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Abstract. This study investigated the microstructure evolution of the
TiC/Ti-6Al-4V matrix composite produced using a 1073 nm continuous
wave (CW), IPG Ytterbium fibre laser. The influence of thermal gradient,
overlap, and re-melting of the previous layers on the microstructure of
TiC/Ti6AlI4V matrix composite samples was analyzed using the scanning
electron microscope (SEM). The microstructure showed that the TiC/Ti-
6Al-4V composite samples are composed of undissolved TiC, in-situ TiC
(eutectic TiC and primary TiC), o Ti and B Ti. While martensite
microstructure was observed on the Ti-6Al-4V alloy samples. It was
observed that the single-track and single-layer composite samples are
consists of blocky TiC, granular eutectic TiC, chain-shaped eutectic TiC and
dendritic primary TiC phases. While the cube composite sample shows
granular primary TiC and dendritic primary TiC. Dendritic primary TiC is
observed in all composite samples.

1 Introduction

Titanium alloys are widely used in acrospace, automotive, and medical fields due to their
excellent strength, superior corrosion resistance, and excellent biocompatibility [1-2].
Among all the titanium alloys, Ti-6Al-4V alloy (sometimes abbreviated as Ti64) occupies
about 50% of usage in many industries due to its high specific strength, low weight ratio, and
excellent corrosion resistance [3]. However, the poor working temperature and poor wear
performance of the Ti-6Al-4V alloy limit its further applications [4]. The titanium matrix
composites (TMC) reinforced with discontinuous ceramic particles have been proven to be
an efficient way to enhance the comprehensive performance of Ti-6Al-4V alloy [5].

TMCs have better mechanical properties, high specific modulus, higher working
temperature, and better wear resistance than conventional titanium and its alloy [6]. Due to
the attractive characteristics and better properties such as superior isotropic properties and
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low cost, the TMCs reinforced with discontinuous ceramic particles have been mostly applied
in aerospace fields in recent years [7-8]. The TMCs parts with advanced performance have
begun to be also applied in military fields [9]. To manufacture the TMCs, Ti-6Al1-4V alloy is
the most used metal matrix material due to its excellent properties [10-11]. While the
reinforcements commonly used for titanium alloys are hard ceramics such as TiB [12], WC
[13], SiC [14], and TiC [15]. Among the above-mentioned reinforcements, the TiC particles
are considered as preferred reinforcement for Ti-6Al-4V matrix composite due to their high
hardness, similar density, and coefficient of thermal expansion to titanium, and excellent
thermal stability [16-17].

There are many methods for fabricating the TiC particles reinforced TMCs [18-20].
Rapid melting and solidification processing with large undercooling and high cooling rate
inherent in laser melting deposition (LMD) made it to be effective for producing TMCs [19].
LMD is a laser processing method that can produce bulk materials in a layer-upon-layer
fashion by using a high-power laser to melt a powder or wire deposited during the process
[20-21]. The advantage of LMD over traditional methods such as powder metallurgy and in-
situ casting [22-23], is that LMD can reduce the production time, enhance cost-effectiveness,
and produce complex parts and near-net-shape structures [24].

It is well known that the microstructure of a component influences its mechanical
properties [25]. Therefore, a detailed analysis of the microstructure of the component is
crucial in determining its mechanical properties. Many researchers have investigated the
microstructure of TiC particles reinforced TMCs manufactured by LMD technology in recent
years [25-29]. Liu and DuPont [26] manufactured the crack-free functionally graded TiC/Ti-
6Al1-4V composites by LMD. They found that the partial melting of TiC particles would
occur during the fabrication process, and the resolidified TiC particles might form in the
composites. Wang et al [27] studied the microstructure of TiC/Ti-6Al-4V composites
produced by LMD using the Ti-6Al1-4V wire and TiC powders. The microstructure along the
length of the sample shows some blocky TiC particles in the matrix when the TiC volume
fraction was high, and the primary TiC, eutectic TiC, and secondary TiC would generate
when the volume fraction is relatively low. Liu et al [28] investigated the microstructure of
TiC/TA1S with different TiC volume fractions. The microstructure also shows the eutectic
TiC and primary TiC in the composites, and when the TiC volume fraction increases the
average size of TiC phases also increases. Mahamood et al [29] demonstrated that the
microstructure of the functionally graded TiC/Ti-6Al-4V composites is different along the
depositing direction. Yu et al [30] manufactured the TiC/Ti-6Al-4V composite by LMD and
investigated the effects of laser power on the microstructure and performance of the
composites. The results show that higher power would help to reduce the number and amount
of un-melted TiC particles and to facilitate the growth of primary TiC grains. Mahamood et
al [31] also conducted a study of TiC/Ti-6Al1-4V composites with the same volume fraction
and studied the influence of scanning velocity on the composites. The results show that at
low scanning velocity, the un-melted carbide particles in the microstructure are less due to
more melting of TiC particles. Li et al [32] studied the microstructure of the functionally
graded TiC/Ti-6Al-4V composites. The results demonstrated that the composite is composed
of a Ti, B Ti, and TiC. It was found that the amount and size of the primary TiC increase with
increasing TiC content, and the dendritic primary TiC would form when the carbon content
is high. Most recent works have paid attention to investigating the effects of the size and
volume fraction of TiC particles on the microstructure of TiC/Ti-6A1-4V composites [33-35].

