit their production. These challenges can be listed 
as follows: (I) Agglomeration of the reinforcing material 
at their higher contents reduces the flowability and, conse-
quently, the powder’s processability. (II) For AM AMCs, the 
wear properties for the microreinforced composites are bet-
ter, whereas the mechanical performance and plasticity are 
higher in nano-reinforced ones. Therefore, further researches 
on AMCs are necessary to evaluate the effect of reinforce-
ment size and content on each property of AMCs. (III) Using 
carbonaceous reinforcements needs extra analysis to evalu-
ate their structure after the laser irradiation. In fact, if their 
structures are damaged significantly, it can deteriorate the 
mechanical properties significantly. (IV) AM can be used 
only with discontinuous reinforcements.

3.2.2 � Titanium Matrix Composites (TMCs)

Ti-based alloys are considered as promising materials 
for various industries, including biomedical, automotive, 
chemical engineering, marine, and aerospace. This wide 
range of applications for the Ti-based alloys is attributed to 
their outstanding combination of high specific strength that 
remains up to the high temperatures, excellent mechanical 
characteristics, excellent biocompatibility, and outstanding 
corrosion resistance [72, 130–132]. However, these alloys 
can potentially be considered for greater applications if their 
properties can be enhanced even more than those exhibited 
by the Ti alloys produced via conventional technologies. In 
fact, under the circumstances Ti alloys are given competitive 
performance and cost by tailoring the processing method, 
they can potentially substitute other metallic materials. 
Therefore, this great motivation resulted in the development 
of the new Ti matrix composites with superior features and 
performances [133].

Casting, forging, and PM are the conventional manufac-
turing processes that have been used to produce the Ti-based 
parts so far [134]. In the production of Ti components, con-
ventionally, there is a post-processing step such as surface 
finishing, machining, and heat treatment aimed at improving 
the performance and final properties of the components for 
the final applications. However, low thermal conductivity 
as well as high reactivity of Ti create lots of challenges for 
these post-processing steps and consequently make the con-
ventional production of high-quality Ti and TMCs tedious 
and expensive. As a great solution AM is utilized to simplify 
and speed up the manufacturing process and produce the 
complex near-net-shape Ti component without any further 
post-processing [98, 135, 136]. It should be emphasized that 
a significant difference in the melting point of the Ti matrix 
and reinforcements would result in different viscosities and 
melting/solidification behaviours, making their processabil-
ity very complicated. Therefore, careful optimization should 
be carried out to properly melt and consolidate the TMCs.

Fig. 10   The hardness of the pure AlSi10Mg, AlSi10Mg-Gr compos-
ites at different laser powers [119]
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Over the past decade, several reinforcements such as 
Cr2O3, TiN, TiO2, SiC, Si3N4, TiB, TiB2, Al2O3, Ti5Si3, 
boron particles, and carbonaceous nano-reinforcements such 
as CNTs, Gr have been used in the production of TMCs 
[133, 137]. It should be added that some of the reinforce-
ments, such as TiC and TiB, are classified as ex situ, whereas 
some compounds like TiB2 and SiC are considered as in situ 
reinforcements. In fact, in the in situ cases, the additive com-
pounds react with the titanium, and the reaction product acts 
as reinforcement in the matrix (Fig. 11).

A summary of some most researched AM TMCs along 
with some of their important mechanical features is tabu-
lated in Table 6.

Among all the aforementioned reinforcements, B, C, and 
their compounds like TiB and TiB2 have attracted lots of 
attention in the production of TMCs. For instance, the con-
siderable interested in TiB is mainly because of its unique 

Table 5   Summary of the effect of different reinforcements on the characteristics of the AMCs

UTS ultimate tensile strength, YS yield strength, El elongation, UCS ultimate compressive strength, CS compressive strength, COF coefficient of 
friction, Er reduced elastic modulus

Matrix Reinforcement Process Features Ref.

