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Abstract: Titanium-based metal-matrix composites manufactured by additive manufacturing offer tremendous
lightweighting opportunities. However, processing high reinforcement content remains challenging. This
study reports an improved manufacturing process for Ti-TiC enabling high reinforcement content and
significant fracture strain concurrently: mechanical blending, followed by laser powder bed fusion and a single
heat treatment. As-built microstructure shows both un-melted TiC particles and sub-stoichiometric TiC
dendrites resulting from a partial dissolution of TiC particles. The heat treatment is shown to fully convert TiC
dendrites into equiaxed TiC grains. Reduction of the C/Ti ratio in TiC during the process results in an increase
in the reinforcement content, from a nominal 12 vol% to an effective 21.5 vol%. Ti-TiC tensile samples reached
fracture strains of up to 1.7%, Young’s moduli of up to 149 GPa and ultimate tensile strengths of up to 827 MPa.
Lower TiC initial powder size distributions displayed the best mechanical performance.

Keywords: Metal-matrix composites (MMCs); Mechanical Properties; 3-D Printing; Particle-
reinforcement

Introduction

Since its introduction, Laser Powder Bed Fusion (LPBF) has been explored as a tool to
manufacture and showcase Titanium alloys exceptional properties in terms of ductility, high
temperature stability, corrosion resistance, and specific strength. This production process offers a
greater degree of flexibility in terms of shapes, as well as potential to reduce the total number of
components of a part compared to conventional production methods. In addition, the inherent high
cooling rates during the process induce a strongly refined microstructure which offers enhanced
functionality for applications such as in the aerospace and medical sectors.

However, as the applications become more and more specialised, material’s requirements
increase drastically and tight control of the mechanical properties of the alloys becomes crucial.
Common examples are the need for lighter parts in space applications, which can be achieved
through Topology Optimization combined with a higher specific modulus, or the reduction of the
stiffness of bone implants to reduce bone osteopenia by using lattice structures.

Titanium-based metal-matrix composites (Titanium MMC) result from the incorporation of a
hard reinforcement into Titanium alloys, usually in the form of ceramic powder. They are promising
candidates to increase and control specific stiffness. Titanium MMC have been produced by
conventional methods, such as Casting [1], Powder Metallurgy [2,3] and Hot Isostatic Pressing [4,5].
As an example, High Temperature Synthesis and Spark Plasma Sintering were used by Lagos et al.
to produce Ti64-TiC MMC with a Young’s modulus improvement of 15%, while keeping the fracture
strain above 3% [6]. Due to the hardness difference between the matrix and reinforcement, MMCs
are usually difficult to machine, and confined to fairly simple shapes. In addition, the hard phase
causes a high tool wear rate leading to high machining costs. Additive Manufacturing therefore

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202408.0490.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 August 2024 d0i:10.20944/preprints202408.0490.v1

brings a new paradigm for MMCs, with its ability to produce neat net-shapes, as demonstrated by
the number of publications in the field, in the last 15 years. Several excellent reviews present the
recent advances in MMCs with Aluminium-, Titanium-, Copper-, Nickel- and Iron-based matrices:
Focus is given to “in-situ” produced MMCs by Dadbakhsh et al. [7]. While Shi et al. give a broad
overview of the MMCs produced by all laser-assisted AM processes [8], Hu et al. focus on Laser
Melting deposition (LMD) [9] and Yu et al. on LPBF [10]. Mahmood et al. add an emphasis on the
MMC component mixing methods before LMD process [11]. Finally, Attar et al. focus on Titanium-
based MMC manufactured by LPBF and Laser Melting Deposition (LMD) [12]. Wang et al. produced
Ti64-5 vol% TiC by LMD and showed the effect of the particle size distribution on TiC partial melting
during the process. The ultimate tensile strength reached 1231 MPa [13]. Liu and Shin studied the
effect of partial melting of TiC in LMD, and the mechanical properties of Ti64-TiC with reinforcement
content varying from 1 vol% to 15 vol% [14]. They showed that partial melting of TiC leads to several
types of resolidified TiC: dendritic and eutectic. They claimed that dendritic TiC brings stress
concentration at the dendrites” tips. In all cases, a strong strengthening effect is demonstrated in
compression tests, with UTS up to 1636423 MPa. Liu et al. worked on Ti45 reinforced by 5-15 vol%
TiC produced by LMD. They showed a low strengthening effect at room temperature, with a drastic
drop in ductility, comparable to the LMDed and forged pure matrix [15]. At high temperature,
however, the MMC performed much better than the forged and LMDed pure matrix [16].

