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Abstract Metal matrix composites (MMCs) have improved mechanical and thermal
properties with applications in the automotive, aerospace, and tools industries
among others. However, manufacturing MMCs is challenging and not cost-effective,
resulting in limited utilization. Additive manufacturing techniques to form MMCs
simplify the manufacturing process and therefore create opportunities for more
widespread use of MMCs without compromising the optimum properties that can
be reached. Among additive manufacturing techniques, binder jet additive manufac-
turing (BJAM) can further simplify the formation process of MMCs with tailorable
mechanical and thermal properties mainly through reactive sintering and infiltration
following the printing process. A concise review of MMCs and their fabrication
techniques is presented, followed by presenting the current state of the utilization of
BJAM in the fabrication of MMCs, and the opportunities and the challenges regarding
the development of MMCs using BJAM.
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Introduction

Metal matrix composites (MMCs) consist of at least two constituents, a matrix made
of metal or metal alloys and reinforcements [1]. Aluminum alloys, titanium alloys,
magnesium alloys, copper, and intermetallic compounds are common materials for
the metallic matrix [1]. The reinforcement component in MMCs can be different
materials such as ceramics and polymers depending on the desired properties and
specific applications. Metals and alloys can also be used as reinforcement in MMC:s,
for instance, tungsten-reinforced copper and copper niobium superconductors [1, 2].
Metal foam can also be considered MMCs, with their second phase being a gas [2].
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The reinforcements can be in the form of particles, short fibers or whiskers, or contin-
uous fibers [1, 3]. Implementing continuous fibers in MMCs is more expensive and
results in anisotropic mechanical properties compared to discontinuous and particle
reinforcement [1].

MMCs have a broad range of applications due to their high strength-to-weight
ratio, enhanced mechanical properties such as high specific strength and high specific
stiffness, and enhanced thermal properties compared to traditional metals [1-7].
MMC:s have applications in cutting tools, high-temperature components, aerospace,
and automotive [5-7]. However, the manufacturing challenges and costs limit the
utilization of MMCs and especially the continuous fiber MMCs to applications where
performance has much higher importance than cost [1].

Different processing strategies are available for the fabrication of MMCs, with
most of them involving liquid-state or solid-state processing [1, 7]. Some processes
use deposition techniques or incorporate the reinforcement phase in situ [1]. Using
liquid- and vapor-state processing techniques often results in inhomogeneous rein-
forcing phases, and therefore more focus has been on solid-state processing strategies
[7]. Stir casting and powder metallurgy are two traditional manufacturing methods of
MMCs [8-10]. Both techniques have their limitations and challenges, among which
is the possibility of secondary phase reaction with melt in casting and the limitations
of particle morphology and size in injection molding [11, 12]. In addition, machining
and post-processing to reach the final desired part add to the cost of the production
of MMCs [13].

Additive manufacturing (i.e., 3D printing) techniques, processes that can produce
parts by joining materials layer by layer, as opposed to traditional subtractive
methods, are gaining interest in the development of MMCs in recent decades. Using
additive manufacturing techniques in the formation of MMCs provides the opportu-
nity to produce complex, lightweight, and cost-effective structures [10, 13]. Among
additive manufacturing techniques, binder jet additive manufacturing (BJAM) can
further simplify the production process of MMCs while providing opportunities
to tailor mechanical and physical properties further. There are limited reports on
BJAM in the fabrication of MMCs, and more focus is needed to develop printing
and post-processing procedures to fabricate MMCs with optimum desired properties
for different applications. This short viewpoint paper highlights the studies focusing
on the MMCs fabrication using BJAM. Further, the opportunities and challenges
regarding the fabrication of MMCs using BJAM are presented.

BJAM of MMCs

BJAM Technique Overview

BJAM technique is among non-beam-based additive manufacturing techniques. This
technique uses a liquid binder to selectively join material powders layer-by-layer
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until reaching the desired shape [13, 14]. The printed green parts then undergo post-
processing procedures such as curing, sintering, and infiltration to reach desirable
densities [13, 14]. Using BJAM, the rapid production of homogeneous complex
shapes is more promising compared to other additive manufacturing techniques [14].
Various material powders can be utilized in such a printing technique. However, the
printing and post-processing parameters and methods need to be developed and
optimized to reach desired part performance [14].

MMCs Fabrication BJAM Techniques

BJAM has been successfully used to form MMCs of improved properties simpli-
fying the manufacturing process and lowering the cost of manufacturing. Different
techniques that can be used to form MMCs using BJAM are discussed in the subse-
quent sections. These techniques can be divided into two main types: (a) reac-
tive sintering resulting in the formation of reinforcing phases [7, 15, 16], and (b)
infiltration of metals with a lower melting point than the printed materials [17—
23]. Nickel superalloy-, stainless steel-, titanium-, aluminum-, tungsten-, and tung-
sten carbide-based MMCs are fabricated using the BJAM processing technique
[7, 15-23].

