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Abstract: This study reports the production of a Mg/15%β-tricalcium phosphate Ca3(PO4)2 com-
posite by combining direct ink writing for the β-TCP preform and liquid infiltration technique to
obtain a continuous metal matrix composite. The influence of the volume fraction of β-TCP and
the in situ reaction between ceramic and metal on the microstructure and mechanical properties
were investigated in detail. The β-TCP preform was uniformly distributed in the matrix, forming a
continuous three-dimensional (3D) network. The obtained composite was characterized by means
of relative density (He pycnometry), X-ray diffractometry (XRD), scanning electron microscopy
(SEM), and electron spectroscopy (EDX). The results suggested that a highly densified composite was
processed. Three phases were identified as products generated by an exothermic reaction (Mg2Ca,
CaO, and MgO); based on this, the chemical reaction mechanism for MgO formation was proposed.
The compression and hardness tests showed that the Mg/15%β-tricalcium phosphate Ca3 (PO4)2

composite significantly improved its mechanical properties, i.e., 27% and 15% higher than pure
Mg in compressive strength and yield strength, respectively. This behavior was attributed to the
high densification of the resulting composite, strong chemical interfacial bonding, phase dispersion
hardening (in situ phase formation), and the geometry and continuity of the reinforcement. These
provided good load transfer from the Mg matrix to the reinforcement and contributed as strengthen-
ing mechanisms. The results reported in this investigation can help to design Mg/calcium phosphate
continuous composites for biomedical applications.

Keywords: metal matrix composites (MMCs); 3-dimensional reinforcement; mechanical properties;
liquid metal infiltration; in situ formed particles

1. Introduction

Magnesium (Mg)-based metal matrix composites (MMCs) have been developed to
fulfill different demands as lightweight and high-strength materials in the aerospace,
automotive, defense, biomedical, and other industries [1]. This has led to new research on
different ways to produce this kind of material. Metal matrix composites often combine two
or more pre-existing constituents, i.e., metallic matrix material and ceramic reinforcement.
A metal matrix composite usually has better properties than the individual constituents
(i.e., high specific modulus, strength, and thermal stability); thus, it can be considered a
novel material [1]. The processes commonly used to produce this type of material include
powder metallurgy, diffusion bonding, liquid phase sintering, and stir casting [2]. One of
the disadvantages of these processes is that the reinforcement is usually discontinuous. In
addition, the reinforcement is generally less than 10 wt.% since, with a higher amount, there
is a risk of agglomeration, favoring the formation of pores and defects that could reduce
the mechanical properties. At the same time, the significant advantage of those processes
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is the relatively short production time and the control of chemical reactions between the
reinforcement and metal [2].