The field of Laser Powder Bed Fusion saw many groups investigating the manufacture of
Titanium-based MMCs. The main investigated reinforcement elements are SiC, TiC, TiN and TiB.
They were introduced ex-situ, i.e., in the form of a powder, or generated by in-situ reaction of a
precursor during the LPBF process. For example, Several C precursors, such as SiC [17,18], Mo,C
[19] and even CH, in the case of Gas-Solid reaction powder preparation [20], can be used to produce
TiC by reaction with Ti during the LPBF process. B4C is also used as a precursor by a few groups,
which leads to the production of TiC as well as TiB [21,22]. This combination of reinforcement
elements leads to very high strength at low reinforcement content, at the cost of ductility in the above
studies. Titanium Carbide has the advantage of a coefficient of thermal expansion close to that of
Titanium, which reduces thermal stress. In addition, there are no byproducts to be expected besides
Ti and TiC.

Xi et al. worked on Titanium reinforced by 30 vol% of TiC, TiN, a mix of both, as well as graphene
[23]. They could produce parts with each type of powder mix but could not produce crack-free Ti-
TiC and Ti-TiN samples. They studied the hardness of the achieved MMCs and showed that TiC
produces the highest strengthening effect. Yan et al. reinforced Ti64 with 0.5 wt% of graphene and
could achieve a strong strengthening effect by LPBF, despite the low reinforcement content, but (1526
MPa UTS, 145 GPa Young’s modulus) at the cost of elongation fracture strain of 1.3% [24]. They
compared these results with parts produced using the same powders and reinforcement content but
produced by SPS, for which the strengthening effect was much lower (877 MPa UTS, 115 GPa Young's
modulus), and the fracture strain increased to 3.9%. They assumed that the discrepancy was due to
graphene reacting at high temperature with Ti, to form TiC. Reaction indeed occurs with Ti below 50
at% of C. Beyond 50 at% C, TiC and graphite are the thermodynamically stable phases. This example
underlines the need to consider the process time scale (short in LPBF) and the thermodynamic
stability of the reinforcement at the process temperature. Numerical approaches were also presented
by Liu et al. who successfully simulated the solidification process of TiC, dendrites in Ti-40 vol% TiC
produced by Laser Direct Deposition [25]. Finally, Gu et al. studied the effect of the reinforcement
content in Ti-TiC produced by LPBF on the hardness, coefficient of friction and wear [26]. They
showed the optimal reinforcement content to be 12.5 wt%.

As presented above, most of the research on Ti-TiC composites focuses on strength or hardness
improvements. Few, however, showed interest in stiffness improvement, which implies different
reinforcement criteria, and typically involves higher reinforcement content, of microscale (instead of
nanoscale) size. The latter feature improves the powder flowability but increases the probability of
internal defects such as cracks. Gu et al. however measured very promising stiffness increase, from
nanoindentation tests, in LPBFed Titanium reinforced by 15 wt% TiC nanoparticles [27]. They
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obtained a nano-hardness of 90.9 GPa and a reduced modulus of 256 GPa. Tensile tests were however
not conducted, and the fracture strain was therefore unknown. In addition, nanoindentation being
highly localised, it is difficult to estimate the impact of the reinforcement in real applications.
Additionally, no information was provided on the stability of the material upon thermal treatment.
From the conventional Titanium-Carbon phase diagram, stoichiometric TiC is the stable phase from
room temperature to the melting point. However, several groups showed instead the formation of
sub-stoichiometric TiC after heat treatment in the 800-1000°C range. Two groups, Andrieux et al.
2018, and Roger et al. 2017, studied the C/Ti ratio evolution in Ti-TiC MMCs during heat treatment,
and concluded that TiCos7 is the experimentally stable phase [28,29]. Lin et al. introduced the effect
of the cooling rate on the obtained C/Ti ratio [30]. The reduction of the C/Ti ratio in the MMC leads
to an increase of the effective reinforcement volume fraction, at the expense of the Young’s modulus
and hardness of the reinforcing phase [31,32]. It is, hence, recommended to study the evolution of the
reinforcement from the powder stage (nominal content) to the finished MMC (effective volume
fraction): this task is rarely undertaken in the literature. Referring only to the nominal content of
reinforcement may significantly underestimate the volume fraction, depending on the achieved
stoichiometry.