In Situ MMCs Formation Via Reactive Sintering

BJAM has been used for the in situ formation of MMCs in multiple studies [7,
15, 16]. In this method, the reaction of the binder with the printing powder during
the sintering phase is utilized to form the reinforcing phases. In this technique, the
MMC microstructure and the resulting properties can be tailored and controlled by
the powder and binder composition, sintering environment, sintering temperature,
and holding time [7, 15, 16].

In the study by Enrique et al. [7], spherical Inconel 625 powders with an average
powder size of 24 m were printed into rectangular shapes of 2.5 x 10 x 20 mm using
BJAM. Carbon from the carbon-containing binder and Cr, Mo, and Nb in Inconel
625 form carbides during sintering at elevated temperature resulting in the in situ
formation of MMCs with core—shell morphologies tuned by controlling the sintering
atmosphere and the carbon content of the system. In another study by Enrique et al.
[15], co-continuous ceramic-reinforced MMCs were introduced and studied. In co-
continuous MMCs, the metal matrix and the reinforcing phase are interconnected
throughout the composite [15, 24]. Considering the dependency of the ceramic-
reinforced MMCs on the reinforcing phase morphology, volume fraction, and phase
composition, there is a value in reaching a continuous reinforcing phase for improved
properties. In this study, Inconel 625 Nickel superalloy powder with an average
powder size of 24 um was printed using BJAM, and reactive sintering post-processing
resulted in the formation of a continuous carbide reinforcing phase. This reinforcing
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phase of Cr3C, formed at the particle boundaries due to the reaction between the
binder and the Cr element in Inconel 625, Fig. 1. The ceramic-reinforced MMCs
of Inconel 625 showed improved wear resistance compared with the unreinforced
printed Inconel 625 due to the continuous reinforcement phase morphology that
prevents the reinforcement from being removed by plowing mechanism [15].

Another extended technique that has been utilized in the formation of MMCs via
BJAM and sintering is incorporating the reinforcement while the metal matrix is
being printed followed by post-processing procedures that can further improve the
MMC properties.

In the study by Sheydaeian et al. [16], titanium matrix is printed using BJAM,
and while printing, the titanium di-boride (TiB,) particles were extruded periodically
within the matrix using a highly loaded resin, Fig. 2. The printing was then followed
by a pressure-less, low-temperature sintering to densify and strengthen the green
parts. As a result of the sintering and the chemical reaction between the ceramic and

Fig. 1 Electron backscatter
diffraction of MMC a)
cross-section. a Phase map,
b Kernel average
misorientation map, and

¢ inverse pole figure map.
The MMC was developed by
BJAM of alloy 625 followed
by reactive sintering as the
post-processing step. The
reinforcing phase of Cr3C,
formed at the particle
boundaries due to the
reaction between the binder
and the Cr element in
Inconel 625 is observable in
the phase map. Source [15],
with permission, Copyright
2020, Elsevier
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Fig. 2 Titanium-titanium boride composite, one layer of the sample (left) and the printing procedure
(right). The titanium metal matrix is printed using BJAM and the TiB; particles are periodically
added during the printing. Source [16], with permission, Copyright 2018, Elsevier

the metal matrix, titanium boride whicker growth was also observed. The titanium-
titanium boride MMC:s fabricated in this work possess mechanical properties making
them a good candidate for biomedical and lightweight titanium composite structure
applications [16].

MMUC Formation Via Hybrid BJAM and Infiltration

Infiltration as the post-processing step in BJAM can be used to form MMC:s. In this
technique, metal powders are used to print the metallic matrix, and then a lower
melting metal is utilized to be infiltrated in the intentional or inevitable voids within
the printed sample [17, 19, 20]. Similarly, other materials (e.g., ceramics) can be
printed using BJAM and consequently the molten metal powders infiltrate the printed
parts [18].

In the study by Ilogebe et al. [17], the base samples were printed via BJAM using
Fe-based structural amorphous metal powders. The powders were developed using
rapid solidification which resulted in irregular shape morphology and different sizes
of the powder. The powders are sieved to remove the powders larger than 45 pm to
prevent large pores in the samples. Bronze powders were infiltrated in the sample
pores using liquid metal infiltration. The porous sites of the metal matrix were filled
with the melted reinforcement material. However, micro-pores in the interior of
the powder particles that were created during the powder atomization stage were
not filled with the melted bronze powders. Microhardness analysis of the samples
revealed that using this technique, MMCs were successfully fabricated as both of the
materials retained their original properties (in this case, hardness) [17]. In another
study, molten bronze infiltrated printed parts of stainless steel, forming MMCs that
with 11 GPa microhardness and transverse rupture strength of 600 MPa, four times
higher than that of the sintered parts [19].
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In the work by Lipke et al. [20], porous parts were printed via BJAM using WC
powders followed by partial sintering. Then the porous WC parts were infiltrated
using molten Zr,Cu and as a result of infiltration, ZrC and W products also resulted
through displacement reaction of Zr in the melt and WC. The process resulted in
MMCs with desired shapes and part dimensions within 1%. In a series of studies,
Cramer et al. [21-23] WC-Co MMCs via BJAM and infiltration post-processing.
WC powders were printed into parts followed by infiltration using Co-WC (Fig. 3),
which was able to be melted at lower temperature with the help of the eutectic point.
The shapes and dimensions of the parts were as desired, and the properties of the
parts were similar to WC—Co MMCs made using traditional methods.