The liquid-state processes have been extensively employed in the production of MMCs.
However, the liquid metal infiltration technique is one of the most important techniques
used for producing different MMCs by the free selection of different ceramic preforms and
the metal matrix [3,4]. These processes are characterized by close interfacial bonding, mak-
ing a strong adhesion. The dispersed material is incorporated into a molten metal matrix,
which later undergoes solidification. In MMCs, the matrix material plays an important
role, providing support for the dispersed phase and stabilizing the composite structure [5].
In addition, the quality of the dispersed phase-matrix interfacial bonding determines the
mechanical properties of the composite [6]. Compared to solid-state methods, liquid-state
processes are relatively simple and cost-effective. These processes also permit the forma-
tion of dense matrices and near-net-shaped components, even in complex geometries, at
a considerably fast production rate [7–10]. Ceramic reinforcement materials for MMCs
can be classified into continuous reinforcement and discontinuous reinforcement (short
fibers, whiskers, and particles) [11]. Nowadays, continuous reinforcement structures can be
additively manufactured using 3D printing techniques. 3D printing is a series of advanced
manufacturing technologies used to fabricate parts in a discrete point-by-point, line-by-line,
and layer-by-layer additive fashion from 3D CAD models [12]. In addition, 3D printing
and its technology have solved previous processing limitations, i.e., fabricating complex
structures and achieving highly complicated geometries with interconnected pores [13].
The control of the strut’s diameter and length impacts the mechanical properties of the
produced component [14]. Direct ink writing (DIW) or robocasting is one of the most
popular material extrusion technologies [14]. DIW has a lower requirement for ink material
preparation than other deposition techniques, and the quantity of material feeding volume
per nozzle is much higher than in other techniques [12]. In this process, a powder ink
based on the material of interest (i.e., β-TCP (Ca3(PO4)2)) is prepared by incorporating a
binder material, mainly a polymer. Afterward, the ink is placed into a syringe and loaded
into the 3D printing device, which controls the displacement of the syringe to print the
desired pattern previously designed in CAD. It is worth mentioning that the infiltration
of a ceramic preform with liquid Mg, especially in calcium-based preforms, represents a
technical challenge since several factors affect the quality of manufactured MMCs; one
of the most important is the poor wettability between the solid ceramic scaffold and the
molten metal [15]. The liquid metal infiltration process resolves this problem. However,
due to the fact that it is not a spontaneous process, it requires the application of an external
force (pressure) to overcome the surface tension between the ceramic and the liquid metal
so that the liquid metal can penetrate the interstices of the preform, without damaging
the reinforcement structure. Only a few works have explored the combination of addi-
tive manufacturing to produce MMCs, mostly direct ink writing, with different forms of
infiltrations, i.e., metal/metal, polymer/polymer, or ceramic/metal composites [16–21].

Multiple parameters have been considered to achieve the desired mechanical prop-
erties; for instance, preform geometry, preform fraction, distribution of the continuous
components and the strength of the interfacial bond [16,22–26]. For the latter, a route
to ensure better bounding between the particle and matrix is the in situ decomposition
reaction. A reaction between Mg and ceramic reinforcement during casting can significantly
affect the interfacial bond and, thus, the mechanical properties [27], even though some
studies have tried to avoid this reaction and its products [28,29]. In other cases, however,
this helps the in situ production of a dispersed phase within the matrix, carried out by a
chemical reaction that is typically exothermic [30]. Generally, the in situ process provides a
more homogeneous distribution of the dispersed phase particles. This route also tends to
ensure better particle-matrix bonding, allowing the introduction of a large volume fraction
and a small-sized dispersed material. A disadvantage of in situ processing of MMCs is that
the kinetics of the process determine the particle size and shape during the nucleation and
growth process. The most used reinforcements are silicon carbide (SiC), aluminum oxide
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(Al2O3), carbon (C), graphene, etc. [31]. The in situ processing of composite materials is
cost-effective and scalable; however, for commercial applications, the chemical reactions
are unpredictable, and insufficient knowledge of the processes must be addressed [32–35].
Studies have yet to be carried out on the mechanism responsible for the in situ formation
of distinct phases due to the interaction of CaP, specifically β-TCP and Mg and its effect on
their mechanical properties. Therefore, further analysis is required to propose this material
for biomedical device applications.

Based on the above, in this study, a Mg/15% β-TCP composite was developed by
combining two processing techniques: direct ink writing and the liquid pressure infiltration
route. The first helps control the ceramic reinforcement distribution, and the final produces
a continuous composite material. The 15% β-TCP was chosen as an intermediate volume
fraction considering studies previously reported since it is the minimum geometrically
optimal vol.% provided by the 3D printer. On the other hand, pure Mg was chosen to
facilitate the understanding of the reaction mechanism between the matrix and the ceramic
preform to determine the role of the individual reinforcements (ceramic, intermetallic, and
oxides) on the mechanical properties.

2. Materials and Methods

The continuous Mg/β-TCP composite fabrication consisted of two steps: a) production
of the porous β-TCP preform by DIW, and b) liquid infiltration of the β-TCP scaffold with
molten Mg.

