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Abstract

This study investigated the effect of in-situ alloying of Ti6Al4V and TiB, during laser metal
deposition for microstructure, hardness and tensile properties enhancement. It was found
that the addition of TiB; at powder feed rates of range 0.1-0.3 rpm resulted in the formation
of TiB whiskers with columnar and equiaxed network morphologies, in a lamella a + B matrix.
By increasing TiB, at 0.4—0.5 rpm, a complete dissolution of the equiaxed and columnar
network morphologies were achieved. The dissolution led to a random distribution of formed
TiB whiskers, resulting in enhanced hardness and ultimate tensile strength (UTS), with the 0.5
rpm giving the highest hardness and UTS values of 511 £ 13 HV and 1745 MPa, respectively.

Keywords: titanium matrix composite, laser metal deposition, microstructure, mechanical
properties

Introduction

Titanium and its alloys find their application in low and medium temperature environments.
To improve on their existing limitations, alloying their matrix with hard ceramic materials to
form composites known as titanium matrix composites (TMCs) have for a while been
considered. Various ceramic materials such as titanium boride (TiB),! titanium diboride
(TiB>),? titanium carbide (TiC),? silicon carbide (SiC),* boron carbide (B4C)° and titanium nitride
(TiN)® and have been explored and most recently graphene nanoplatelets (GNPs) and carbon
nanotubes (CNTs) are considered as reinforcements as high-performance TMCs.”2

Generally, TMCs are produced using two processing approaches, namely, ex-situ and in-situ
synthesis. Ex-situ processing involves the formation of no new compounds during processing
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and therefore, there is no change in both particle size and morphology of the added particles
before and after processing, provided there are no external impacts.>!® As such,
thermodynamically stable ceramics such as TiB, TiC and SiC are added to titanium.® On the
hand, in-situ processing involves reaction of titanium matrix with additive elements such as
boron (B), carbon (C) and nitrogen (N) to form in-situ stable phases or reinforcements.® Some
common examples of additions used in in-situ synthesis include TiB;, BaC and Si3Na.

By varying the volume fraction of the alloying ceramics, refined microstructures with
enhanced mechanical properties are achieved.'*? TMCs with network microstructure have
proved to endure superior oxidation resistance by effectively pinning and segmenting the
oxide scale.!! Moreover, the network microstructure can lead to components with higher
ultimate tensile strength (UTS), improved plasticity and creep resistance.>*371> |n this study,
in-situ alloying of Ti6AI4V and TiB; at various powder feed rates using direct energy deposition
(DED) as processing technique are investigated.

There is a significant amount of scientific research that report on the microstructure and
mechanical properties of TMCs manufactured with additive manufacturing (AM). Recently,
Fereiduni et al.”> reported the microstructure and mechanical properties of Ti6Al4V/B4C cubic
samples that were manufactured with SLM, using premixed BiC/Ti6Al4V as the starting
material. Their results showed nano-scaled TiB needles which were homogeneously
distributed along the large columnar prior B grains, and dispersed within the martensitic
matrix. The latter microstructure was found to exhibit an improved YS, UTS and fracture strain
of 1284 MPa, 1850 MPa and 20.6%, respectively. The incorporation of the nano-scaled TiB
reinforcements led to the refinement of the martensitic phase and solid solution
strengthening effect from the carbon atoms.

Pan et al.,® using electron beam melting (EBM) and premixed titanium-titanium boride
whiskers (Ti6AlI4V/TiBw) powder, reported the formation of quasi-network microstructure
that contained nano-sized TiBw which was distributed along the grain boundaries of the
TiBw/Ti6Al4V matrix composite. The manufactured TiBw/Ti6Al4V composite had YS, UTS and
elongation of 1039 MPa, 1121 MPa and 8.9%, respectively. These results are attributed to
both microstructural refinement and load bearing strengthening as a result of nano-sized
TiBw that had formed.