Metal matrix syntactic foam (MMSF) manufactured by the BJAM process was
studied by Myers et al. [18]. In this study, ceramic microballoons were used
to print cylindrical and rectangular-shaped samples for compression and flexural
testing, respectively. Following printing, curing, and sintering of the samples, they
were submerged in the pure aluminum molten bath to form MMSF samples. The
mechanical properties of MMSFs showed improvement compared to pure aluminum
[18].

C. Cut WC-Co off runner

I A. Print W(.‘I

B. Infiltrate WC with lean
Co

Fig. 3 Processing sequence and the macro, optical, and scanning electron microscopy (SEM)
images for the complex shape WC-Co MMC produced via BJAM and infiltration. a The printed
green part of WC powders using BJAM with the corresponding SEM micrograph showing the
layering of the print. b The complex-shaped parts of BIJAM WC are shown after infiltration using
Co-Dissolution and the distortion of the base is observable. ¢ The parts cut from the base were
further cut into smaller pieces for microscopy. The optical images (1-5) and the corresponding
SEMs are shown at different part locations. The optical images of the cross-sections revealed the
high density of the part and showed no cracking. Faceted and contiguous WC particles are shown
in the SEM images. Source [23], with permission, Copyright 2019, Elsevier
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Further Consideration for MMC Fabrication Using BJAM

Two general processing methodologies (i.e., reactive sintering and infiltration) that
have been used in the MMC fabrication using BJAM were discussed. Each of these
methods has its own advantages and limitations depending on the materials that are
going to be used and the desired performance and application of the part. The compo-
sition of the matrix and the reinforcement solubility in the molten matrix material
are important considerations that can guide the choice of sintering or infiltration
post-processing techniques to achieve the formation of desired MMCs [13].

Using infiltration, the infiltrate fills the voids of the printed powder and therefore
results in lower stress concentrations at the necks of the particles in comparison to
sintering [13]. Moreover, infiltration has an advantage over sintering when consid-
ering metal-metal composites due to the shrinkage that occurs during the sintering
process. However, sintering post-processing limits runners and excess parts, resulting
in a more simplified post-processing step than infiltration. In the case that the cermet
is being printed and the metal matrix is being infiltrated, the possibility of dissolution
of the reinforcement in the molten matrix material needs to be considered to prevent
distortion and slump [13]. Segregation and undesired chemical reactions during infil-
tration are another consideration that needs to be taken into account when fabricating
MMCs using BJAM. For instance, during infiltration in Iron Bronze MMC, parts of
the a-Fe matrix dissolve in the molten bronze and precipitate at another location
[19]. The re-precipitated a-Fe was cleaved and brittle, and therefore the infiltration
procedure needs to be further optimized to prevent these precipitations.

Future endeavors are needed to overcome the challenges in using BJAM tech-
niques as a method to develop MMCs. Also, the techniques can be further advanced to
move toward the cost-effective production of MMCs with desired properties. Sugges-
tions to overcome the challenges and the future routes for the BJAM of MMCs are
summarized in the following [13, 25-29].

Additive manufacturing can facilitate the fabrication of complex shapes, and there-
fore topology optimization and design for additive manufacturing of MMCs need
to be considered. Also, the printing parameters and the post-processing techniques
and procedures need to be optimized for specific MMC materials and applications.
The processing parameters, microstructure, and properties’ relationship need to be
comprehensively understood for the 3D printing of MMC:s.

Post-processing through sintering or infiltration is essential for densifying the
green parts printed using BJAM. These post-processing steps have been utilized
to develop MMCs. However, modifications to the printers/printing procedure can
be considered to simplify the post-processing steps. Also, the possibility of printing
different materials at the same print using a BJAM can further facilitate the production
of multi-materials and MMCs.
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Conclusions

MMCs with improved mechanical properties than traditional metal alloys are of
interest in many applications in the automotive, aerospace, and cutting tools indus-
tries. However, manufacturing MMC:s has been challenging and, as a result, not cost-
effective compared to traditional alloys. Additive manufacturing and 3D printing
techniques have simplified the MMC fabrication and without compromising the
desired properties. Therefore, utilizing these techniques results in more widespread
utilization of MMC:s in different industries with less limitation.

MMC fabrication using the BJAM technique was discussed. Reactive sintering
and infiltration are two general types of processing techniques to achieve MMC:s.
Fabrication of tailorable MMCs with desired properties is shown to be possible using
these manufacturing techniques further simplifying the solid-state (solid/liquid state
in case of infiltration) fabrication of MMCs. Utilizing additive manufacturing, e.g.,
BJAM, makes the widespread utilization of MMCs possible.
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