2.1. Production of β-TCP Preform

The ceramic ink for additive manufacturing was prepared by homogeneously mixing
commercial β-TCP Ca3(PO4)2 powder (VWR Chemicals) and 40% w/w Pluronic F-127
(Sigma Aldrich, Darmstadt, Germany) solution in distilled water, i.e., 6 g of Pluronic
solution per gram of β-TCP powder [26]. Then, the ink was loaded into a commercial
syringe (Optimum®, syringe barrels, Nordson EFD) and placed in the DIW system (Paste-
caster, Fundació CIM, Barcelona, Spain). Next, the preforms were robocast using 410 µm
tapered dispensing tips (SmoothFlow Tapered Tips, Nordson EFD, Westlake, OH, USA)
at 8 mm·s−1. Cylindrical preforms were built following an orthogonal grid pattern of
parallel filaments (Figure 1). Subsequently, the preforms were dried at room temperature
for 24 h and sintered in a furnace (LH30/13, LAS) at 1100 ◦C for 9 h with a heating rate of
2.5 ◦C/min. The β-TCP preforms were 9 mm in diameter, with 11 filaments per layer.
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Figure 1. A schematic of the DIW process: (a) assembly preform, (b) orthogonal grid pattern.

2.2. Liquid Metal Infiltration

The Mg/β-TCP composite was prepared by infiltrating the β-TCP scaffold with
molten Mg (99.95 % Sigma Aldrich) using pressurized Ar gas [1], as shown in Figure 2.
In the process, an Mg ingot was placed on top of the β-TCP preform (parallel to the
printed direction) in a stainless-steel crucible coated with boron nitride. The chamber was
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evacuated to remove the air from the system (Figure 2a); once a vacuum of 10−2 KPa was
reached, Ar was introduced into the crucible chamber to produce a protective atmosphere
to avoid Mg oxidation (Figure 2b). The crucible was then placed into a furnace (Carbolite®)
preheated at 760 ◦C. Consequently, an Ar pressure of 50 KPa was applied on the melt
surface to force Mg to fill the interstices of the preform (Figure 2c). Finally, after 20 min, the
crucible was removed from the furnace to cool down to room temperature by placing it on
a copper block, allowing directional solidification (Figure 2d). The composite produced
was machined into cylinders of 9 mm in length and 6 mm in diameter.
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For the microstructure observation and phase composition characterization, the compos-
ites were longitudinally cut and polished with SiC abrasive paper and diamond suspension
down to a 1 µm finish. Then, X-ray diffraction (XRD, Rigaku, SmartLab 3 kW, Japan) was
employed to determine the crystalline phases using the HighScore + software (PANalytical,
Almelo, The Netherlands) and ICDD PDF 2 and ICSD 2012 databases. The scans were per-
formed using Cu K-α (λ = 0.154 nm) with a current of 30 mA and a voltage of 40 kV in Bragg
Brentano geometry between 20◦ and 80◦ with a scanning speed of 2◦ min−1.

The microstructure was observed through scanning electron microscopy (SEM; TES-
CAN, Lyra 3, Brno, Czech Republic) equipped with a dispersive energy X-ray (EDS)
spectroscope (INCA, Oxford Instruments, Oxford, UK). Representative images were ob-
tained using an electron beam voltage of 5 kV. Elemental EDS analyses were performed on
the identified phases to determine the element distribution and the possible inter-phase
reaction. SEM-image analysis was employed to measure the diameter and separation of
the filaments in the preforms. In addition, the preforms and composites were coated with
a nanometric carbon layer to prevent charging during the SEM observations. Finally, the
preform and the Mg/β-TCP composite volume were measured using a He pycnometer
(Quantachrome Ultrapyc 1200e, Graz, Austria). From the obtained results, the experi-
mental density, and the effective porosity of the preform, Φ, were calculated according
to Φ = VS−VB

VS
, where VS is the volume of the sample and VB is the volume occupied by

the β-TCP (solid volume). Furthermore, the results were compared with an estimated
theoretical density using the rule of mixtures, i.e., the ceramic fraction, the metal matrix
fraction, and the theoretical density values of pure Mg and β-TCP (1.738 g cm−3 and
3.05 g cm−3), respectively [36].

