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After laser powder bed fusion (LPBF) of an ultra-strong in situ TiC whisker reinforced §-Ti composite, this paper
investigates the evolution of microstructure and mechanical properties in response to heat treatment at different
temperatures. Using in depth nano-SEM and TEM analyses, it is shown that ageing at 400 °C rounds the whiskers,
annihilates the strain fields and grows Mo segregated nano-cells, but without improving the ductility. In contrast,
ageing at 600 °C enables the transformation of metastable p to a lamellar § + a, leading to a dual phase matrix

embedding TiC particles. This is in such a manner that extra ageing at 600 °C coalesces the nano-lamellar o + f
microstructure to form a coarser micro-lamellar o + p matrix. This microstructure achieves 66 % of the
compressive deformation of Cp-Ti, and over 1400 MPa compressive strength after 1 h of ageing at 600 °C.
Despite this success under compression, hard and stiff TiC particles may still cause large spherical fractured
voids, severely limiting the plastic deformation under tension.

1. Introduction

The goal of using metal matrix composites (MMCs) is to combine the
toughness from metals and stiffness from ceramics and intermetallics.
This goal, however, is not easy to achieve due to several difficulties such
as weak interfacial reinforcement-matrix bonding, imperfect
morphology of reinforcements, cracks at the interfaces, inhomogeneous
reinforcement distributions, residual stresses, and/or dislocations
induced by thermal mismatches between composing phases [1]. To
overcome these difficulties, in situ techniques in which the re-
inforcements are created via an in situ chemical reaction, are becoming
more popular [2-4]). These can be particularly applied within laser
powder bed fusion (LPBF) (also known as selective laser melting - SLM)
[4], which is the main additive manufacturing (AM) technique for
manufacturing metals.

LPBF is in fact a powder-based technique allowing for a controlled
layer-wise fabrication of metal components from any designated powder
mixture. This enables the fabrication of complicated geometrical shapes
from in situ reactive metal materials, yielding the generation of fine and
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hard reinforcements during LPBF. Examples given in the literature
mainly include LPBF of in situ fabricated Al MMCs starting from Al-
Fes03, Al-SiC and Al-ZnO powder mixtures [5-8], as well as-LPBF of Ti
MMCs from Ti + SigNy4, Ti + TiBy and Ti-Mo-Mo,C powder mixtures
[9-14].

The current work focuses on the latest in situ Ti composite system, i.
e., Ti-MoyC. For this system, very recent and promising developments
have been made by the authors [14,15]. Within these works, a strong
and hard Ti alloy composite without potentially cytotoxic elements such
as Al and V was developed using the LPBF process. Within LPBF of
Ti+10.5 wt%MosC powder mixture [15], it was observed that MoyC
progressively decomposed to Mo and carbon in the Ti melt. The former
stabilised the p-Ti phase (instead of martensitic a-phase), while the latter
formed in situ TiC whiskers with high aspect ratios (50—200 nm wide
and up to several micrometres long). The generated hard TiC whiskers
established an excellent interfacial bonding with p-Ti matrix. As a result,
the developed in situ TiC whisker reinforced $-Ti had a high hardness of
513 HV and the compressive strength of about 1642 MPa. In fact,
without the use of Al and V as strengthening but cytotoxic elements, the
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Fig. 1. Powder mixture of Ti/10.5 wt%Mo,C. Large spherical Cp-Ti particles
are decorated with fine Mo,C agglomerated particles.

hardness and strength of pure titanium was increased using biocom-
patible Mo [16] and in situ TiC whisker reinforcements (which can even
stimulate bioactivity [17,18]). However, on the downside, no plastic
deformation was observed in the as built product. To improve the
extreme brittleness, Vrancken et al. [14] used a powder system with a
lower amount of Mo,C (3.5 wt%) and instead an additional amount of
Mo (6.5 wt%), to achieve a similar f stabilizing effect. Lowering the
amount of Mo,C to about one-third in the initial powder allowed some
plastic deformation under compression, but the real change in ductility
and strength was obtainable via heating the material to higher
temperature.

Despite such promising research, the heat treatment possibilities and
the corresponding phenomena to change the microstructure and control
the mechanical properties are not yet understood. These are complicated
phenomena since it involves formation and transformation of various Ti
solid phases such as beta (p), omega (), and alpha («) [19-22] in the
presence of secondary TiC particles with a complex whisker morphology
[14,15]. Understanding these phenomena is vital to manipulate the
ductility, especially since high contents of secondary reinforcements has
an extreme effect on brittleness. Accordingly, the present work has been
dedicated to investigate the possible heat treatments at different tem-
peratures and the corresponding driving mechanisms influencing the
ductility in brittle LPBF made in situ Ti-TiC.