Within the scope of this investigation, we devised a method to produce highly reinforced Ti-TiC
MMCs with non-negligible ductility through LPBF, employing various grades of microscale TiC
powders. We focused on comminuted TiC powder, a readily available and easily producible form of
TiC. This choice enhances the practicality of the LPBF process and ensures scalability for future
applications. The various grades of titanium carbide make it possible to determine the most suitable
feedstock and to evaluate the stability of the process. The LPBF process is complemented by one heat-
treatment to globularise the microstructure and ensure long term thermal stability of the mechanical
properties.

Experimental Procedures

The full metal-matrix composite manufacturing process is explained in detail in the next
chapters and summarised in Figure 1. It consists in a powder preparation step in which a premix is
prepared mechanically, followed by the LPBF process in which the MMC is consolidated. After
consolidation, a heat treatment is applied to globularise and stabilise the microstructure.

Matrix ....0 + Reinforcement
powder ° ® powder
A
;
Blending
.‘. ®
e 9
LPBF
Raw Ready
MMC MMC

S
X Treatment
* %

Figure 1. MMC Manufacturing process.

Powder Preparation

The powder mixture included plasma atomised spherical commercially pure Titanium (Cp-Ti
grade 2, 5-45 um, Figure 2 a) from AP&C, Canada, and comminuted 99% purity Titanium Carbide
powder (TiC, 5-45 um, Figure 2 b) from Hogands GmbH, Germany. The TiC powder was sieved in
two different ways, producing two size distributions: one with an upper threshold of 45 um, the other
with a threshold of 23 um. The first sieving removed all aggregates from transport and led to the full
5-45 um distribution. The second one effectively removed all big particles. Two Cp-Ti/TiC premixes
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containing 13 wt% of TiC were prepared using a Turbula T2F machine, from WAB Group, for at least
3h. The premixes using TiC sieved below 45 um, and below 23 um, are referred to as TiC45 and
TiC23, respectively. A micrograph of a representative powder mix, shown in the Appendix, Figure S
1, indicates a homogeneous distribution of the TiC microparticles. Flowability of the raw powders
and powder premixes were characterised using a GranuDrum™ from GranuTools, Belgium, at
various rotation speeds, and in increasing and decreasing rotation speeds. Additionally, the powder
layer absorptivity was measured for pure powders and powder premixes, using a Lambda 950PE
Spectrometer from Perkin Elmer equipped with an integration sphere.

Figure 2. SEM micrographs presenting a) Plasma atomised spherical Titanium powder. b)

Comminuted Titanium Carbide Powder.

Laser Powder Bed Fusion Processing

Laser Powder Bed Fusion processing was performed using a TruPrint 1000 from Trumpf GmbH,
equipped with a 200 W fibre laser, 30 um spot size, and inert argon gas protection (leading to an
oxygen content down to 100 ppm). Tensile specimens were prepared on a Ti64 substrate with the
optimised laser parameters presented in Table 1. The laser scanning strategy was bi-directional with
67° rotation from one layer to another. The samples geometry followed the ASTM E8M standard
(details can be found in the Appendix, Figure S 2 and Table S1). The building direction was set along
the tensile axis of the samples, allowing to produce up to 24 of them simultaneously.

Table 1. Laser parameters used in LPBF processing. Hatching parameters relate to the inner area of
the part, while ‘contour’ designates the part skin. Contour distance refers to the minimum distance
between a laser pass from the contour and the hatching zone. Contour number accounts for the
thickness of the contour in terms of number of laser passes.