Compression tests were performed using a universal mechanical testing machine
(TIRA GmbH, test model 2850s, Schalkau, Germany) at a strain rate of 4.1 × 10−4 s−1. The
specimens were machined to have a cylindrical geometry of 6 mm in diameter and 9 mm
in length to meet the requirements for the ASTM E9 standard [37]. Five identical samples
were used for the compression test (parallel to the printed direction) to generate the stress–
strain curves (the averages are presented with standard deviations). Vickers hardness was
measured using a micro-hardness tester (Shimadzu HMV-G2) with a load of 0.98 N for 15 s.
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The specimen surfaces were carefully polished before testing, and 10 measurements were
carried out for statistical purposes.

3. Results
3.1. Chemical and Microstructural Characterization of β-TCP Preform

Figure 3a,b shows an interconnected preform with an orthogonal β-TCP pattern. The
diameter of the preform was 6.8± 0.14 mm, the diameter of the filaments was 305 ± 15 µm,
and the in-layer separation between them was 206± 40 µm, producing a linear shrinkage in
the preform of 26%. The surface of the β-TCP (Figure 3c) consisted of equiaxed polyhedral
grains and some intergranular microporosity with 48 ± 8 µm in size. The crystalline com-
position was corroborated to identify the corresponding crystallographic phase, matching
the β-TCP phase (ICSD: 006191) (Figure 4).
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The preform resulting porosity (Φ) was 84.46 ± 0.08% (Table 1). The final structure,
with a homogenous spacing between the filaments, produced an open pore network,
providing a large contact surface and excellent structural integrity.
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Table 1. Theoretical and experimental densities of the separated elements and resulting Mg/β-
TCP composite.

Sample
Density [g/cm3]

Φ [%]
Theoretical Experimental

β-TCP 3.05 3.0349 ± 0.0008 84.46 ± 0.08

Mg 1.74 1.7354 ± 0.0005 -

Mg/β-TCP 1.94 * 2.02 ± 0.08 1.94 ± 0.01
* Calculated using the rule of mixtures for composite materials.

3.2. Chemical and Microstructural Characterization of the Mg/β-TCP Composite

The resulting Mg/β-TCP composite was successfully obtained, as shown in Figure 5a,
with a compact structure, i.e., the liquid metal filled the pores, producing a two-phase
structure, where each phase was continuous and self-connected through the composite
material. In terms of densities, for the β-TCP, the theoretical (3.05 g/cm3) and experimental
(3.0349 ± 0.0008 g/cm3) densities were rather similar; however, the experimental density
was slightly lower (Table 1), as expected. Similar behavior was also observed for the Mg.
On the other hand, the composite material showed an experimental density slightly higher
than the theoretical. This could be attributed to the formation of other phases, i.e., Mg2Ca,
MgO, and CaO, that were not considered in the rule of mixtures calculation (Table 1).
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The SEM microstructural analysis showed that Mg penetrates the porosity and inter-
granular porosity observed within the β-TCP filaments (Figure 5c,d), resulting in a highly
compact Mg/β-TCP composite structure. Furthermore, the EDS analysis was employed for
the punctual chemical analyses of the resulting phases (Figure 6). From the EDS analyses
(Table 2), in zone (a), oxygen (O), carbon (C), and Mg were detected, being correlated with
the Mg matrix. In zone (b), O, C, calcium (Ca), and Mg were located at the grain boundaries,
corresponding to the intermetallic Mg2Ca. Finally, in zones (c) and (d), C, phosphorous
(P), Ca, O, and Mg were observed in the filaments, attributed to the β-TCP, MgO, and CaO
phases (Figures 5f and 6). The XRD patterns confirmed the presence of the intermetallic
Mg2Ca and the Mg and MgO phases. No peak of CaO was observed in Figure 7, probably
because the amount produced was not within the XRD detectable range.
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Table 2. Elemental analysis of four different Mg/β-TCP composite regions.