However, insufficient work has paid attention to the changes in the microstructure of the
TiC/Ti-6Al-4V composite due to the thermal gradient, overlap, and re-melting of the previous
layers. It has been demonstrated that heat accumulation happens in the LMD process due to
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overlap and remelting of the previous layers and the thermal history changes as the number
of deposited layers increases [36].

The thermal gradient (Sometimes called temperature gradient) describes at what rate the
temperature changes and in which direction the temperature changes the most rapidly around
a particular direction. The thermal gradient, high heating/cooling rates, and temperature rises
are known to affect the microstructure characteristics [37]. The microstructure of the sample
is also affected by the ratio of the cooling rate to the thermal gradient, and the temperature
gradient at the solid-liquid interface. The difference in thermal gradient and cooling rate may
result in three major structure morphologies within LMD components, which include
columnar (elongated grain morphology), columnar plus equiaxed, and equiaxed (isotropic
grain morphology). The high thermal gradient near the melt pool caused by rapid thermal
cycling leads to residual stress which in turn leads to undesirable deformation and
dimensional distortion of the final product part. The thermal gradient can be adjusted by
optimizing the process parameters, which control the cooling rates of the sample. The overlap
in the manufactured samples is known as the region where the re-melting half of the deposited
melt-pool track occurs [38]. The overlap region depends on the overlap percentage during
the fabrication process. The re-melting of the previous layer is known to cause heat
accumulation during the manufacturing process [39]. The re-melting of the previous layers
in the Ti-6Al-4V samples is known to result in microstructure with columnar grains [40].

In this study, LMD technology was used to manufacture the Ti-6Al-4V alloy samples and
the TiC/Ti-6Al-4V composite samples. The change of the microstructure on the Ti-6A1-4V
alloy and TiC/Ti-6Al-4V composite samples will be investigated in terms of a thermal
gradient, overlap, and re-melting of the previous layer.

2 Materials and methods

2.1 Material

The materials used in this study were TiC and Ti-6Al-4V powder with a distribution size
ranging from 45 pum to 100 um. The TiC powder was supplied by Nanografi Nano
Technology, whereas the Ti-6Al-4V powder was supplied by ECKART TLS GmbH. The Ti-
6Al-4V powder was characterized by high sphericity and smooth surfaces, while the TiC
powder was characterized by irregular shapes. The SEM micrographs of the two kinds of
powders are shown in fig. 1. Ti-6Al-4V base plate with a dimension of 100 x 100 x 5 mm
was used as the substrate.

Fig. 1: SEM micrographs of the powders, (a) Ti-6Al1-4V and (b) TiC.
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2.2 Methods

The equipment for LMD (Fig. 2) consisted of a 3kW IPG Ytterbium fibre laser, a 3-way
nozzle for powder feeding, a GTV powder feeder, and a KUKA robot for easy movement. A
3-way nozzle was used to deposit a powder that flows from a GTV powder feeder system.
Two hoppers from the powder feeder were used, one contained Ti-6Al-4V and the other TiC.
Both powders were carried to the deposition zone by argon gas and were simultaneously fed
into a melt pool that was created on the substrate. The powder feed rate of Ti-6Al-4V alloy
was set to be 3.0 rotational per minute (rpm) for the deposition of single-track, single-layer,
and cube samples. While the powder feed rate of Ti- 6Al-4V was set to 2.5 rpm and TiC was
set to 0.5 rpm for the deposition of single-track, single-layer, and cube composite samples.
The laser power of 1500 W, beam diameter of 2 mm, scanning speed of 0.5 m/min, shielding
gas of 15 £/min, and gas flow rate of 1.5 £/min were used as the processing parameters during
the deposition of all the samples.
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Fig. 2: Schematic diagram of the laser melting deposition experimental set-up [36].