Type Content

Al Al13Fe4 – DED UTS: 205–240 MPa [122]
El: 1–3.8%
Hardness: 70–85 HV

AlSi10Mg Graphene 0.1–0.12 wt% LPBF YS: 22% increment (0.1 wt%)  [119]
Hardness: 30% increment

TiN 2 wt% LPBF COF: reduce to 0.43  [123]
Wear rate: 1.4 ± 0.23 × 10 −3mm3 N−1 m−1

Hardness: 145 ± 4.9 HV
TiB2 – DED Porosity is decreased [124]

Vickers hardness is increased
SiC 8.5 vol% LPBF Hardness: 2.27 GPa [125]

Elastic modulus: 78.94 MPa
Graphene 0.5 wt% LPBF Wear resistance is improved [126]

COF is deceased
Microhardness is increased

CNT 0.5 wt% LPBF Microhardness: 154.12 HV [111]
Tensile strength: 420.8 MPa
Elongation: 8.8%

TiN 4 wt% LPBF UTS: 491.2 MPa [127]
YS: 315.4 MPa
El: 7.5%

SiC – LPBF Relative density: 97.2% [128]
Microhardness: 218.5 HV0.1

19% reduction in COF
TiN 2 wt% LPBF Microhardness: 138–145 HV0.1 [123]

COF: 0.4–0.5
Al-3.5Cu-1.5 Mg-1Si TiB2 5 vol% LPBF YCS: 191 MPa [129]

UCS: ≈ 500 MPa

Fig. 11   Schematic representation of the formation of the TiB phase 
through an in  situ reaction between Ti and TiB2: a starting powder 
mixture showing the fine distribution of TiB2 particles surrounding 
the larger Ti powders before sintering, b in situ formed needle-shaped 
TiB as well as semi-formed TiB, and unreacted TiB2 particles during 
sintering [137]
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Table 6   Summary of research on TMCs produced via different AM processes

Matrix Reinforcement Process Features Ref.

Type Content

Ti-6Al-4V – – DED UTS: 1091.0 MPa [138]
El: 5.52(%)

B4C 5.3 vol% DED YS: 1190 MPa [33]
UTS:1190 MPa
El: 0.3%

TiC 0.9 vol% DED YS: 1080 MPa [139]
UCS: 1403 MPa
CS: 28.2%

TiC 15 vol% DED UTS: 1636 MPa [139]
True strain: 0.141

TiC 13.8 vol% EBM UTS: 950 MPa [140]
El: 6.0%

TiCp 5–50 vol% DED Vickers Microhardness: 379.77–736.71 [141]
HA 5 wt% EBM Tensile strength: 123 MPa [142]

El: 5.5%
CS: 875 MPa
Vickers hardness: 6.8 GPa

CNTs 0.8 vol% DED YS: 1162 MPa [143]
UTS: 1255 MPa
El: 3.2%

TiB2 – DED Hardness: 440–480 HV [144]
B4C 1 wt% LPBF Vickers microhardness: 546 ± 7 HV [145]

UCS: 1747 ± 42 MPa
Maximum true strain: 14.2 ± 1.2%

B4C 0.5 wt% LPBF Vickers microhardness: 458 ± 5 HV
UCS: 1535 ± 18 MPa
Maximum true strain: 19.3 ± 0.3%
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properties and stability in the TMCs. In fact, the very low 
(< 0.001 at%) solubility of B in Ti is the reason for its sta-
bility in the Ti matrix. Moreover, the coefficient of ther-
mal expansion of TiB, which is very close to the Ti matrix, 
reduces the formation of residual stresses in the final TMCs. 
On the other hand, in situ produced TiB particles form a 
good and clean interfacial bonding with the Ti matrix [155]. 
Attar et al. [146] produced a Ti-TiB composite through the 
LPBF process in order to study its processability, micro-
structure, and mechanical performance. They found that the 
irregular TiB2 particles reacted with Ti, and consequently, 
needle-shaped TiB particles were formed (Fig. 12). In fact, 
Ti could react with TiB2 through an in situ reaction by either 
diffusional removal of B from TiB2 into the titanium matrix 

or via melting and formation of TiB during the solidification. 
The formation of TiB needles increased the microhardness, 
YS, and compressive strength of the TMCs from 261 Hv, 
560 MPa, and 1136 MPa to 402 Hv, 1103 MPa, and 1421 
MPa, respectively [146].