Zone C % O % Mg % Ca % P %

a 11.00 1.50 87.50 - -
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3.3. Mechanical Properties of Interpenetrating Mg/β-TCP Composite

The stress–strain curves of the materials studied in the compression test are shown in
Figure 8. The β-TCP preform showed compressive strength with two orders of magnitude
lower than that of Mg, showing a brittle behavior. The effect of Mg infiltration on compres-
sive behavior was evident. The average compressive strength of the Mg/β-TCP composite
(220 ± 5 MPa) was almost 180 times higher than that of the original porous preform β-TCP
(1.2 ± 0.05 MPa), approximately 27% higher than the bulk Mg (160 ± 5 MPa). On the other
hand, the yield strength value for the Mg/β-TCP composite was 150± 2.2 MPa, almost 15%
higher than the pure Mg (131 ± 7.6 MPa). The fracture surface of the composites displayed
a brittle failure of the metallic phase. Moreover, the propagation path of the crack produced
within the ceramic phase was restricted and deflected along the ceramic–metal interface,
producing an interfacial debonding. Micro-Vickers hardness tests were carried out in two
areas, i.e., the Mg-matrix and the β-TCP filaments. The hardness values were 58 ± 4.6 HV
and 112.63 ± 10.13 HV, respectively.
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4. Discussion

Due to the high efficiency achieved by the liquid infiltration process (~98%) (Figure 5b),
the production technique reported in this work could be proposed for manufacturing
metal–ceramic composites with a homogeneously topological relationship between the
components. This process reduced interfacial energy, improving the wettability between
the preform and the liquid Mg, creating a highly compact composite. This was achieved
by controlling the Ar gas pressure, promoting the Mg infiltration while avoiding the
β-TCP structural damage. In other words, the preform could be designed with special
requirements (i.e., chemically, topologically, etc.), retaining its original shape once the
composite has reached its final form. One of the most significant advantages was that the
infiltration time could control the metal matrix and ceramic reinforcement (Mg and β-TCP)
chemical reaction.

The results also indicate that the in situ reaction between the Mg and β-TCP filaments
produced the additional Mg2Ca, CaO, and MgO phases. Please bear in mind that the
reduction and oxidation of other calcium phosphate (CaP) products (e.g., hydroxyapatite)
have been observed even during solid-state processes such as spark plasma sintering or
pressure-less infiltration [27–29,38]. Narita et al. [27] reported that the reaction around
530 ◦C was exothermic, with an abrupt mass loss due to the decomposition of the β-
TCP, resulting in the possible release of phosphorous oxide gas (PO2). However, the
mechanism through which Mg reduces CaPs has been described by exclusively considering
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the formation of MgO [17,27,39,40] without contemplating the possible formation of other
phases, such as Mg2Ca, CaO, etc., as reported in this study. The proposed mechanism for
decomposing the β-TCP involves the following steps: (a) the liquid Mg enters directly in
contact with the preform β-TCP filaments, and (b) the liquid Mg reduces the β-TCP. This
can be represented by the following reaction:

4Mg(s) + Ca3(PO4)2(s)
∆ at 760 ◦C→ Mg2Ca(s) + 2CaO(s) + 2MgO(s) + 2PO2(g) (1)