After the LMD process, all the samples were cut perpendicular to the depositing direction,
into smaller specimens using a Struers Labotom-5 cutting machine (manufactured by Struers
Company, Cleveland, TN, USA) with a high—quality titanium cut-off wheel (20 S25) for
metallographic preparation. All the specimens were mounted using an AMP 50 automatic
mounting press machine (Beijing, China). AKA Resin Phenolic SEM black conducive resin
was used to mount all the specimens. Mounted specimens were mechanically ground with
Struers Tetrapol-25 grinding and polishing machine (manufactured by Struers Company,
Cleveland, TN, USA). SiC grinding papers with grit sizes of 80, 320, 1200, and 4000 were
used for grinding the specimens, which were later polished to a 0.04-micron (OP-S
suspension) surface finish for 3 min. The polished samples were etched with Kroll’s reagent
(solution containing 100 mL H,O, 1-3 mL HF, and 2-6 mL HNO3) for about 2-5 min. The
metallographically prepared and etched samples were analyzed for microstructure and phase
constitution by scanning electron microscope (SEM) and X-ray Diffraction (XRD).
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3 Results and discussion

All the obtained results of both Ti-6Al-4V samples and TiC/Ti-6Al-4V composite samples
are reported in this section.

3.1 XRD patterns of Ti-6Al-4V alloy and TiC/Ti-6Al-4V composites samples

The XRD patterns of the two cube samples of Ti-6Al-4V alloy and TiC/Ti-6Al-4V
composite are shown in fig. 3. The XRD patterns are taken to determine the phase
composition of the Ti-6Al1-4V alloy and TiC/Ti-6Al1-4V composites samples.
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Fig. 3: The XRD patterns of: (a) Ti-6Al-4V alloy, and (b) TiC/Ti-6Al-4V composite samples.

As shown in fig. 3(a), the results present that the detected phase in the Ti-6Al-4V alloy
sample is o Ti. While the results also confirm that the phases of the TiC/Ti-6Al-4V composite
are a Ti, B Ti, and TiC, as shown in fig. 3(b). It was observed that the Ti-6Al-4V alloy sample
consists of the strong and higher characteristic peak intensity of a Ti when compared to
TiC/Ti-6Al-4V composite sample. This indicates the effect of adding TiC particles into the
Ti-6Al-4V matrix.

3.2 Microstructure of Ti-6Al-4V alloy and TiC/Ti-6Al-4V composite samples

The microstructure of the single-track, single-layer, and cube samples of Ti-6Al1-4V alloy
produced by the LMD process is shown in fig. 4.
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Fig. 4: Microstructure of the Ti-6Al-4V alloy samples, (a) clad of the single-track,
(b) bottom region of the single-track, (c) clad of the single-layer, (d) first overlap,
(e) interface between the first and the second overlaps, (f) Clad of a cube, (g) first
layer and (h) interface between the first and the second layers.

As shown in fig. 4, all the microstructures were characterized by columnar prior  grains
that are parallel to the build-up direction (Z axis), as indicated by red dotted lines. The
columnar prior B grains form due to heat extraction from the substrate during the fabrication
process [41]. The columnar prior  grains are common on the microstructure of Ti-6Al-4V
alloy produced by LMD [41-42]. Inside the columnar prior B grains, a fine needle-like o’
martensite phase was observed, as shown inside the red dotted lines. The o’ phases form due
to high heating and high cooling rates experienced by the samples during the fabrication
process [43-44]. It is explained in the literature [45], that during the solidification of the
molten pool the melt will first be transformed to the prior § phase with the temperature
approaching the solidus temperature, and o/a’ phases form within prior B grains when the
temperature drops below the P transus. Additionally, all the microstructures revealed micro-
pores that are homogeneously distributed across the samples. The micro-pores are known to
significantly affect the performance of the material. The formation of the micro-pores is
related to factors such as process parameters and environmental conditions during the
fabrication process [46]. In a study by Alboulkhair et al [46], it is reported that the micro-
pores can be reduced by adjusting the process parameters and scan strategies.