Attar et al. [146] also studied the processability of Ti-
TiB2. For this, at first, they milled the CP-Ti and TiB2 
powder blend for 2 h to achieve a nearly spherical powder 
mixture for the LPBF process. Thereafter, the composite 
powder was processed using different energy densities start-
ing from 120 J/mm3, which was the optimum energy density 
for LPBF of CP-Ti. It was found that the samples produced 
using energy densities higher than 120 J/mm3 were rather 
porous. Furthermore, when the laser power increased with 

Table 6   (continued)

Matrix Reinforcement Process Features Ref.

Type Content

Ti TiB 8.35 vol% LPBF Vickers microhardness: 402 ± 7 HV [146]

UCS: 1421 ± 47 MPa

Maximum true strain: 17.8 ± 3.2%

TiC 5 wt% LPBF Density: 98.2% [147]

UTS: 914 MPa

El: 18.3%

TiB LPBF YS: 1103 MPa [146]

UTS: 1421 MPa

Vickers hardness: 402 HV

TiB DED YS: 940–1010 MPa [148]

UTS: 1016–1092 MPa

El: 26.5–36.5%

TiB LPBF Nanohardness: 4.75–3.33 GPa [149]

Er: 153–122 GPa

TiB 2.5–7.5 wt% LPBF Harndess: 435 ± 14.7 HV0.2 (for the sample with 7.5 wt% TiB) [150]

SiC 23.8 vol% LPBF Microhardness: 980.3 HV0.2 [151]

Friction coefficient: 0.2

Wear rate: 1.42 × 10–4 mm/Nm

SiC 20, 30, 40 wt% LPBF Hardness: 11–17 GPa
Wear rate: 3.99 × 10−7–9.51 × 10−7 g/Nm

[152]

SiC 30 wt% LPBF [153]

SiC DED 300 W,
20 mm/s

Wear rate: 6.60 × 10−4 g/Nm [154]

Microhardness: 976 ± 71 HV

400 W,
10 mm/s

Wear rate: 511 ± 63 × 10−4 g/Nm

Microhardness: 1167 ± 194 HV
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the laser energy density being constant, the samples were 
consolidated up to 99.5%. In another work, Attar et al. [149] 
studied the nanoindentation and wear properties of Ti-TiB 
composites produced via the LPBF process. In their work, a 
uniform distribution of needle-like TiB particles was found 
across the α-Ti matrix (Fig. 13) that resulted in higher hard-
ness, elastic modulus, and wear resistance in comparison 
with those of pure Ti [149].

According to Attar et al. [149], this type of microstructure 
can be formed due to the presence of B and high cooling 
rates during the solidification step. It is also interesting to 
point out the formation α-Ti instead of α’ martensite in the 
case of TMCs reinforced by TiB2 was found to be as a conse-
quence of B that reduced the martensitic transformation tem-
perature [156]. Attar et al. [157] further compared the micro-
structure and mechanical properties of Ti-TiB2 composites 
produced via casting and LPBF processes. They found that 
since the LPBF process is a rapid solidification process the 
heating/cooling rates in this process are very high and, as a 

consequence, the time for grain growth is much shorter than 
that of the casting, and this difference results in the forma-
tion of much finer TiB needles in the LPBF TMCs. Xia et al. 
[158] produced a TMC reinforced by B4C using the LPBF 
process. Interestingly, they revealed a novel microstructure, 
including in situ formed needle-like TiB and granular TiC 
phases around the B4C particles (Fig. 14) so that a high 
microhardness of 577.1 HV0.2 resulted. Moreover, it was 
found that at higher laser powers, the size of in situ formed 
phases (TiB and TiC) increased due to the increase in the 
input energy, leading to the decrease in microhardness of 
the TMC samples.