Using wire arc AM (WAAM) technique, Wang et al.}” using Ti6Al4V + boron wires as starting
materials, manufactured TiB/Ti6Al4V composite samples that had a refined microstructure
and TiB whiskers with cyclic gradient morphology. The authors reported that the
microstructure refinement was promoted by the gradient distribution of TiB whiskers which
had formed on the B grain boundaries and improved the mechanical properties. The formed
TMC had UTS of 1089 MPa which was 17% higher than that of the Ti6Al4V. The high UTS was
achieved with compromised elongation (that had decreased) and improved tensile strength
(increased).

Niu et al.'® using LMD and premixed Ti—2Fe—0.1B reported the formation of TiB with a 3D
quasi-network structure on Ti—2Fe—0.1B. The highest UTS of 779 MPa was reported and
attributed to both grain size strengthening effects. Xue et al.'3 investigated the microstructure



and mechanical properties of TiB/Ti6Al4V samples manufactured with a DED technique
commonly known as laser solid forming (LSF). It was reported that an increase in boron (B)
content changed the prior 8 grain morphology to short columnar and equiaxed. According to
their results, the TiB presented three types of morphologies, namely, equiaxed-like, fine
needle-like and hollow hexagonal. The YS and UTS were observed to increase with increasing
B content, while elongation decreased.

Finally, Zhang et al.?2 successfully fabricated TiBw/Ti6Al4V composite with direct laser
deposition (DLD), using premixed TiB2/Ti6Al4V powder as the starting material, and reported
that the microstructure of the TiBw/Ti6Al4V composite exhibited dendritic and equiaxed TiB
with network structures, within the Ti6Al4V matrix. In addition, compressive test results
revealed an ultimate compressive strength of 1574 MPa.

The reviewed studies show that manufacturing of TiB/Ti6Al4V with different AM techniques
can lead to different microstructural characteristics with different mechanical properties
being achieved. However, the reviewed literature is limited on the effects of TiB, addition
(micro-alloying or bulk addition) on the microstructure and mechanical properties of
TiB2/Ti6Al4V composites produced or synthesised by LMD. This suggests that for the
development of best performing TMCs, the understanding of the effect of micro-alloying on
microstructural characteristics and room temperature mechanical properties is crucial. This
study extensively investigated the effect of micro-in-situ alloying on the microstructure and
room temperature mechanical properties of laser in-situ synthesised TiB/Ti6Al4V composite
produced using the LMD.

Materials and methods
Materials

A spherical gas atomised Grade 5, pre-alloyed Ti6Al4V powder with particle size distribution
(PSD) in the range 50—100 pum (supplied by TLS ECKART TLS GmbH) and TiB, powder with PSD
in the range 45-100 um (supplied by Nanografi New Technology) were used during
deposition. Scanning electron microscope (SEM) images of the Ti6Al4V and TiB, powders
together with their corresponding PSD curves are presented in Figure 1, respectively. PSD of
the powders was conducted using Microtrac Total Solution particle characterisation
instrument (CSIR). The powders were deposited on a Ti6Al4V base plate with dimensions 100
mm x 100 mm x 6 mm. The base plate was sandblasted before deposition.
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Figure 1. SEM images and PSD curves of the powders, (a) Ti6Al4V, (b) Ti6Al4V PSD, (c) TiB; and (d) TiB,
PSD.

Figure 1(a) shows that Ti6Al4V particles were highly spherical and smooth, with PSD in the
range of 26—-65 um as depicted in Figure 1(b). In contrast, the TiB, particles presented a
mixture of spherical and irregular shapes as can be seen in Figure 1(c), with PSD in the range
of 70—132 um as shown in Figure 1(d).

Methods

Cubic samples of 20 mm x 20 mm x 20 mm dimension were manufactured on a LMD AM
machine that is equipped with IPG fibre laser of 1073 nm wavelength. A schematic diagram
of the LMD process is depicted in Figure 2. The processing system had a KUKA robot arm onto
which the three-way brass nozzle was attached for sample printing. A GTV powder system (D-
57629), equipped with two powder feeding hoppers and a controller to deliver independently
Ti6Al4V and TiB; to the deposition plate through an argon gas as a carrier gas during
deposition. During the in-situ alloying, both Ti6Al4V and TiB, were simultaneously fed into a
laser melt pool whereby Ti6Al4V was deposited at a constant mass feed rate, while TiB;
powder was deposited at varying powder feed rates given in Table 1.
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Figure 2. Schematic diagram of LMD process.