Fig. 4(a) shows the microstructure of the single-track sample of Ti-6Al-4V alloy. The
single-track sample presents the effect of the thermal gradient on the microstructure of the
sample. During the fabrication process of the sample, the temperature is known to be high in
the top region of the sample and starts decreasing in the bottom region to the heat-affected
zone. The top region experiences a fast-cooling rate, while the bottom region experiences a
slow cooling rate. The fast-cooling rate is known to result in finer microstructure [47]. In the
bottom region and dilution area (mixture of the clad and the substrate), the cooling rate is
known to be slow which results in the coarser microstructure of the sample. But the
microstructure of the single-track sample showed no noticeable change as shown in fig. 4(b).
It was found that the microstructure consists of medium columnar prior 3 grains with a finer
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o’ martensite phase. Fig. 4(b) presents the typical microstructure of the single-track sample
of Ti-6Al-4V alloy which was taken in the centre of the dilution area as indicated by the red
circle in fig. 4a.

Fig. 4(c) exhibits the microstructure of the single-layer sample of Ti-6Al-4V alloy. The
single-layer sample presents the effect of the 50% overlap on the microstructure. During the
manufacturing process of the single-layer, it is known that half of the underlying material in
the overlap region is remelted [53]. Therefore, the single-layer sample experiences heat
accumulation [35] due to the overlap. The heat accumulation is known to result in a slow
cooling rate. As discussed above the slow cooling rate result in a coarser microstructure,
while the fast-cooling rate results in a finer microstructure [48]. But the single-layer sample
showed no noticeable change in the microstructure across all the regions as presented in fig.
4(d), (overlap region) and 4(e) (overlap interface region). The microstructure on both the
overlap and overlap interface regions show large and medium columnar prior  grains with
finer o’ martensite across the sample. When comparing the single-track and single-layer
microstructures, it is found that the 50% overlap influenced the size of columnar prior B
grains.

Fig. 4(f) shows the microstructure of the cube sample of Ti-6Al-4V alloy. The
microstructure of the sample presents the consecutive layers indicated by the red dotted lines
and presents the effect of the re-melting of the previous layers. The heat accumulation in the
cube sample has increased due to the 50% overlap and re-melting of the previous layers which
led to the deposited layers undergoing different thermal histories. There was no noticeable
change in the microstructure of the cube sample as presented in fig. 4(g) (layer region) and
4(h) (interface layers region). It was observed that the microstructure on both the layers and
the interface layers revealed large columnar prior B grains with finer and coarser o’
martensite. When comparing the single-track, single-layer, and cube microstructures it was
found that the overlap and re-melting of the previous layer influenced the size of the columnar
prior B grains.

The microstructure of the single-track, single-layer, and cube composite samples of TiC/Ti-
6Al1-4V produced by the LMD process is presented in fig. 5.
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Fig. 5: Microstructure of TiC/Ti-6Al1-4V composite samples, (a) clad of the single-track, (b)
bottom region of the single-track, (c) clad of the single-layer, (d) first overlap, (e) interface,
(f) clad of a cube, (g) first layer, and (h) interface.

All the microstructures presented in fig. 5, show that the reinforcements of the
composite samples are composed of resolidified TiC (eutectic phases, primary phases), and
blocky TiC particles. According to the previous XRD analysis (fig. 3), the eutectic phases
and primary phases are confirmed to be eutectic TiC and primary TiC, respectively. The
eutectic TiC is composed of granular eutectic TiC and chain-shaped eutectic TiC. The
primary TiC consists of granular primary TiC and dendritic primary TiC. The eutectic TiC
and primary TiC phases are homogeneously distributed in the matrix. The blocky TiC
particles are regarded as undissolved TiC particles in this study. And the resolidified TiC
phases can be regarded as in-situ TiC because they are formed during the LMD process.

Fig. 5(a) presents the microstructure of the single-track TiC/Ti-6Al-4V composite
sample. The single-track TiC/Ti-6Al-4V composite sample was considered as a typical
sample to observe the effect of thermal gradient on the microstructure. As mentioned earlier,
the top region experiences high temperatures than the bottom region. Therefore, the cooling
rates across the sample are expected to be different [55]. But the single-track TiC/Ti-6Al-4V
composite sample showed no noticeable change in the microstructure across the sample.
Hence, fig. 5(b) was taken in the center of the dilution area (as indicated by the red circle in
fig. 5(a)) to present the typical microstructure of the single-track composite sample. Fig. 5(c)
shows the microstructure of the single-layer TiC/Ti-6Al-4V composite sample.