To this end, this work carries out ageing heat treatment at different
temperatures of 400 °C when f can transform to ® and 600 °C when f
transforms to o according to the literature [22]. The effects of these heat
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Fig. 2. DSC curves of pure Ti powder, Ti/10 wt%Mo,C powder, and LPBF parts
made from Ti/10 wt%Mo,C.
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treatments on the hardness are studied and the microstructural features
are analysed using XRD, nanoSEM and TEM. After recognising the
transformation phenomena during these treatments, mechanical tests
are performed both in compression and tension in order to assess the
strength and ductility of the composite material.

2. Materials and methods
2.1. Materials and LPBF

Gas atomised Cp-Ti powder (grade 1), obtained from LPW Ltd (UK)
with a particle size ranging from 15 pm to 45 pm, was mixed with 10.5
wt% molybdenum carbide powder (Mo2C, Changsha Langfeng, China)
with an average particle size of ~3.5 pm. This amount of Mo,C would
theoretically generate 9.88 wt% Mo and 0.62 wt% C after decomposi-
tion. This powder system was dry mechanically mixed on a Turbula for 8
h. Despite the agglomeration of Mo»C particles which is common for fine
powders, this resulted in a sufficiently homogeneous mixture (Fig. 1) in
which agglomerated Mo,C particles fill the space between spherical Ti
powder particles. The remaining Mo,C particles after Turbula mixing
reduced the flowability of the powder without impeding LPBF
processing.

A commercial 3DS ProX 320 LPBF machine with a 400 W fibre laser
and a beam diameter of about 60 pm was used to manufacture samples
under a protective argon atmosphere (oxygen was well below 100 PPM).
A laser power of 300 W, scanning speed of 1000 mm/s, layer thickness of
30 pm and hatch spacing of 70 pm were applied as optimum parameters
to reach dense (> 99.0 % density) and crack free parts [15]. This was
done using a bi-directional scanning strategy with 90° rotation between
the layers.

2.2. Post heat treatment and characterisation

The transformation behaviour of both powders and LPBF parts were
characterised by METTLER TOLEDO differential scanning calorimetry
(DSC) with a heating rate of 30 °C min~! from room temperature to 700
°C. To reassure of the measurements for calibration purposes, the onset
for the melting of indium was checked to have a lag below 0.2 °C at
different heating rates.

The LPBF parts were heat treated at 400 °C and 600 °C in a furnace
and cooled in air. The temperature was double-checked using an extra
thermocouple close to the specimens. To have an early understanding of
the effect of post heat-treatment, Vickers micro hardness tests were
performed using a Future Tech FV-700 hardness tester with an inden-
tation load of 1 kg. All cross-sections were cut, polished and prepared
along the LPBF building direction.

Phase identification was done by X-ray diffraction (XRD, Bruker D2
Seifert 3003 TT X-ray diffractometer) in a Theta/2Theta set-up with Cu-
K, radiation operated at 40 kV and 40 mA. To analyse the micro-
structure, a FEI-Nova Nanosem 450 equipped with EBSD detector was
used. Transmission electron microscopy (TEM) was performed using two
instruments. The first one was a FEI Tecnai TEM, operated at 200 kV and
equipped with a Nanomegas ASTAR system and a Bruker XFlash 6T160
EDX unit. The second one was a FEI Titan Themis 300, operated at 200
kV, and equipped with a probe aberration corrector and a highly effi-
cient (4 quadrant) EDX system. TEM disk samples were prepared using
mechanical polishing and final ion thinning using a GATAN precision
ion polishing system. The phase sizes were measured based on the scale
of the micrographs. The sizes were presented from at least 8 readings.

Compression tests were carried out using a 250 kN INSTRON uni-
versal testing machine. This was performed with a crosshead speed of
0.3 mm/min within hardened tool steel compressive plates at room
temperature. The compression was parallel to the LPBF building direc-
tion. The compression samples were cuboids with 6 mm x 6 mm and
about 10 mm height. Zinc stearate was used as lubricant at the
compression plates. It should be noted that the deformation of the
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Fig. 3. Hardness evolution of LPBF made Ti/MoyC parts due to ageing at 400
°C and 600 °C.
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Fig. 4. XRD spectra of Ti and Ti/Mo,C powder and parts including after ageing

at 400 °C and 600 °C. Note that p-Ti and o-Ti are detected at the same peaks
despite they are different Ti allotropes.

compression steel plates (present at the top and bottom of the samples)
during compression could also contribute to the measured strains,
although this could not be filtered out. Therefore, the strains especially
at elastic regions were not accurate and were only used for comparison

As built
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purposes. In addition to compression, tensile tests were carried out using
an Instron machine with 30 kN load cell and extensometer on subsize
specimens according to ASTM ES8.