Table 1. Powder feed rates.

Sample name | Powder feed rate (rpm) | Percentage powder feed rate (%)
Ti6Al4V 0 0

TMC-1 0.1 1

TMC-2 0.2 2.83

TMC-3 0.3 3.5

TMC-4 0.4 4.8

TMC-5 0.5 6.3

The powder carrier gas was set at 1.5 L/min during the deposition of all samples. Argon gas
was used as a protective gas, at gas flow rate of 12 L/min to prevent the samples from
oxidising. During the deposition of all the samples, optimised process parameters for laser
power, scanning speed and beam diameter were used. Once produced, the samples were
then allowed to cool to room temperature before they were prepared for metallographic
observations, chemical analyses and mechanical performance.

Metallographic preparations and characterisation

The sample were metallographically prepared using standard grinding and polishing
procedures,! and were etched with Kroll's reagent, a solution containing 100 mL H,0, 1-3 mL
HF and 2—-6 mL HNOs. The metallographically prepared and etched samples were observed
for microstructure using a JOEL JSM-6010PLUS/LA SEM at various magnifications. Phase
analysis was conducted using PANalytical X’'part (PRO-Netherlands) X-ray diffraction (XRD)
machine. The XRD machine was fitted with Cu Ka (a = 0.154 nm) radiation source.

Mechanical testing

Vickers hardness measurements were conducted using Matsuzawa Seiko Vickers model MHT-
1 micro-hardness machine. All measurements were done using a diamond tip indenter, while
applying a force of 300 gf and dwell time of 10 s. For all samples, three hardness patterns



were measured, and the average was calculated as the overall hardness of the material.
Tensile test measurements were conducted using profilometry-based indentation
plastometrex (PIP) (PLX-P-0006) machine. Tensile measurements were conducted using a
spherical indenter of 1.0 mm radius, and applying a force of 5566 N. It is important to note
that three steps are involved in determining the tensile properties of the TiB/Ti6Al4V samples.
First step involves pushing a hard indenter into the samples with a force of 5566 N, second
step is measuring the radially symmetric profile of the indent, and the third step is iterative
simulation of the test until the best fit set of true stress—true strain plasticity parameter values
are obtained.®

Results and discussions
Microstructure

The SEM micrographs of the TiB/Ti6Al4V samples at various mass flow rates are given in
Figure 3. As seen from Figure 3(a), the microstructure of the sample at powder feed rate of 0
rom presented large columnar prior B grains. Inside the B grains, a fully martensitic a'-
structure was presented as shown in Figure 3(a). It must be noted that the martensite a'-
phase presented two types of morphologies, namely thinner and thicker laths (Figure 3(a)). It
is well-known that the martensite a’-phase forms because of phase transformation from
primary B-phase during cooling and solidification of the sample as a result of high cooling
rates, associated with LMD process.'* The same type of martensitic a’ microstructure is
reported in literature on Ti6Al4V samples manufactured with laser AM techniques.'®-2?

Columnar

Equiaxed 118 network

TiB ncrwork

-quiaxed
§ 111 netwaork

Figure 3. SEM micrographs of the TiB/Ti6Al4V samples at various TiB, mass flow rates, (a) 0 rpm, (b)
0.1 rpm, (c) 0.2 rpm, (d) 0.3 rpm, (e) 0.4 rpm and (f) 0.5 rpm.