In another research carried out by Li et al. [145], the 
effect of B4C addition on the microstructure evolution, 
compressive properties, hardness, and fracture mechanisms 
of LPBF Ti-6Al-4V composites was studied. According to 
their results, there was a maximum increment of about 45% 
and 26%, respectively, in Vickers microhardness and UCS 
as compared to those of the Ti-6Al-4V matrix (Fig. 15a). 

Fig. 12   a Particle shape and morphology of the starting TiB2 powder, b TEM images showing the microstructures of the SLM-processed Ti-TiB 
composite showing needle-shaped TiB particles embedded in a matrix of α-Ti grains with lamellar structure [146]

Fig. 13   a SEM and b bright-field TEM images of Ti-TiB composite materials after LPBF processing [149]
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They revealed that by addition of B4C, there was a remark-
able increase in the average nanohardness from 4.93 GPa 
to 5.46 GPa for 0.5 wt% B4C and to 6.11 GPa when 1.0 
wt% B4C was added. This increase in micro- and nanoscale 
hardness can be attributed to the simultaneous effect of 
in situ formed reinforcements and fine LPBF microstruc-
ture of the Ti matrix. Moreover, a gradual improvement in 
Young’s modulus was observed with an increment of B4C 
reinforcement particles. According to Fig. 15b, the UCS of 
the TMC was significantly enhanced in the presence of B4C 
from 1384 MPa (Ti-6Al-4V) to 1535 MPa (0.5 wt% B4C) 
and to 1747 MPa (1.0 wt% B4C), respectively. In general, 
improvements in the mechanical features can be attributed 
to three main strengthening mechanisms, namely second-
phase strengthening, grain refinement strengthening as well 
as solid solution one.

Pouzet et al. [33] studied the microstructural and mechan-
ical characteristics of Ti-6Al-4V/B4C composite fabricated 
via the DED process. They reported significant grain rein-
forcement for TMCs even in samples with low B4C contents 
due to an enhancement in grain nucleation effect by TiB nee-
dles. As can be seen in Fig. 16, there was an enhancement 
in Vickers hardness (about 10–15%) and Young’s modulus 
(10%) for all the B4C/Ti-6Al-4V samples in a wide tempera-
ture range of 20–600 °C.

Pouzet et al. [33] also showed that the UTS (≈1000–1100 
MPa) and elongation of Ti-6Al-4V were higher in samples 
machined in the direction of laser scanning (L) (4–5%) in 
comparison with those machined in along the layer growth 
(T) (about 1%) (Fig. 17a). As can also be seen in Fig. 17b, 
by addition of 1.5 wt% B4C, there was a decrease in the 
ductility of samples, and the UTS values decreased from 

Fig. 14   High-magnitude morphologies of microstructures located on the top surface of LPBF-processed B4C/Ti composite parts at different 
laser power: a 125 W, 800 mm/s; b 150 W, 800 mm/s [158]

Fig. 15   Vickers microhardness and typical compressive true stress–strain curves of Ti-64, 0.5 wt% B4C (TMC1) and 1.0 wt% B4C (TMC2) [145]
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1000–1200 MPa in the L direction to 700 MPa in the T 
direction (Fig. 17b).

At higher temperatures (500 °C), the composite showed 
better properties as compared to Ti-6Al-4V with approxi-
mately similar results obtained for two directions of L and 
T. The UTS increased up to 830 MPa (Fig. 18a, b), whereas 
the elongation of the composites decreased (6–9%). The 
decrease in ductility of the composites was confirmed by 
the SEM micrograph of the fracture surfaces (Fig. 19). 
The classical ductile behaviour of Ti-6Al-4V and brittle 

inter-granular properties of Ti-6Al-4V-1.5wt% B4C are 
illustrated in Fig. 19a and b, respectively [33]. 