3. Results
3.1. DSC

Fig. 2 shows the DSC curves of Ti and Ti/MoyC powders as well as of
a LPBF part from Ti/Mo,C powder. As seen, the DSC curve of Ti powder
appears mostly horizontal despite some small exothermic reaction that
is most likely due to the presence of small amount of air beside argon,
allowing formation of oxides and nitrides. In comparison, the DSC curve
of Ti/MoyC drastically drops indicating endothermic changes in the
material until 700 °C. For the LPBF parts, DSC curves are something in
between with an addition of an exothermic peak slightly above 600 °C.

3.2. Hardness

Fig. 3 shows the hardness evolution of the LPBF parts after ageing at
400 °C and 600 °C for different ageing times. As seen, the hardness after
ageing at 400 °C increases at first and after a primary increase it may
decrease. This is completely in contrast to the early sharp drop followed
by slow reduction of hardness after ageing at 600 °C.

3.3. XRD

Ti can appear with different allotropes such as a, ®, and p. The o-Ti
phase is hexagonal closed-packed where each basal plane is a hexagonal
layer with a stacking pattern of ABAB. -Ti is a high temperature body-
centred cubic (BCC) which can transform to o only when cooled under
pressure, due to the collapse of BCC planes in the [111] direction. -Ti is
a metastable phase with a hexagonal structure similar to a-Ti, but it hasa
low c/aratio in comparison to a-Ti. This means the distance between the
basal planes is short and the spacing in the hexagonal lattice is very wide
in o-Ti [23].

Fig. 4 shows the XRD spectra of the pure Ti powder and LPBF part
from Ti/MoyC as well as the LPBF parts from Ti/Mo,C after ageing at
400 °C and 600 °C. As seen, the recognised phases from the XRD spec-
trum change to B-Ti (cubic BCC) instead of o-Ti (hexagonal) after LPBF
beside a minority of TiC secondary phase. However, this is not yet a
stable structure since the ageing alters the XRD peaks. This is in such a
manner that a-Ti evidently increases after ageing at 600 °C even only for
1 h. In contrast to ageing at 600 °C, ageing at 400 °C for 1 h does not
cause any clear change in the XRD spectrum of the LPBF part. It should
be noted that o-Ti may also form or exist, but it cannot be individually
identified since its peaks coincide with B-Ti peaks. This is except for only
one weak peak at about 2 theta = 79.7°, as boldly demonstrated using
the magnified insets for the spectra of as-LPBF and 1 h ageing at 400 °C.

Fig. 5. Typical microstructure of as-LPBF composite parts containing a relatively homogenous distribution of whisker shape titanium carbides in a granular Ti matrix

(a-c), while a very minority of unreacted Mo,C-Mo-C may exist (d).
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3.4. NanoSEM

Fig. 5 shows the typical microstructure of the LPBF part from Ti/10.5
wt%Mo,C. As observed, addition of MoyC completely changes the
microstructural characteristics, leading to a very homogeneous distri-
bution of secondary whisker-shaped particles in a Ti matrix. Within the
Ti matrix, in contrast to pure Ti LPBF material, no acicular and lath-like
o' (martensitic o) phases are observable [24,25]. The secondary
whisker-shaped particles are very fine and exist with a width of typically
less than 150 nm and lengths that can reach up to several micrometres
(Fig. 5b-c). Occasionally, very small amount of unreacted MoyC-Mo-C
may remain after LPBF (Fig. 5d). This occurs rarely, when the Mo,C
particles were excessively agglomerated in the powder mixture (as some
seen in Fig. 1), requiring more laser energy or laser exposure duration to
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achieve full dissociation.