Hatching parameters =~ Contour parameters General parameters
. Layer Contour  Contour
Power Speed Power Speed Hatching thickness  distance number
Wl [mm/s] (WD fmmfs] [y ] ] 0
80 400 50 800 40 30 30 1

Heat-Treatment

Sample were encapsulated in quartz tube under Argon atmosphere and heat treated at 880°C
for 24h in a Nabertherm oven to improve fracture strain by converting a'—Ti into a—Ti,
globularising TiC and reducing thermal stresses induced by the LPBF process.

Microstructural and Mechanical Characterization
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Samples were cut both along and across the building direction, ground using SiC paper,
polished using several grades of diamond paste, and finished by OP-S solution (Struers, Denmark).
Low-magnification and high-magnification microstructural analysis was done by Scanning Electron
Microscopy (SEM, FEI Scios 2 SEM/FIB and ZEISS Merlin) using Secondary (SE), Backscattered
Electron (BSE) imaging, as well as Electron Backscatter Diffraction (EBSD, Oxford Instruments) and
Energy Dispersive X-Ray Spectroscopy (EDS, AMETEK and Oxford Instruments). The porosity of the
sample was determined first by analysing low-magnification Secondary Electrons micrographs and,
second, by X-ray Computed Tomography (XCT, Phoenix VItome|x M from Weigate Technologies).
Image analysis considered a minimum of five micrographs per sample and used an in-house
developed Python script. The TiC reinforcement content was determined using the same method,
from low-magnification micrographs when un-melted, and high-magnification micrographs when
dendritic and granular. Etching provided by the OP-S solution allowed to clearly distinguish Ti
grains, i.e., further etching was not needed. Phase composition was characterised by X-Ray
Diffraction (XRD, PANalytical X'Pert PRO with PIXcel source at 45 kV and 40 mA).

Tensile properties were characterised on heat-treated tensile samples at room temperature using
a Zwick serie E tensile machine with a 100 kN cell force according to the ASTM 8M/E8M standard,
using a strain rate of 8.33-107° s [33]. The strain rate was measured in three ways: with a clip-on
extensometer, by gluing a strain gage at the back of the sample, and with a GOM Digital Image
Correlation system focused on the front of the sample. The machine strain rate was controlled using
the clip-on extensometer. Two unload cycles were achieved during each tensile test, one after
reaching 300 MPa, and the second upon reaching 700 MPa. These allowed measuring the elastic
response of the sample, the Young’s modulus in particular. Data from at least 4 samples were
averaged for each analysis. Finally, the fracture surfaces were observed by SEM and OM.

Figure 3. SEM micrographs presenting as-built microstructures for TiC23 (top) and TiC45 (bottom).

Examples of un-melted TiC particles are indicated by the red arrows (A), primary dendritic TiC by
yellow arrows (B), and secondary dendritic TiC by green arrows (C).

Results and Discussion
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As-Built Microstructure

As-built microstructures were studied for both TiC23 and TiC45 samples. Figure 2 shows typical
BSE micrographs of TiC23 (top) and TiC45 (bottom). It displays a light grey Ti matrix hosting a
homogeneous distribution of dark grey TiC dendrites (see arrows: yellow B and green C) as well as
black un-melted TiC particles (red arrow A). Similar microstructures were observed by Xi et al. and
Gu et al. for similar TiC content in the powder mix [22,26]. Dendritic TiC is present in two subsets:
primary TiC precipitating from the liquid (yellow arrow B), and secondary TiC originating from the
diffusion layer around partially melted TiC particles (green C). The temperature achieved during
LPBF allows TiC to be partially melted, enriching the liquid Ti in C. Small TiC particles appear to
have fully melted, as the average particle size decreased from 9.6 um and 37.2 um to 6.5 um and 9.56
pm, for TiC23 and TiC45 respectively. Similar effects were observed by Wang et al. in the LMD
process, in which remaining particles sizes varied with the process parameters and the original
powder size distribution [12]. It is proposed that the LPBF thermal path is not sufficient to fully melt
particles above a given size threshold but leads to partial melting and subsequent TiC growth from
the remaining particles surface.