Terrazas et al. [142], for the first time, produced a novel 
TMC reinforced by Hydroxyapatite (HA) using the EBM 
process. In that work, in addition to the bulk samples, 
they also fabricated four various lattice structures with 
various densities, compression strengths, and Young’s 
moduli, respectively, being in 0.68–1.12 g/cm3, 3–11 MPa 
and 2.9–8.0 GPa (Fig. 20). It was found that in both bulk 
and lattice samples, HA particles segregated in Ti-6Al-
4V grain boundaries and also α platelet boundaries. This 

Fig. 16   Mechanical properties of Ti-6Al-4V composite in the presence of the various amount of B4C: a Vickers hardness, b Young’s modulus 
[33]

Fig. 17   Room temperature tensile stress–strain curves of a Ti-6Al-4V alloy; b Ti-6Al-4V-1.5wt% B4C [33]



	 M. Dadkhah et al.

1 3

Fig. 18   Tensile stress–strain curves of a Ti-6Al-4V; b Ti-6Al-4V-1.5 wt%B4C, at 500 °C [33]

Fig. 19   SEM analysis of fracture surface of a Ti-6Al-4V; b Ti-6Al-4V-1.5wt% B4C, at 500 °C [33]

Fig. 20   Comparison of open-cellular, mesh design models (unit cells) and corresponding EBM-fabricated mesh structures in decreasing order of 
density. a Octet truss, b G structure 3 (G3), c Rhombic dodecahedron, d Dode medium [142]
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segregation of HA in grain boundaries was found to be the 
source of shear-to-brittle behaviour of the TMCs during 
the mechanical testing.

Their work showed that through the optimization of 
process parameters and modification of the feedstock 
materials, it would be possible to produce bulk and open-
cellular structures that can be used in the manufacturing 
of new bone scaffolds and implants in the biomedical field.

As regards the carbonaceous reinforcements, recently, 
Liu et al. [143] studied the processability of the Ti-6Al-V-
CNTs composites by the LPBF method. The microstructure 
TMCs reinforced by CNTs shown in Fig. 21 illustrated that 
TiC nanoparticles and nanoplatelets were formed through 
the interfacial reaction and dissolution–precipitation mech-
anisms, respectively, whereas some CNTs were remained 
untouched (Fig. 21a), showing their good chemical stability. 
As can be seen in Fig. 21b, some nanoparticles were dis-
tributed around the remained CNTs indicating an interfacial 
reaction between the CNTs/Ti. Figure 21c shows retained 
CNTs with a well-crystallized structure. Selected area elec-
tron diffraction (SAED) analysis confirms the formation 
of the TiC nanoparticles (with FCC structure) around the 
retained CNTs (Fig. 21c). Furthermore, it was revealed that 

the TiC nanoparticles were uniformly dispersed within the 
in α-Ti (Fig. 21d).

Their mechanical evaluation clearly showed that 
through the incorporation of CNTs as reinforcement, the 
UTS and YS of the composites increased from 1078 to 
1255 MPa and from 964 to 1162 MPa compared to those 
of the Ti-6Al-4V alloy (Fig. 22a). It was while the elonga-
tion decreased approximately by 3.2% as a consequence of 
synergy between bridge enhancement of TiC nanoplatelets 
and load transfer from matrix to CNTs. Figure 22b dem-
onstrates a typical dimple and quasi-cleavage morphology, 
indicating a mixed fracture mode as the major feature of 
tensile samples. Furthermore, strengthening mechanisms 
of CNTs and TiC are demonstrated in Fig. 22c.