Fig. 6 shows the microstructure of LPBF parts after ageing at 400 °C.
As observed after 1 h, the aspect ratio of the whisker shaped TiC sec-
ondary whiskers is reduced (Fig. 6b). At the same time, stretching lines
as a sign of strained fields appear inside the matrix (Fig. 6b-c). Looking
deeper into the matrix, very fine nano-precipitates with a size of typi-
cally 15—40 nm also exist in the matrix. More ageing up to 30 h at 400 °C
further evolves the microstructure by rounding and spheroidising TiC
whiskers (Fig. 6f-g) as well as growing the nano precipitates to typically
20—-50 nm. After different durations, the main difference is the annihi-
lation of the stretching lines (strained fields) due to further ageing at this
temperature (compare Fig. 6¢ and g).

In comparison to ageing at 400 °C, ageing at 600 °C severely alters
the microstructure as seen in Fig. 7. In fact, ageing at 600 °C generates

SN
N

N
N
‘\..-

DN

Fig. 7. Microstructures of LPBF Ti/Mo,C parts, aged for (a-c) 1 h and (d-f) 3 h at 600 °C.
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Fig. 8. TEM investigations showing the microstructural details of as-LPBF Ti/Mo.C parts.

acicular and lath-like a leading to vertically formed dark laths in the
white B-Ti matrix in addition to slightly rounded TiC whiskers (Fig. 7b-
c). Further ageing at 600 °C may allow the phases to coalesce, shown as a
local globular appearance of dual phases after 3 h ageing (Fig. 7e-f).

3.5. TEM

TEM investigations on the as-LPBF parts allow a more detailed un-
derstanding of the nanoscale features existing in the matrix, as shown in
Fig. 8. In fact, by looking deep into the whisker reinforced matrix, some
signs of strain can be seen around the TiC whiskers (Fig. 8b) in the cubic
BCC Ti matrix (Fig. 8d). Also, the matrix may contain very fine nano
precipitates beside TiC whiskers (Fig. 8c). EDX on the overall micro-
structure shows that Ti (Fig. 8f) and Mo (Fig. 8g) compositions are
relatively homogenous in the microstructure, while carbon mainly exists
on the whisker particles beside Ti (Fig. 8h) where no Mo is present
(Fig. 8g). Accordingly, the secondary whisker shaped particles are
mainly from Ti and C (Fig. 8e) which corresponds to titanium carbide.
This is in agreement with the previous work that had mainly shown
these secondary particles as TiC whiskers [15]. This partly owed to the
rapid release of carbon followed by rapid solidification and partly to the
role of Mo in Ti which reduces the carbon solubility in p-Ti and promotes
formation of secondary particles as TiC whiskers [15,26]. Focussing
further on the matrix, nano-segregation can be observed in composition
generating the nano precipitates in previous pictures. However, here
these nano-precipitates look more like nano-cells which contain less Mo
and more Ti within the interior in comparison with the boundaries
(Fig. 8i-m). This structure also corresponds to cubic Ti.

In comparison, after ageing at 400 °C, TEM shows strain fields in
perpendicular patterns, as seen in Fig. 9a (as a sign of strain field in
agreement with Fig. 6¢). At this stage, nano-cells tend to cover the
matrix (Fig. 9e). After 6 h of ageing at 400 °C, nano-cells grow larger
while the strain zones disappear (Fig. 9c-d). This is while the matrix

remains cubic Ti (Fig. 9e).

In comparison with ageing at 400 °C, ageing at 600 °C transforms the
microstructure to a dual phase matrix composed of HCP Ti (Fig. 10c) and
cubic Ti (Fig. 10d) embedding a minority of TiC whiskers (Fig. 10a-b).
The cubic Ti looks to be connected mainly as one grain over the shown
scale in Fig. 10d, while embedding numerous HCP Ti nanosize grains
(Fig. 10c). As seen, these phases are hardly recognisable since phases are
well adhered and no cracking can be observed at the interfaces.

3.6. Compressive and tensile properties

Fig. 11 shows the compressive properties of the in situ assisted LPBF
made composites before and after ageing. As seen from Fig. 11a, as-LPBF
parts are extremely brittle without any sign of plasticity even under
compressive forces despite their very high compressive strength 1642 +
77 MPa. Ageing at 400 °C for 6 and 24 h did not also change this extreme
brittleness, as the parts broke after elastic regions only at a bit of lower
strengths. In contrast, as shown in Fig. 11b, ageing at 600 °C for 1-4 h
drastically increases the ductility and the plastic deformation. For
example, 66 % of ductility of Cp-Ti can be reached only after 1 h of
ageing at 600 °C. This is of course in the expense of a successive decrease
in the strength to about 1420 MPa after 1 h aging and to about 1320 MPa
after 4 h of ageing. However, the material is still significantly stronger
than pure titanium after LPBF.