Figure 3(b) shows that the powder feed rate of TiB; at 0.1 rpm resulted in a major
microstructural change. Firstly, the matrix was changed from martensitic a’ to fully lamella
a+ B, suggesting slow cooling during the solidification process.'®?? In other words, the
Ti6Al4V matrix was refined by the addition of TiB,. Secondly, the microstructure of the latter
sample consisted of weakly connected in-situ synthesised TiB whiskers with columnar and
equiaxed morphology, distributed within the lamella a + f matrix as shown in Figure 3(b). The
weak connection of the TiB whiskers was attributed to the lower TiB, deposition volume of
1%.° Moreover, the formation of the TiB was attributed to the in-situ reaction between the
molten Ti6Al4V and TiB; during the LMD process according to reaction (1).2

According to the literature, the Gibbs free energy (AG) of formation for reaction (1) is -10
kcal/mol, from which the negative sign clearly indicates spontaneous reaction for the
formation of TiB.%>?° Figure 3(b) shows that the formation of the TiB occurred at the grain
boundaries of the parent B-Ti grains. According to Pan et al.,'® the formation of TiB at the B-
Ti grain boundaries is due to boron (B) rich layers around B-Ti nuclei in the meltpool, which
result in TiB precipitation and gradual accumulation along B-Ti grain boundaries. In contrast,
Dolgun et al.?! reported that the TiB whiskers are preferably formed on the boundaries of the
B-Ti due to high surface tension created by the steep thermal gradient between the edges of
the molten pool.

Figure 3(c) shows that by increasing the powder feed rate of TiB; to 0.2 rpm resulted in a
noticeable grain size decrease of the TiB networks. The grain size decrease was obviously
associated with the increased volume of TiB;, which promoted the formation of more TiB
whiskers, and resulted in a slight increase in the number of columnar and equiaxed TiB
networks in the lamella a +  matrix. At the same time, the connection of the network TiB was
becoming clear, with the formation of shorter and longer needle-like TiB whiskers becoming
defined (Figure 3(c)). This observation might be due to the increase in the amount of boron
in the titanium matrix. According to Huang et al.,'” the size of the TiB whiskers together with
their spatial distribution is directly related to the mechanical properties. Moreover, the TiB
network morphology is known to exhibit improved ductility and high temperature durability
by prohibiting grain boundary softening.*” It is obvious from Figure 3(d) that a further increase
of the mass flow rate to 0.3 rpm resulted in an increase in the number of the formed short
and needle-like TiB whiskers, while the matrix remained lamella a+B. Furthermore,
increasing the powder feed rate to 0.3 rpm resulted in a random distribution and length
increase of the TiB whiskers as can be seen in Figure 3(d). Due to the higher amount of TiB,,
the random distribution of the TiB whiskers promoted the dissolution of the columnar and
equiaxed network morphologies. In other words, the formation of the TiB whiskers at the B-
Ti grain boundaries was becoming undefined.

Figure 3(e) clearly shows that increasing the powder feed rate to 0.4 rpm resulted in the
complete spreading of the formed TiB whiskers. This implies a complete dissolution of the
columnar and equiaxed network structures. In addition, the length of the TiB whiskers was
further increased. More precisely, it was observed from Figure 3(e) that some of the formed



TiB whiskers were connecting to form a more defined and elongated morphology. The formed
long TiB whiskers were longer than the samples deposited at powder feed rates of 0.1, 0.2
and 0.3 rpm (Figure 3). It is important to note that the matrix remained lamella a+f
regardless of the change in the TiB characteristics. However, the sizes of the lamella a + 8
phases were slightly decreased as can be seen in Figure 3(e). The decrease in the lamella o + B
phases was attributed to the formation of TiB which is known to inhibit the matrix grain
growth.?* It is obvious from Figure 3(f) that increasing the powder feed rate to 0.5 rpm
promoted an increase in the size and thickness of the formed TiB whiskers. The increase in
size and thickness was followed by a decrease in the size of the matrix lamella a + B phases.
It is understood that the random distribution together with the increase in size and thickness
was due to the high amount of TiB, present in the titanium matrix. In addition, the
microstructure of the sample deposited at 0.5 rpm showed two types of TiB whiskers, namely,
elongated TiB and short thicker TiB as shown in Figure 3(f).