The single-layer TiC/Ti-6Al-4V composite sample shows the effect of a 50% overlap
on the microstructure. The overlap region was indicated by the red dotted lines in fig. 5(c).
During the deposition of the single-layer, partial re-melting of the underlying material in the
overlap region happens [48] which leads to a slow cooling rate. But the single-layer TiC/Ti-
6Al-4V composite sample showed no noticeable change in the microstructure as presented
in fig. 5(d) and 5(e). It was observed that the single-layer TiC/Ti-6Al-4V composite sample
was dominated by long dendritic primary TiC phases when compared to the single-track
composite sample due to the 50% overlap effect. Wang et al. [30, 34] also observed long
dendritic primary TiC in the TiC/Ti-6Al-4V composite manufactured by LMD. The dendritic
primary TiC phases were to grow into larger sizes with secondary arms formed.
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Fig. 5(f) displays the microstructure of the cube TiC/Ti-6Al-4V composite sample. The
cube TiC/Ti-6Al-4V composite sample presents the effect of re-melting of the previously
deposited layers. The layers are labelled and indicated by the red dotted lines in fig. 5(f). In
the literature [49] it is reported that heat accumulation increases as the number of layers
increases. Fig. 5(g) and 5(h) show the microstructure on the first layer and the interface
layers. They were taken in the centre of the first layer and interface, as indicated by the red
circle in fig. 5(f). It was observed that the primary TiC phases dominate the microstructure
of the cube TiC/Ti-6Al-4V composite sample when compared to the single-track, and single-
layer composite samples. This is attributed to the heat accumulation caused by the effect of
overlap and re-melting of the previous layers during the manufacturing of the cube composite
sample.

3.2.1 Distribution of the undissolved TiC particles

The laser absorption coefficient of the material increases with the electrical resistivity of
the material increasing [36]. The electrical resistivity of TiC is higher than that of Ti-6Al-4V
alloy. The resistivity of TiC and Ti-6Al-4V at room temperature is 138 — 188 p€Q/cm and 42
— 55 puQ/cm, respectively [30]. This indicates that the TiC powder has a significantly higher
laser absorption coefficient than Ti-6Al-4V. Therefore, TiC particles can be partially melted
during LMD because the melting point Ty of TiC (~ 3067°C) is much higher than that of Ti-
6Al-4V (~ 1670°C) [26]. Nevertheless, the TiC particles can be partially dissolved into the
molten pool at high temperatures. In addition, the dissolution of carbon depends on the
interacting time between TiC and liquid metal to a certain extent. But the liquid metal
solidifies with a quite high cooling rate in the LMD process [49], so the interacting time
between TiC and liquid metal is too short to ensure the complete dissolution of the TiC
particles. Furthermore, it is difficult for TiC particles to be melted into the molten Ti
completely because the melting point Ty of TiC is high [36, 49]. As a result, the undissolved
TiC particles with blocky shapes retain in the Ti-6Al-4V matrix.

When comparing the undissolved TiC particle distribution in fig. 5, it was found that the
single-track composite sample consists of a few undissolved TiC particles. The undissolved
TiC particles observed in the single-track composite are small in size. It was observed that
the single-layer composite sample also consists of a few undissolved TiC particles which are
bigger when compared to the single-track composite sample. While the cube composite
sample had no undissolved TiC particles across the sample. This might be caused by the heat
accumulation due to the 50% overlap and re-melting of the previously deposited layers. The
peak temperature increases as the number of layers increases [49]. This means there was
enough heat to completely melt the TiC particles.

3.2.2 Evolution of the in-situ TiC phases

Besides the un-melted TiC particles, the eutectic TiC and primary TiC which are known
as in-situ TiC phases are the main reinforcements in the TiC/Ti-6Al-4V composite samples.
The eutectic TiC phases are observed in the shapes of granular eutectic TiC and chain-like
eutectic TiC, while the primary TiC is observed in the shapes of granular primary TiC and
dendritic primary TiC. The evolution mechanism of the in-situ TiC phases is reported in
detail below.

During the manufacturing process, the dissolution of TiC results in the element carbon
(C) diffusing into the liquid matrix metal. According to the Ti-C binary phase diagram [36]
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shown in fig. 6, when the C content is low, the TiC/Ti-6Al-4V molten pool is in the
hypoeutectic composition, so the following phase transformation reactions happen
successively with the molten pool cooling down [47].