Fig. 12 shows the tensile properties of the developed in situ rein-
forced Ti composite without ageing and after 1 h of ageing at 600 °C,
compared to pure Ti. As demonstrated, the tensile strength of the
composite will be 1261 + 38 MPa, being more than twice the UTS of
LPBF made pure titanium (around 550 MPa). The composite stiffness
(~107.4 £+ 2.0 GPa) is comparable to the stiffness of pure titanium
(~106.5 + 2.5 GPa) despite the presence of softer p-Ti in the aged
composite. However, the ductility under tension is still very low (barely
reaching 3-4 %) in comparison to the high elongation of pure titanium
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Fig. 9. TEM images showing the detailed microstructural evolution due to (a-b) 1 h and (c-e) 6 h ageing at 400 °C.

Fig. 10. TEM investigations showing the microstructural details after 1 h of ageing at 600 °C.

that can reach 17-18 %.
4. Discussion
4.1. Ageing phenomena at 400 °C
The extreme condition of LPBF (high temperature and rapid solidi-

fication/cooling) in conjunction with in situ transformations in the
current case of Ti/Mo2C have led to a metastable TiC reinforced p-Ti

matrix, seeking to become stable if allowed (see the XRD spectrum in
Fig. 4). This is the driving force for transformation after receiving
adequate activation energy at different ageing temperatures (such as at
400 °C and 600 °C).

Exposing the material to 400 °C retains the overall microstructure,
but at the same time causes some changes (compare Fig. 5 and Fig. 8 to
Fig. 6 and Fig. 9). For example, the whisker shape TiC particles become
more rounded, i.e., they clearly become thicker and shorter after 30 h of
ageing (see Fig. 6f-h). This can be attributed to the tendency of the TiC as
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Fig. 12. Tensile properties before and after ageing at 600 °C for 1 h in com-
parison with pure titanium.

a cubic material to grow to octahedron and consequently spherical
shapes [27,28] instead of elongated whiskers which had been imposed
by directional TiC crystal growth during LPBF [15]. This indicates a high
mobility of carbon in the TiC and/or Ti matrix at this temperature due to
its small atomic size.

The morphological change of TiC whiskers (from whisker towards a
spherical shape) generates strain fields in the cubic crystal structure of
B-Ti matrix. If transformation of p—w also occurs (as a possibility,
although this was not detected in TEM studies), it could also cause
volume change and shear and hence elastic strain [22,29-31]. These

Table 1

appear as strain fields in perpendicular orientations (Fig. 9a) according
to the perpendicular slipping planes of a BCC structure. This is beside the
fact that the formation of TiC whiskers had also imposed residual
stresses during solidification and cooling down, as shown as strain fields
in the as-LPBF composite material (Fig. 8b). Nevertheless, after only 6 h
of ageing at 400 °C, these strain fields have diminished in the micro-
structure. This indicates that recovery mechanisms to annihilate the
dislocations had become influential for ageing times longer than 1 h at
400 °C for this particular metastable -Ti matrix.

In addition to morphological changes of TiC as well as formation and
annihilation of the strain fields at 400 °C, the growth of nano-cells/
precipitates (Fig. 8c) covering the Ti matrix is another phenomenon.
These originate from nano-segregation of Mo from cubic Ti crystals
(Fig. 8i-k). The growth of these nano-cells (for example see Fig. 6d and h
after 1 h and 30 h of ageing at 400 °C) facilitates the transformation of
cubic p-Ti to o-Ti within the nano-cells. Although this cannot be clearly
confirmed in the TEM results of this work, the middle product of this
transformation could be perhaps »-Ti to allow an easy and low energy
transformation from p-Ti at temperatures below 500 °C [22,32] in the
form of nano precipitates [33,34]. This is in agreement with the XRD
results that show p-Ti and the possibility of having o-Ti after 1 h ageing
at 400 °C (see Fig. 4). Nevertheless, it can be concluded that Mo has a
limited/slow mobility in Ti matrix at 400 °C due to its very large atomic
size especially in comparison with C atoms. This hinders the drastic
transformations driven by the metastable status of the matrix at 400 °C.

4.2. Ageing phenomena at 600 °C

Within the starting powder, there is a tendency for MoyC to
decompose in the neighbourhood of Ti to generate more stable TiC.

Sizes of the p-Ti, titanium carbide and «-Ti in as-LPBF and after 1 h ageing at 400 °C and 600 °C within LPBF building direction. After the average values, the values

shown in the bracket demonstrate the size range of the phase.