The microstructure of the sample deposited at a powder feed rate of 0 rpm TiB; presented
large grained B-grains with martensitic a’ phase (Figure 3(a)). The addition of TiB, at 0.1 rpm
to the titanium bulk matrix transformed the microstructure by forming TiB whiskers on the
grain boundaries of the parent B grains, which resulted in a major refinement of the 3 grains
into smaller equiaxed and columnar morphologies (Figure 3(b)). An increase in powder feed
rate to 0.2 rpm decreased the size of the equiaxed and columnar B grains and promoted the
formation of more defined TiB whiskers. Moreover, 0.2 rpm resulted in a noticeable decrease
in the size of the lamella a + B phases of the matrix. A slight increase in random distribution
of the TiB whiskers was observed when the powder feed rate was increased to 0.3 rpm, with
their length noticeably increasing (Figure 3(d)). The addition of TiB; at a powder feed rate of
0.4 rpm resulted in the complete dissolution of the equiaxed and columnar grains and
promoted random distribution of the TiB whiskers. While the random distribution of the TiB
whiskers was increased when the powder feed rate was increased to 0.5 rpm, their size and
length were also increased which promoted further size decrease of the lamella o + 8 phase
of the matrix. For further analysis of the samples, the phase identification using XRD was
conducted, and the results are presented next.

Phase identification

XRD patterns showing the phases for Ti6Al4V and TMC samples at various powder feed rates
are reported in Figure 4. Figure 4(a) shows that the sample deposited at 0 rpm presented only
the martensite a’-Ti phase. This observation supports the microstructure observation where
a fully martensitic structure was observed for the Ti6Al4V sample (Figure 3(a)). In contrast,
the sample deposited at a powder feed rate of 0.1 rpm showed the presence of three phases,
namely, a-Ti, B-Ti and TiB. It must be noted that no TiB; peak was observed, implying the
occurrence of an in-situ reaction between the molten Ti6Al4V and TiB;. Figure 4(b) revealed
that the addition of TiB; at 0.1 rpm resulted in the introduction of the B-Ti phase with planar
(1 01) at 28 value of 40.85° and TiB phases for planar peaks (201), (11 1) and (2 10) at 2¢
value of 35.78°, 38.83° and 42.79°, respectively. Moreover, deposition at 0.1 rpm was
followed by a noticeable improvement in all the diffraction peaks (Figure 4(b)). The
improvement in diffraction peaks was attributed to the addition of TiB,. All the diffraction
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peaks dropped when the powder feed rate was increased to 0.2 rpm. The drop in diffraction
peaks might be due to the in-situ reaction reaching its saturation point. In addition, the B-Ti
phase (10 1) at 29 value of 40.85° disappeared when the powder feed rate was increased to
0.2 rpm. However, an additional TiB phase with planar (2 0 1) was observed at a 2 value of
54.27°. Interestingly, all the diffraction peaks were prominently increased when the powder
feed rate was increased to 0.3 rpm, with the B-Ti peak (1 0 1) at 40.85° observed as depicted
in Figure 4(d). Increasing the powder feed rate to 0.4 rpm resulted in a noticeable decrease
in all the diffraction peaks, followed by a slight improvement of the B-Ti peak (10 1) at 28
value of 40.85°. A further increase of the powder feed rate to 0.5 rpm resulted in the most
increase in all the phase peaks, while the TiB peak at (2 0 1) disappeared. This observation
was associated with the higher amount of TiB; in the titanium matrix.
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Figure 4. XRD patterns of the TiB/Ti6Al4V at various TiB, mass flow rates, (a) 0%, (b) 0.1 rpm, (c) 0.2
rom, (d) 0.3 rpm, (e) 0.4 rpm and (f) 0.5 rpm.