In the whole, Ti base alloys are among the most promis-
ing alloy groups having the capacity of making a drastic 
change in properties by including a reinforcing phase. Fea-
tured with a high strength/weight ratio, producing TMCs 
gives added applicability to the Ti base matrix. AM of 
TMCs, on the other hand, has enhanced the mechanical 
properties of the TMCs even more than before, thanks 
to the AM rapid solidification nature. The results pub-
lished by the literature on AM TMCs indicate carbides 
and borides are among the most promising materials used 

Fig. 21   TEM images of the printed composite: a bright-field (BF) micrograph, b morphology and distribution of reinforcements, c morphology 
of reinforcements replicated from the matrix and the SAED pattern of a TiC nanoparticle, d morphology and distribution of TiC nanoplatelets 
and the corresponding SAED pattern [143]
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as reinforcing materials. Though multiple researches are 
published so far, there are still challenges to deal with. 
For instance, more reinforcing materials can be examined 
in terms of evaluating their processability, addition to the 
mechanical properties of the final composites. Moreover, 
given the flexibility of the method, biocompatible TMCs 
with complex geometries can be considered as a promising 
research area.

3.2.3 � Other Matrix Composites

Though the literature is not limited to the AM AMCs and 
TMCs, the number of publications employing other metals 
as the matrix is still negligible. Some of the most promis-
ing works are tabulated in Table 7. AlMangour et al. [29] 
produced 316L stainless steel/TiB2 nanocomposites via the 
LPBF method by adding TiB2 nanoparticles to the 316L 

Fig. 22   a Tensile stress–strain curves of as-printed Ti-6Al-4V alloy and composite, b SEM fractography of the tensile fractured composite, c 
schematic illustration of the strengthening [143]

Table 7   Some of the non-Ti/Al-based MMCs produced via different AM processes

Composite Reinforcement Process Features Ref.

Type Content

316L stainless steel TiB2 (nanoparticles) 0–10 vol% LPBF CYS = 980.9 ± 10.9 MPa (for samples with 10 vol% TiB2) [160]
316L stainless steel SiC 4–16 wt% DED Microhardness: 362–974 HV [159]

Corrosion current density: Increased
Corrosion resistance: Decreased

Stainless steel V 12 wt% DED Microhardness: 521 ± 9–603 ± 12 HV [161]
Ware rate: 5.011 × 10−6 mm3/N m

316L stainless steel TiN 1–10 wt% LPBF [162]
316L stainless steel (coating) TiC 20–80 wt% DED [163]
Inconel 625 SiC, Al2O3, TiC 5 wt% DED IN625/SiC: 130% increase of hardness, increase of porosity 

and cracking
[164]

IN625/Al2O3: No significant change in density and hardness
IN625/TiC: 30% increase of hardness

Inconel 625 TiC (nanoparticles) 4 wt% LPBF Enhanced oxidation properties [165]
Inconel 718 TiC (nanoparticles) 0.5 wt% LPBF Tensile strength: 1370 MPa (after ageing heat treatment) [166]
(HY282) superalloy SiC DED Graded microstructure [32]

Hardness gradient: from 200 HV (bottom) to ~ 800 HV (top)
Copper Diamond 25 vol% DED Relatively dense: 96% [167]

Thermal conductivity: 330 W/m K
Ti-6Al-4V HA 5 wt% EBM Tensile strength: 123 MPa [142]

Maximum compressive strength: 875 MPa
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stainless steel powder blend. The authors reported improved 
compressive strength of the samples in a temperature range 
(Fig. 23). More significantly, the results suggested a “micro-
segregation strengthening mechanism” as an effective 
strengthening mechanism besides the conventional ones. 
Wu et al. [159] employed DED for producing reinforcing 
316L stainless steel matrix with different amounts of SiC 
powders. Their results showed SiC as being highly influen-
tial in increasing the hardness and corrosion resistance of 
the composites (Fig. 24).

Improvement of the mechanical and corrosion proper-
ties in work by Wu et al. [159] was attributed to the effect 
of SiC on the physical and mechanical characteristics of 
the matrix. It should be noted that the SiC reinforcing 
particles not only refined the solidification microstructure 

of the matrix but also reportedly led to a microstructural 
evolution from single γ-(FeCrNi) phase for 4 wt% SiC 
dispersed MMC to γ-(FeCrNi) + α-(FeCrNi) + SiC phases 
for the 8, 12, and 16 wt% SiC dispersed MMCs. The lat-
ter change was attributed to the tensile stress stemming 
from the difference in the coefficient of thermal expansion 
between SiC ceramic reinforcement and the γ-(FeCrNi) 
matrix in the MMCs. Li et al. [161] improved the mechani-
cal properties of stainless steel by mixing gas-atomized 
stainless steel powders with V powders and produced 
samples via DED method. The in situ produced VC phase 
acted as heterogeneous nucleation sites for α-Fe and car-
bides of chromium, leading to the enhancement of the 
mechanical properties (Fig. 25).