B-Ti Titanium carbide o-Ti
Condition Width (pm) Depth* (pm) Width (nm) Length (nm) Aspect ratio (length/ Width (nm) Length (nm)
width)
As-LPBF 83 +18 NA** (40—340) 190 + 62 NA** (370—6800) 9+ 6 (3-22) — —
(50-120) (120—-360)
1 h aged at 400 62 + 32 79 £ 52 191 + 84 NA** (300—2000) NA** (1-13) — —
°C (10-100) (20—-210) (110-350)
1 h aged at 600 23 £13(7-45) 22 +9(12-35) 124 + 34 358 + 105 3.1+1.3(1.8-5.7) 39+10 375 + 140
°C (70-180) (230—-560) (25-55) (170-600)

" Note: since the measurements has been performed along the building direction, the depth of p-grains demonstrate the height of the p-grains in the building

direction.

" Note: To keep the presented data scientifically meaningful, NO average (NA) has been shown where the standard deviation was too high over 80 % of the average

value.
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However, for decomposition of Mo,C, first some energy is required. This
leads to the sharp drop in the DSC curve of Ti + MoyC powder, as an
endothermic heat to decompose Mo,C powder. After LPBF, the endo-
thermic reduction can still appear, even though the drop is less intensive
(Fig. 2). This reduction could be partly because of the possibility of the
remaining Mo,C particles (Fig. 5d) and partly due to the diffusion of Mo
and C atoms in the matrix. At about 600 °C, the diffusion of Mo finally
enables the p—« transformation which appears as an exothermic peak in
the DSC curve of the LPBF Ti/MosC part (Fig. 2). The diffusion occurs
since 10 wt% Mo is not adequate to fully stabilise p-Ti [29], leading to a
B 4+ a matrix after 1 h of ageing at 600 °C, as seen in Fig. 10. It should be
mentioned that with the diffusion of Mo, C can remain and act as o-Ti
stabiliser [35]. C can also diffuse in the matrix and within the TiC
structure, enabling morphological changes of the TiC whiskers.

The aforementioned phenomena mainly occurs due to the high
mobility of Mo in the Ti matrix at the higher temperature of 600 °C,
imposing many fundamental microstructural changes as shown in Fig. 7
and Fig. 10. This is in such a manner that single phase and smooth f-Ti
matrix in the as-LPBF parts (Fig. 5) turn into a nano-lamellar structure
from B-Ti (white colour in BSE) and a-Ti (darker colour in BSE) phases
embedding black TiC particles only after 1 h of ageing at 600 °C (Fig. 7c
and Fig. 10). This is also seen in the XRD spectra as generation and
growth of a peaks next to p peaks (e.g., see 1 h at 600 °C spectrum in
Fig. 4). Further ageing at 600 °C may coalesce this nano-lamellar o +
microstructure, as the starting point for formation of a micro-lamellar a
+ p matrix (Fig. 7e-f).

4.3. Size evolution of the main phases due to ageing

For the microstructures shown in Fig. 5 to Fig. 10, Table 1 summa-
rises the size evolution of the main phases after ageing. As seen, p grains
become finer, even when the part is aged at 400 °C but particularly when
it is aged at 600 °C. This seems to be due to tendency of the crystal
structure to increase the angles of p grain boundaries by relieving the
internal stresses and the p—o transformation. At the same time, TiC
carbides fragment and/or dissolve in the matrix and become smaller.
This is particularly evident when the ageing temperature is higher at 600
°C. Since the transformation of p-Ti to «-Ti is fully active at 600 °C, this
can also be attributed to the higher solubility of carbon in a-Ti compared
to B-Ti (being 0.48 wt% for a-Ti vs. only 0.15 wt% for p-Ti for pure ti-
tanium at 920 °C [35]), driving the C dissolution. Simultaneously, the
aspect ratio of the carbides reduces in order to reach a lower energy.
Lastly, only at 600 °C, nano size a-Ti rapidly forms in the larger §-Ti
grains. This reinforces the softer §-Ti grains by acicular and lath-like a-Ti
metal.

It is worth mentioning that with ageing above 600 °C and below 800
°C (approximately when the B is not yet fully stable), the natural phe-
nomenon is the accelerated microstructural coarsening of the newly
formed o-Ti. This means that at higher temperatures the newly formed
a-Ti grains grow faster. This is equal to longer ageing times at lower
temperatures (which would successively reduce the strength and in-
crease the ductility), as seen in Fig. 7f. Therefore, to avoid excessive
microstructural coarsening, ageing at a lower temperature of 600 °C has
been carried out here. This has allowed a finer microstructural control
while the f—a transformation has been fully active.