XRD patterns of the as-built LPBF MMC samples and feedstock powders, with selected 2-0
angles between 33° and 44°, are shown in Figure 4. Full XRD patterns as well as the 58-76° 2-0 angles
regions are available in the Appendix, Figure S 3 and Figure S 4. The Ti powder shows a typical
hexagonal a-Ti pattern. However, a« — Ti and martensitic a’' —Ti phases are rather difficult to
differentiate due to close unit cells and overlapping of the reflections of the two phases. The rapid
cooling conditions in plasma-atomization would most likely lead to martensitic a' — Ti. It is also
reported by Wisocki et al. 2017 and Attar et al. 2017 that pure Ti produced by Laser Powder Bed
Fusion has a martensitic @' — Ti microstructure [34,35]. Both as-built LPBF TiC23 MMC and TiC45
MMC samples display a-Ti peaks as well as TiC peaks. It is important to note that TiC peaks of both
as-built LPBF MMC samples are shifted to higher 26 angles (the first one from 35.91° to 36.34° and
36.38°, for TiC23 and TiC45 respectively) compared to the raw stoichiometric TiC powder. Similar
shifts are observed for all TiC peaks, which may result from a combination of standard LPBF tensile
residual stresses and modification of the TiC lattice constant. It was reported several times that a
decrease in C/Ti ratio in TiC leads to a reduction in the lattice constant [28-30]. In addition, TiC peaks
at 42°,61° and 73° are clearly split into a fist one of low magnitude, at the same angle as in the powder,
and a second one shifted similarly to the other peaks. The first peak corresponds to the un-melted
TiC particles, as confirmed by the relatively lower magnitude in TiC23 compared to TiC45. The
change in BSE contrast between the un-melted TiC particles and the TiC dendrites is consistent with
a lower C/Ti ratio in the dendrites.
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Figure 4. XRD patterns of powders feedstock, as-built LPBF TiC23 and TiC45, and heat treated LPBF
TiC23 and TiC45 with 2-0 angles between 33° and 44°.
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Heat-Treated Microstructure

Heat-treated microstructures of both TiC23 and TiC45 show a full conversion of the dendritic
TiC into equiaxed TiC, while un-melted TiC particles do not seem to evolve. BSE contrast between
un-melted TiC and equiaxed TiC is softer, on average, than the contrast between un-melted TiC and
dendritic TiC, which seems to indicate a partial homogenization of the C/Ti ratio. The diffusion
process is far from being completed, as there is BSE contrast within the un-melted TiC particles
themselves. Generally, heat-treated microstructures had enough contrast for image analysis
measurement of reinforcement content, using low magnification micrographs such as the one
illustrated in Figure 5. The effective reinforcement content measured in TiC23 and TiC45 are 20.8+5.5
vol% and 21.5+4.7 vol% respectively, which represents almost twice the nominal value (i.e., 12 vol%).
This phenomenon is explained by the reduction of the C/Ti ratio in the carbides, according to reaction
1).

yields
TiC +Ti — 2TiCos (1)

Figure 5. TiC45 heat-treated microstructure. Typical micrograph used to compute reinforcement
content.

One can estimate the average C/Ti ratio of the resulting TiCx to be 0.58 and 0.56, for TiC23 and
TiC45 respectively, by assuming negligible molar volume variation with respect to the reinforcement
content measurement error, and considering that the stoichiometry is, in any case, non-
homogeneous. The lattice parameter variation measured experimentally by Guemmaz et al. and
Miracle et al. from a C/Ti ratio of 1 to one of 0.5 is lower than 0.7% [31,32]. It translates to at most a
2.1% decrease in the molar volume, and a maximum 2.1% overestimate of the C/Ti ratio. Roger et al.
showed that a C/Ti ratio of 0.57 is achieved after 450h heat treatment at 920°C in a particulate Ti-TiC
MMC with similar reinforcement content [28]. In addition, the change in C/Ti ratio also reduces the
carbide Young’s modulus, from 440 GPa in TiC to 350 GPa in TiCos [29,31]. One can compute the
Hashin-Shtrickman bounds [36] for the two extremes: full conversion of TiC resulting in an effective
reinforcement of 24 vol% of TiCos, and nominal 12 vol% TiC content. In the case of 24 vol% of TiCos,
the increase in stiffness relates to the higher effective reinforcement content, which more than
compensates the reduction of its Young’s modulus (up to 350 GPa at 50% nominal TiC content) as
presented in Figure 6. Above 50 vol% nominal TiC content, the TiC stoichiometry needs to be higher
than 0.5, and the model is not applicable anymore. The experimental data point at 12% nominal
content lies between the bounds corresponding to TiCos and is therefore consistent with an average
C/Ti ratio close to 0.5.
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Figure 6. Hashin-Shtrickman bounds for stoichiometric TiC (in blue) and substoichiometric TiC0.5 (in
green) considering the same nominal reinforcement content. Experimental data are presented in
purple.