The formation of CaO in the composite could be attributed to the phosphate reduction.
However, the proposed reaction does not generate Ca since the decomposition temperature
of the CaO is above 1000 ◦C [41]. Nevertheless, it has been reported that the intermetallic
Mg2Ca is formed during the heating and infiltration process [26], considering that Mg can
dissolve up to 1.34 wt.% Ca (at 789.5 K) [42,43]. Therefore, if the amount of Ca2+ reaches
the solubility limit in Mg, the nucleation and growth of Mg2Ca is thermodynamically
favored, producing an additional phase. Then, after β-TCP reduction, the intermetallic
Mg2Ca phase (5.1 at.%) is formed and segregated during the solidification at the grain
boundaries. This causes the high densification of the Mg/β-TCP composite (Table 1). A
MgO layer was not identified between the Mg matrix and β-TCP scaffold interface; only
MgO particles were observed in the β-TCP filament (Figure 5f). In this study, the formation
of allotropes or compounds such as calcium phosphide (Ca3P2), magnesium phosphide
(Mg3P2), or phosphine (PH3) could be possible [44]. However, they could be produced
in the first or intermediate part of the reaction; therefore, they are not represented in the
proposed chemical reaction (1).

On the other hand, the phosphorous (P) found in the struts (Figure 6c,d and Table 2)
indicated that the reaction does not entirely degrade the β-TCP, confirming that the amount
of particle reinforcement can be controlled by adjusting the time taken for the infiltration
process. The findings of the densification and in situ reaction potentially facilitate designing
not only the Mg/β-TCP composite with MgO as a reaction product [27] but also other
reaction products such as metal oxides (CaO) or intermetallic phases (Mg2Ca).

The abovementioned changes in the microstructure did affect the mechanical proper-
ties. The difference in the yield strength between the pure Mg and the composite could
be attributed to the in situ reaction between the Mg and β-TCP, which produced a highly
densified composite without voids or shrinkage that could affect the mechanical behavior.
Besides, a strong interfacial bond between the matrix and reinforcement is important since
it improves shear strength, as the load is effectively transferred from the matrix to the
β-TCP preform [45]. Recently, it has been reported that the failure of composite materials is
associated with particle cracking and the formation of voids in the matrix within particle
clusters [45]. Another factor that needs to be considered is the phase dispersion hardening
in the in situ formed Mg2Ca phase. This phase will interact with dislocations and even
grain boundary movement, increasing the strength of the composite material [46,47]. The
interconnected distribution of the β-TCP structure eliminates stress concentrators, like
fibers that tend to act as stress concentrators. Coarser ceramic particles will have a higher
probability of containing defects that initiate the fracture. In a 3D arrangement, the fibers
or struts are continuous, reducing the stress concentrator points.

Based on the above, the improved mechanical properties of the Mg/β-TCP composite
reported in this work give way to the possibility of tailoring the reaction mechanism by
topologically designing the solid pattern of the preform so the metal matrix could react with
the reinforcement, producing a microstructure that generates the mechanical properties
required for a possible biomedical application. For instance, for cortical bones, the highest
UCS reported is 283 MPa [48] and for the Mg/β-TCP composite is 220 MPa, which lays
within the range required for bone fixation [48].
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5. Conclusions

A highly compact Mg/15% β-TCP composite was successfully developed by com-
bining two innovative techniques, i.e., 3D printing and liquid infiltration process. The
reinforcement, β-TCP, was fabricated using the direct ink writing technique, generating
a topological design with an interconnected structure. In the infiltration part, a chemical
reaction occurred due to the high reactivity of Mg, leading to surface decomposition of the
β-TCP preform, forming MgO and CaO precipitates in the struts. The decomposition of
the β-TCP also formed a homogeneously segregated intermetallic Mg2Ca at the Mg grain
boundaries. A high densification was achieved, reducing pores or voids (down to 1%) in
the composite, producing a strong interfacial bond between the Mg and ceramic reinforce-
ment. The produced microstructure improved the mechanical properties, developing a
lightweight and high-strength composite. The chemical reaction control of Mg and β-TCP
during infiltration would reduce intermetallic phase segregation at grain boundaries. With
the results presented in this study, the production of continuous Mg/CaP composites with
optimal mechanical properties could be employed as biodegradable metal composites
for hard tissue scaffolds. The methodology proposed in this work can be extrapolated
to develop other reactive metal–ceramic systems for aerospace, automotive, defense, and
other industries.
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