4.4. Correlation of mechanical properties with post treatments

The compression yield stress in LPBF Cp-Ti with a martensitic
a-phase, as the basis of this material without any alloying element, is
about 670 + 10 MPa. The yield strength increases drastically around
1000 MPa after adding 10.5 wt% Mo2C to Ti powder in this work. This
drastic strengthening (along with the extreme brittleness) could origi-
nate from a multitude of influential factors. They include i) the meta-
stable p-Ti structure with nano segregation of dissolved Mo, ii) fine size,
high fraction, high aspect morphology and relatively homogeneous
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distribution of in situ made titanium carbides as the secondary particles,
iii) the dissolved carbon in metastable p-Ti and iv) the residual stresses
hidden in the material structure after LPBF. Among these, the metastable
B-Ti structure saturated by Mo seems to be the top influencer. This is
since only after transformation of the metastable -Ti to stable o + B Ti
structure, a drastic change in the strength and ductility occurs (e.g., see
the significant loss of strength and drastic increase of ductility via ageing
at 600 °C in Fig. 11b against the slight changes in the strength and
ductility via ageing at 400 °C in Fig. 11a). After this, the second influ-
ential factor could be the high fraction of high aspect ratio TiC whiskers
with excellent bonding all over the matrix. These whiskers allow no
plasticity without their own deformation or displacement. Since TiC is a
hard ceramic, it remains strong until the loads under compressive
deformation increases to a value much greater than the matrix. At this
stage, the B-Ti matrix catastrophically fails from the regions around the
actual TiC whiskers [15]. The third factor, i.e., the dissolved carbon in Ti
as an interstitial element, could have been another reason to increase the
strength of solid solution [35], although the abundant amount of TiC
particles seem to have consumed all the carbon. This is in agreement
with the decreased solubility of carbon in highly alloyed beta-titanium
alloys [36]. The last factor, i.e., the residual stresses, can also lock the
nano-cells in the matrix. This could be indeed relieved after ageing at
higher temperatures.

Focusing on the mechanical properties via ageing at 400 °C, the
hardness (Fig. 3) first increases until 1 h due to generation of large strain
fields with the initiation of the changes in the matrix (Fig. 6¢ and
Fig. 9a). After that, the hardness slightly decreases with the annihilation
of strain fields in the matrix (Fig. 6g and Fig. 9¢). This is followed by
creation of a smooth secondary peak in hardness (Fig. 3). This could be
perhaps due to precipitation of intermediate ®-Ti, as commonly
observed at 400 °C from a metastable $-Ti [22]. It should be noted that
®-Ti was not confirmed by TEM inspections (possibly due to its very
small size and the local changes in the material), although some very
weak o-Ti signature appeared in XRD spectrum after ageing at 400 °C as
seen in Fig. 4. Nevertheless, ©-Ti has been reported to be brittle but with
a high hardness and stiffness [29,33]. In addition, the nano segregation
of Mo elements as nano-cells (Fig. 8i-m) can hamper the deformation.
Moreover, the presence of TiC particles can also reduce the ductility
[37]. These lead to high brittleness of the material even under
compressive loadings (Fig. 11a). This is despite the fact that ageing at
400 °C slightly reduces the compression strength (perhaps due to lower
aspect ratio of the carbides) and is seemingly successful in recovering
the matrix from residual stresses and strain fields.

In contrast to ageing at 400 °C, ageing at 600 °C significantly in-
creases the ductility in the expense of lowering the strength and hard-
ness (Fig. 11b and Fig. 3) by transforming the microstructure. In fact,
ageing at 600 °C provides adequate mobility for Mo to diffuse and form
Mo-rich regions, stabilising the p-grains. Simultaneously, this creates
Mo-poor regions behind, causing the transformation of p-Ti to a-Ti.
These transformations form acicular nano o-Ti (see the nano sizes in
Table 1) within softer and more stable B-crystals (see Fig. 7 and Fig. 10).
This microstructure does not any longer contain any segregated nano-
cell or any residual strain fields that could potentially hamper the
plastic deformation. In addition, titanium carbides are smaller with a
lower aspect ratio (see Table 1) facilitating the plastic flow of the ma-
terial. As a result, the strength drops while ductility increases. It should
be noted that although the p-Ti seem to have a lower grain size after
ageing at 600 °C (Table 1), this effect is masked against other factors due
to the active transformation of p—a which rapidly decreases the p vol-
ume fraction.