High magnification micrographs of the microstructures, in Figure 7, indicate an almost full
conversion of a' —Ti into a-Ti, with only a few remaining visible martensitic grains. EBSD maps at
similar magnification (available in the Appendix, Figure S 5) were used to statistically quantify Ti
and TiC grain sizes. These analyses show that there is not significant difference in grain size
distributions between TiC23 and TiC45 (Ti grain size: 2.9+1.6 um and 3.0+2.3 um for TiC23 and TiC45;
TiC grain size: 1.4+0.9 um and 1.2+0.9 um for TiC23 and TiC45). This finding shows a tight
microstructure control through the current LPBF process conditions, as well as good resilience over
feedstock discrepancies.

Figure 7. High magnification BSE micrograph of typical microstructure found in TiC23 and TiC45

heat treated samples.

XRD analysis after heat treatment (Figure 4) did not show significant changes in the Ti-a phase.
A small uniform shift of about 0.1° is measured for all Ti peaks, which is explained by the residual
stress relaxation induced by the heat treatment. All TiC peaks shifted to lower 2-0 angles, and split
peaks disappeared. The shift is mainly explained by the stress relaxation induced by the heat
treatment. On the other hand, the splitting of peaks was explained by the existence of more than one
TiCx phase. No splitting is therefore expected after homogenization of the C/Ti ratio in TiC, after the
heat treatment. This C/Ti ratio cannot be quantitatively compared to the one in the TiC powder, based
on peak positions, due to different stress conditions.
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Density Characterization

Porosity was analysed globally in the sample as well as in different region of the sample: the
inner region of the samples defined as “hatching region” and the skin of the samples defined as
“contour region”. Porosity analysis done using image analysis of micrographs showed virtually no
porosity in the hatching region, but an increased number of defects close the edges of the samples.
XCT allowed a better understanding of the spatial distribution of porosity. Figure 8 shows the
porosity location over the whole height of the reduced section of one TiC23 tensile sample. It clearly
displays that most of the pores are at the interface between the contour and the hatching regions.
Hence, the “hatching density” was measured by removing all porosity at the interface between
contour and hatching regions. Hatching and sample densities are compared in Table 2, indicating
that the porosities outside the hatching region account for a loss of 0.3 to 0.4% density in TiC23 and
TiC45, respectively. Further parameter optimization of this region could, hence, lead to a density
close to 99.9% for TiC23. On the other hand, for TiC45, the majority of the porosity is located at other
locations. One needs to note that XCT measurements had a resolution of 20 pm, which restricts this
conclusion to the distribution of the large porosities.

T ]

Figure 8. Integrated porosity positions over the whole reduced region of one TiC23 tensile sample.
Table 2. XCT density measurements. Sample density refers to the overall density of the sample.

Hatching density is defined as the density of the inner region of the sample. It is calculated by
removing the skin zone of the sample during the analysis.