Cooper et  al. produced three different Inconel 625 
matrix composites via the DED method by adding ceramic 
reinforcing particles, namely SiC, Al2O3, and TiC [164]. 
According to the results shown in Fig. 26, the introduc-
tion of silicon carbide particles increased the hardness 
by 130% while it also increased porosity and cracking. 
From the other hand, while Al2O3 had no significant effect 
on density and hardness of the sample, TiC led to a 30% 
increased hardness along with an acceptable density.

Biomaterials with low degradation rate are one of the 
main challenges in clinical applications. Since the deg-
radation rate of pure iron (Fe) as a promising candidate 
biodegradable metal is too low, in 2020, Zhao et al. [168] 
prepared iron-graphene oxide (0.4–1.6 wt% GO) compos-
ites by LPBF process to enhance its degradation rate. They 
found that the microstructure, hardness, corrosion, and 
degradation rate were significantly affected in the presence 
of graphene oxide as a reinforcement. The authors recom-
mended 0.8 wt% of GO to achieve the maximum value of 
density and hardness as well as corrosion and degrada-
tion rate along with a good cytocompatibility. The faster 

Fig. 23   Compressive stress–strain curves of 316L composites con-
taining 5 vol% (solid) and 10 vol% (dashed) TiB2 nanoparticles [160]

Fig. 24   Change in a microhardness, b potentiodynamic polarization curves of 316L stainless steel SiC composites with the amount of SiC. The 
polarization test is carried out in 3.5 wt% NaCl solution while being exposed to air, and samples A, B, C, and D contain 4, 8, 12, and 16 wt% 
SiC, respectively [159]
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Fig. 25   a SEM image of the stainless steel composite reinforced with 12 wt% V, b EDS line of the VC precipitate, c microhardness of the sam-
ples, d the wear behaviour of the samples. Specimens 1, 2, and 3, respectively, contain 9, 12, and 15 wt% V [161]

Fig. 26   a Optical microscope photographs of monolithic and composite sections, at 2.5 × magnification, b Vickers hardness of the monolithic 
and composite samples [164]
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degradation rate of composites compared to pure Fe can be 
described by a microgalvanic corrosion mechanism. The 
literature review indicates just a handful of works are dedi-
cated to the production of MMCs using the EBM method. 
Hence, there is a prospect for the fabrication of a variety 
of metal/ceramic composites applying the LPBF additive 
manufacturing process.

4 � Main Challenges

Although AM techniques are able to fabricate complex 
components besides providing freedom of design and cus-
tomization, they suffer from some disadvantages such as 
high costs, limited applications in the manufacturing of 
large structures and mass production, inferior and aniso-
tropic mechanical properties, and limitation of feedstock 
materials. Hence, further research, technological devel-
opment, and improvement of materials and methods are 
necessary to overcome some of these problems. As an 
example, in comparison to traditional techniques (such 
as casting, extrusion, fabrication, or injection moulding), 
AM of components is typically more time-consuming. In 
particular, AM methods such as LPBF and SLS are of high 
resolution making the processing costly and time-consum-
ing. High cost and long process time can be considered 
the main challenges of AM techniques, limiting the mass 
production of parts that can be fabricated by traditional 
methods with reasonable time and cost [90]. In spite of 
this, AM methods can especially be cost-effective in the 
case of customized products with complicated geometries 
such as the lattices used in medical applications [169].