L — primary  Ti+ L1 @)
L1 — eutectic  Ti + eutectic TiC 2
BTi+TiC—aTi 3)

The microstructure formation of the eutectic TiC phases in the TiC/Ti-6Al-4V
composite during processes forms as follows. At first, the heating process results in Ti-6Al-
4V powders being melted to form the liquid molten pool, and the TiC particles are dissolved
partially so that the molten pool contains C. During the cooling process, the primary p Ti
precipitates from the liquid metal (Eq. (1)). When the temperature in the molten pool reaches
the eutectic point (1648 °C), the binary eutectic reaction in (Eq. (2)) takes place, in which
eutectic B Ti and eutectic TiC precipitates from the rest of the liquid metal. Eutectic  Ti
prefers to precipitate around the eutectic TiC, thus preventing the free growth of TiC. This
result in most of the eutectic TiC grains growing through solid phase diffusion [49] and
presenting as granular shapes. The only TiC grains that are in contact with the melt can grow
into chain-like shapes. The eutectic B Ti keeps growing until the liquid metal disappears.
When the temperature goes down below the B Ti transformation point (920 °C), the reaction
in (Eq. (3)) happens with o Ti precipitating in  Ti grains, to form the two-phase structure o
+ B Ti in the matrix. The reservation of B Ti and a Ti in the matrix also could be confirmed
by XRD analysis results.

When the content of C is higher than the eutectic content, the TiC/Ti-6Al-4V molten
pool is a hypereutectic composition. The phase transformation can be expressed by the
following [50]:

L — primary TiC + L1 @)
L1 — eutectic  Ti + eutectic TiC 5
BTi+TiC - aTi (6)

The microstructure of primary TiC phases in the TiC/Ti-6Al-4V composite form is as
follows. At first, the Ti-6Al-4V particles are completely melted from the molten pool that
contains C due to the dissolution of the TiC particles. During the cooling process, primary
TiC phases will precipitate from the liquid metal due to high C content (Eq. 4), and it grows
into different shapes with different sizes. Since the primary TiC does not solidify
simultaneously, some primary TiC nuclei are newly formed with granular shapes while some
are well developed with branching dendritic arms formed [47]. With decreasing temperature,
the primary TiC stops precipitating and the eutectic reaction in Eq. 5 happens, which is
followed by the B Ti to o Ti transformation in Eq. (6), as discussed above.

Comparing the in-situ TiC phases in fig. 4, it was observed that the single-track
composite sample consists of a few eutectic TiC phases and many primary TiC phases across
the sample. The single-layer composite sample also consists of a few eutectic TiC phases and
many primary TiC phases. And the cube composite sample consists of only the primary TiC
phases across the sample. The effects of overlap and re-melting of previous layers on the

10
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cube composite sample facilitated the dissolution degree of C, leading to the high C content
in the molten pool. Whereupon the hypoeutectic reaction in Eq. 4 — Eq. 6 happens, and the
primary TiC becomes the dominant in-situ TiC reinforcement phase in the TiC/Ti-6Al-4V
composite samples in fig. 5.
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Fig. 6: Ti-C binary phase diagram [49].

4 Conclusion

In this paper, the single-track, single-layer, and cube samples of Ti-6Al-4V alloy
and TiC/Ti-6Al-4V composites were manufactured by laser melting deposition
using the Ti-6Al-4V and TiC powders. The microstructure changes of both the Ti-
6Al1-4V alloy samples and TiC/Ti-6Al1-4V composite samples were investigated.
The following main conclusions were made from the results:

The Ti-6Al-4V alloy samples showed columnar prior B grains with finer
o’ martensite for both single-track and single-layer samples. While coarser
o’ martensite was observed on the cube sample. This means that the
thermal gradient effect, the overlap effect, and the re-melting of previous
layers influenced the columnar prior § grains on the microstructures of Ti-
6Al-4V alloy.

The Ti-6Al-4V samples also showed the micro-pores that are distributed
across the samples.

The TiC/Ti-6Al-4V composite samples showed the TiC reinforcement
phases across the samples. The observed reinforcement phases are blocky
TiC, eutectic TiC, and primary TiC, the resolidified TiC phases.

A small amount of eutectic TiC phases was observed in the single-track
and single-layer composite samples.

The granular primary TiC and dendritic primary TiC phases dominate in
the microstructure of the cube composite sample due to the heat
accumulation caused by the overlap and re-melting of the previous layers.
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