Sample Sample density [%] Hatching density [%]
TiC23 99.5 99.9
TiC45 98.8 99.1

Mechanical Properties in Heat Treated Condition

Mechanical characterization, summarised in Table 3, shows a strong increase in Young's
modulus, Yield and Ultimate Strengths in both TiC23 and TiC45, compared to pure Ti. The Young's
modulus measured by an unload cycle at 300MPa (E300) is 147+4 GPa and 148+7 GPa for TiC23 and
TiC45, respectively, which represents a 26% increase compared to the pure Ti reference measured at
117+7 GPa. The similar reinforcement content in both composites explains the similar Young's
modulus. Following-up on the Hashin-Shtrickman study done in the heat-treated microstructure
section and presented in Figure 5, one can take a common effective value of 21 vol% reinforcement
and predict stiffness values for TiCos and for TiC which leads to lower bounds of 140 GPa and 144
GPa, and upper bounds of 147 GPa and 157 GPa, respectively. The very similar values obtained come
from the strong dependence of the Hashin-Shtrickman bounds to the reinforcement content, and the
relatively low Young’s modulus loss of TiCos (350 GPa) compared to TiC (440 GPa). As shown in
Figure 5, the experimental value lies between the bounds calculated for TiCos, slightly above the ones
calculated for TiC. One would expect to be close to the lower bound since it refers to spherical stiff
inclusions embedded in a weaker matrix [34]. However, non-negligible uncertainties exist for the
reinforcement content (+5 vol%) and Young’s modulus (+7 GPa), which makes it difficult to extract a
quantitative stoichiometry for TiCx. Furthermore, while we can conclude that the data is consistent
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with a full conversion of TiC to TiCx (with x close to 0.5), in reality, the conversion is inhomogeneous,
and a range of x values will apply at this stage. One could ensure homogeneity by increasing heat
treatment temperature and time, and this will be the subject of a subsequent study. Preliminary
analysis made by EDS/STEM suggests that the C/Ti ratio varies linearly from ~1 at the centre of the
un-melted TiC particles to ~0.57 at the TiC-Ti interface, even after 7 days of heat-treatment. On the
other hand, dendritic TiC appears to have homogeneous C/Ti over its volume. One must also
underline that the data related to the evolution of the Young’s modulus with C/Ti ratio is scarce, and
sometimes contradictory. The O content may also influence the TiCx lattice constant and stiffness,
leading to additional discrepancy with literature data produced with a process different from LPBF
[28]. Finally, accurate Young’'s modulus characterization from tensile tests requires very accurate
measurements and perfect setup alignment. To ensure the best possible measurements, the tests were
repeated on different tensile setups with different measurement methods (strain gages,
extensometers, and digital image correlation). Additional characterization methods such as
Ultrasonic stiffness measurement at zero load and local stiffness measurement by nanoindentation
will be conducted in the future.

Table 3. Tensile properties of TiC23 and TiC45 MMC samples compared to those of the Ti reference.

TiC45 TiC23 Ti
E300 [GPa] 14817 147+4 11747
E700 [GPa] 149+9 14943 -
YS [MPa] 700274 80620 51246
UTS [MPa] 752411 82719 5764
e [%] 1.320.1 1.7+0.2 29.33.1

The second Young’s modulus measurement done at 700 MPa (E700, i.e., before the yield point)
does not show any significant change in the stiffness between TiC45 and TiC23 (Table 3). The
reproducibility at 149 GPa indicates, at this stage, the likely absence of damage or pre-existing defects
in the composites.

The yield strength (YS) was increased by 37% and 57% for TiC23 and TiC45, respectively, and
the ultimate tensile strength (UTS) by 31% and 44%. Five possible strengthening mechanisms can
lead to this increase: Hall-Petch, Orowan, thermal coefficient mismatch, carbon solid-solution and
load transfer. These well-known mechanisms and their distribution will not be detailed here, as
strength is not the focus of this study. Stress-strain curves in Figure 9 show a stronger strain
hardening for TiC 23 compared to TiC45. More experiments would be needed to define its precise
origins; however, a few elements can be proposed. Larger un-melted particles could lead to more
strain localization, as the stress plateau of TiC45 may indicate, and therefore earlier failure. Smaller
particles in TiC23 would, on the other hand, increase their number and enhance dislocation-particle
interactions (Orowan mechanism).
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Figure 9. Stress-strain curves of typical heat-treated TiC23 and TiC45 as well as as-built Ti samples.

Fracture strain is strongly reduced by the addition of TiC reinforcement, as shown repeatedly in
the literature [4][11]. However, the addition of a heat-treatment allows changing the brittle behaviour
observed in as-built condition into a more ductile behaviour. In addition, reducing the reinforcement
feedstock particle size improves the fracture strain by more than 30%. It is assumed that the
reinforcement being a comminuted feedstock, it contains stochastic defects, whose probability of
presence scales with the particle volume. Furthermore, the total volume of un-melted reinforcement
was larger in TiC45. On-going work by the authors, using aggregated TiC powder as reinforcement,
indicates that the heat-treatment duration can be used to increase the fracture strain at least up to
2.7%.