The homogenous distribution of the reinforcement in 
the matrix can be considered as a major challenge for 
liquid-based MMC production techniques. AM methods, 
however, are capable of providing a uniform and cus-
tomized distribution of second phase particles inside the 
matrix. This is probably the most significant feature of 
AM MMCs, which can be achieved by suitable feedstock 
preparations such as conventional jar milling of the blends 
or decorating the parent particles with tiny particles of 
the reinforcement phase. Furthermore, the amount of the 
second phase particles can simply be tailored towards the 
build direction in the case of the DED method, where the 
reinforcing particles can be fed into the melt pool via sepa-
rated nuzzles.

Going through the literature, it is evident that find-
ing the optimized sets of parameters creating reproduc-
ible properties is a concern as regards the AM MMCs. 
Although the method is fundamentally able to produce a 
wide range of composites given its additive nature and the 
concentrated heat source utilized in the method, employ-
ing suitable process parameters is of vital importance, 

especially for the in situ composites. The latter involves 
in-process time-dependent reactions marking the impor-
tance of the input energy. Moreover, due to the fast cooling 
rate of the AM process, the addition of secondary ceramic 
particles may increase the vulnerability to cracking, 
which indicates that the type, morphology, and amount 
of the second phase material need to be carefully selected 
according to the possible in situ reactions, brittle phases 
and the crack vulnerability of the metallic matrix. Despite 
the recent efforts by the researchers, the range of materials 
used to produce AM MMCs is still limited. This limita-
tion is much more severe in the case of EBM technology. 
In fact, in the EBM systems, there are two limitations for 
using submicrometric or nanometric materials: vacuum 
pumps and powder sensors. Since the fine reinforcements 
can negatively affect the performance of these parts, it 
not recommended to use them inside the EBM machines. 
Finally, in comparison with the conventional composites, 
lack of basic standards for the AM of MMCs, the chal-
lenges regarding the scale-up of the AM MMCs, lack of 
knowledge regarding the preparation of suitable feedstock, 
and the production costs of the AM MMCs are among the 
main challenges that the AM technology is faced with.

5 � Conclusions

Recent works on the production of metallic matrix com-
posites produced by the additive manufacturing method are 
reviewed in this paper. Methodology, processability, and 
major results were investigated, and the following can be 
concluded:

1.	 As compared to the conventional methods, AM provides 
a flexible, clean, and near-net-shape production method 
of MMCs. The capability of AM to produce complicated 
geometries with a uniform distribution of reinforcements 
is probably the most interesting advantageous of AM 
over conventional methods. Needless to mention that 
AM gives the possibility of creating a gradient of second 
phase particles along the build direction, a significant 
feature that adds to the flexibility of the AM method in 
producing MMCs.

2.	 The literature review indicates the aluminium- and 
titanium-based composites are among the most stud-
ied types of AM MMCs. Various ceramic particles are 
utilized as reinforcement materials. That said, some 
limited works are dedicated to stainless steel-based or 
superalloy-based composites. Although AM is funda-
mentally categorized as a rapid solidification process, 
the results show that the method can be employed for 
producing in situ composites, where the reinforcement 
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is produced as a result of a reaction between the matrix 
and the secondary particles. On the other hand, fast cool-
ing condition creates an ultrafine microstructure, further 
enhancing the mechanical properties of the MMCs.

3.	 Suitable composite feedstock with the appropriate 
size and flowability can be considered a key challenge 
regarding the AM MMCs. Despite the fact that dozens 
of papers are published so far, more works should be 
carried out aimed at developing feedstocks specially 
designed for AM MMCs.

4.	 A significant difference in the physical properties of the 
matrix and the reinforcements, including the melting 
temperature and the coefficient of expansion, may create 
processability challenges such as cracks and unwanted 
reactions.

5.	 Other arising issues regarding the AM MMCs can be 
the difficulties regarding the scale-up of the AM MMCs, 
lack of knowledge regarding the preparation of suitable 
feedstock, size limitations, and the production costs of 
the AM MMCs. More research is required to address the 
aforementioned production issues along with the mecha-
nisms and properties of AM MMCs in an in-depth man-
ner.
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