Despite an evident increase in ductility under compressive loading
via ageing at 600 °C (Fig. 11b), the tensile elongation cannot yet match
the pure titanium (Fig. 12). This can be attributed to the role of hard and
stiff TiC whiskers with an extremely good interface with the matrix. In
fact, under tension, the stresses may concentrate and raise around the
largest TiC whiskers. With the increase of tensile stress above 1200 MPa,
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Fig. 13. Fractured surfaces of Ti reinforced composite after ageing at 600 °C for 1 h, showing (a-b) fractured voids typically with some sudden deformation signature
between 10 to 40 pm in the matrix, which (c) appear to be deformed as submicron cells.

the stress around the largest TiC particles accumulates to a larger value
which can be easily adequate to cause a shear between the stressed zone
and the matrix. As a result, the stressed zones are pulled apart from the
matrix, leaving fractured voids with some sudden deformation signature
around 10—40 pm (Fig. 13a-b). These voids can join under tension and
cause a rapid failure, despite the matrix is seemingly ductile with
deformed cells in submicron ranges (Fig. 13c). This material however
shows high ductility under compression (Fig. 11b) where, even in the
case of stress-induced-voids, the voids are closed by compressive forces
until shear collapses the material.

It is worth mentioning that although the tensile elongation of the
current composite (which is made without strengthening by cytotoxic
elements such as Al and V) is still rather limited, most biomedical load
bearing implants (for bone replacement and dental applications) func-
tion mostly under compressive loading. The presented ductility under
compressive loads is sufficiently high (close to Cp-Ti, see Fig. 11b).
Moreover, higher ductility under tension should be still achievable, but
it requires even finer secondary reinforcements. This is ideally down to
less than 10 nm (as common in precipitation hardening of alloys). This
might be done for example by replacing a part of the Mo,C with pure Mo
and/or a better powder preparation practice (e.g., use of ball milling to
embed single Mo,C particles instead of agglomerated bunches) to
generate TiC particles even below 10—20 nm.

5. Conclusions

This work investigated the evolution of an in situ TiC reinforced p-Ti
composite in response to ageing heat treatment at different temperatures
of 400 °C and 600 °C. The aim was to investigate the influence of various
heat treatments on the microstructure and the material ductility.
Accordingly, it was found that:

- The microstructure of the in situ LPBF composite, composed of TiC
whiskers in cubic p-Ti matrix, was not stable. As a result, the micro-
structure and the consequent properties largely evolved upon heating to
higher temperatures.

- Carbon atoms with their small sizes were mobile in the TiC and/or
Ti matrix at 400 °C. Therefore, the whisker shape of TiC particles
became more rounded via ageing at this temperature. The shape change
of TiC whiskers at 400 °C imposed some strain, forming perpendicular
strain fields in the cubic crystal structure of B-Ti matrix. However,
prolonged ageing annihilated these strain fields.

- Nano-segregation of Mo in the B-Ti matrix appeared as nano-cells.
These nano-cells could slowly grow via ageing at 400 °C. However,
this by itself did not improve the matrix ductility.

- Around 600 °C, the diffusion of Mo was sufficient to allow the
metastable p—a transformation to occur. As a result, only after 1 h of
ageing at 600 °C, single phase p-Ti matrix turned into a nano-lamellar
structure from B-Ti and o-Ti phases embedding black TiC particles.
Further ageing at 600 °C may coalesce this nano-lamellar o +  micro-
structure to become a coarser micro-lamellar a + p matrix. Such

microstructure contained smaller and lower aspect ratio TiC whiskers
which was also free from any segregated nano-cells or any residual strain
fields that could potentially hamper the plastic deformation.

- The metastable § to lamellar p + o transformation due to ageing at
600 °C significantly increased the ductility in the expense of lowering
the strength and hardness. This, only after 1 h of ageing at 600 °C,
resulted in a strength of 1420 MPa and a ductility level of 66 % of Cp-Ti
under compressive loads.

- Via ageing at 600 °C, despite the ductile nature of the § + a matrix
under compressive loading and high UTS of ~1260 MPa under tension,
the tensile elongation could not match the pure titanium. This was
attributed to the role of hard and stiff TiC particles causing fractured
pores typically between 10—40 pm under tension.
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