Fracture surface analysis, illustrated in Figure 10, showed a ductile matrix with distinctive
ductile dimples together with a distribution of brittle TiC un-melted particles. TiCx grains originating
from the precipitated TiC dendrites were very difficult to identify on the fracture surfaces. However,
cross-sections done perpendicular to the fracture surfaces did evidence their presence. Study of both
fracture surfaces and sub-surface cross-sections indicates the presence of three failure mechanisms:
particle cracking, matrix voiding and particle delamination. A crack can be seen progressing from
one TiCx grain to another through a deformed matrix, as well as cracked TiCx grains and TiC un-
melted particles close to failure points. The analysis of the full fracture surface does not show a
propensity of the failure path to follow the cracked un-melted TiC particles. Indeed, almost none of
them were found on the fracture surface of TiC23, and very few on the fracture surface of TiC45. The
exact failure mechanism is however not fully understood at this point.
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Figure 10. Fracture cross section and fracture surface micrographs of a TiC23 sample after tensile
failure. The fracture cross-section was extracted at the edge of the sample.

Conclusions

Titanium-Titanium Carbide Metal-matrix Composites with a 12 vol% reinforcement content
were successfully produced using Laser Powder Bed Fusion and subsequent heat treatment. Two
grades of Titanium Carbide powder size distribution were used. Microstructure and mechanical
properties were thoroughly studied.

. Density >99% was achieved with the lowest reinforcement particle sizes, while a density >98%
was achieved with the other one. The remaining porosities were located between the contour
and hatching regions. Removal of those porosities could lead to >99.9% density with the lowest
particle sizes.

e  Microstructural analysis showed a homogeneous distribution of TiC dendrites as well as un-
melted TiC particles in the as-built condition, and a full conversion of dendritic into equiaxed
grains after heat treatment. Grain size analysis showed a tight control of the Ti and TiC grain
size after heat treatment, with an average Ti grain size <1.5 um and an average TiC grain size
<3 um. The significant differences between the MMC produced with the two powder size
distributions of reinforcement relate to the size of the un-melted particles, and the associated
stochastic defects.

e  Drastic evolution of the reinforcement content (12 vol% to 21 vol%) and C/Ti ratio (0.98 to 0.57)
was observed following LPBF, introducing the important notion of effective reinforcement
content in the MMC.

e  Mechanical properties were remarkably enhanced for both reinforcement powder size
distributions, and plastic ductile behaviour was shown for the first time in a highly reinforced
Ti-TiC MMC produced by LPBF. Young’'s modulus, yield strength, ultimate tensile strength,
and fracture strain of 147 GPa, 806 MPa, 827 MPa and 1.7% were achieved for the lowest
particle sizes, and 148 GPa, 700 MPa, 752 MPa and 1.3% were achieved for the other one.

e  Lower particle sizes were shown to be beneficial for both density and mechanical properties.

Further decrease of reinforcement size could lead to even higher performances.
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Figure S1. SEM micrograph of typical Ti-TiC powder mix.

Table S1. Dimension of the tensile sample according to ASTM E8 as well as dimension of the printed
samples [33].

ASTM E8 [mm)] Effective dimensions [mm)]
G- Gauge length 10+0.1 10
D- Diameter 2.5+0.1 25
R- Radius of filler, min 2 2
A- Length of reduced parallel 20 25

section, min

——
— ==

G R

Figure S2. Geometry of the tensile samples. Figure extracted from ASTM standard E8 33.
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Figure S3. XRD patterns of powders feedstock, as-built LPBF TiC23 and TiC45, and heat treated LPBF
TiC23 and TiC45 with 2-0 angles from 58° to 76°.
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Figure S4. XRD patterns of powders feedstock, as-built LPBF TiC23 and TiC45, and heat treated LPBF
TiC23 and TiC45.
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Figure S5. Typical EBSD maps of heat treated TiC23 and TiC45.
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