Hardness

The average hardness profile and values of the TiB/Ti6Al4V sample are presented in Figure 5
and Table 2, respectively. Both Figure 5 and Table 2 show that the sample deposited at 0 rpm
gave the lowest hardness profile and average hardness value of 400 + 15 HV. It was obvious
that the low hardness was associated with the fully martensitic a’ microstructure that was
observed in Figure 3(a).?>"*> The hardness was remarkably increased to 474 + 10 HV when TiB;
was added at 0.1 rpm to the Ti6Al4V. The increase in hardness was attributed to the formation
of hard TiB whiskers®?® in the titanium matrix as observed on the microstructure in
Figure 3(a). According to the literature, the increase in hardness promoted by the formation
of the TiB can generally lead to improved wear resistance and stiffness.?%?”
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Figure 5. Average hardness profile of the TiB/Ti6Al4V at various mass flow rates.

Table 2. Average hardness of the TiB/Ti6Al4V.

Sample HVo3

Orpm 400+ 15
0.1 rpm 474 + 10
0.2 rpm 472 +11
0.3 rpm 473 +20
0.4 rpm 480+ 17
0.5rpm 511+13

Table 2 further shows that increasing the powder feed rates to 0.2 rpm and 0.3 rpm did not
initiate any major change in hardness since the hardness values of the latter samples were
quite similar. The similarity in hardness values was attributed to the similar microstructural
characteristic whereby equiaxed and columnar TiB grains were observed in lamella a+f
matrix (Figure 3(b)—(d)). A slight increase in hardness to 480 + 17 HV was observed when the
powder feed rate was increased to 0.4 rpm. The slight hardness increase was attributed to
the random distribution of the TiB whiskers that promoted grain refinement of the matrix's
lamella a + B phases and dissolution of the equiaxed and columnar grains according to the
Hall-Petch relationship given in equation (2).%8
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where HV is the hardness, d is the grain size, HVo and ky are the material constants
representing the hardness of a grain-free material and the hardening coefficient, respectively.
Therefore, smaller grains will result in increased hardness. A noticeable increase in hardness
to 511+13 HV was observed when the powder feed rate was increased to 0.5 rpm as
presented in Figure 5 and Table 2. It was obvious that the increase in hardness was attributed
to random distribution and an increase in the size of the TiB whiskers which was promoted
by the high volume of TiB; (Figure 3(f)).

Profilometry-based inverse indentation plastometry (PIP)

Figures 6 and 7 and Table 3 give representatives of the nominal stress—strain curves, graphs
of tensile strengths and a summary of the tensile properties for the TiB/Ti6Al4V samples at
various powder feed rates. The sample deposited at 0 rpm achieved the lowest yield strength
(YS) and UTS of 988 + 16 MPa and 1092 + 12 MPa, respectively, as presented in Figure 7 and
Table 2. It is obvious that the low strength was associated with the unreinforced
microstructure. The results were comparable to those of Keist et al.,>®> who reported YS and
UTS of 961 + 40 MPa and 1072 £ 33 MPa, respectively, on Ti6Al4V samples manufactured with
LMD. Both the YS and UTS were significantly increased to 1315 + 42 MPa and 1510+ 21 MPa
when the TiB; was added at a powder feed rate of 0.1 rpm. The increase in strength was
attributed to the formation of connected equiaxed and columnar TiB whiskers.2'>® This
implies that the introduction of TiB; strengthened the titanium matrix. It is important to note
that the sample deposited at a powder feed rate of 0.1 rpm gave the highest YS compared to
all the other samples. Increasing the powder feed rate to 0.2 rpm resulted in a further
increase in UTS to 1602 + 25 MPa. However, the YS was decreased to 1213 + 54 MPa. The
increase in UTS might be due to the formation of more defined TiB whiskers observed on the
microstructure in Figure 3(b). Moreover, the 0.1 rpm sample achieved similar elongation to
the Ti6Al4V sample as presented in Figure 6.
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Table 3. Profilometry-based tensile properties of the Ti6Al4V and TMCs samples.

Mass flow rate YS (MPa) UTS (MPa)
0rpm 988 + 16 1092+ 12
0.1 rpm 1315+42 151021
0.2 rpm 1213 +54 1602 * 25
0.3 rpm 1166 + 56 1533+ 28
0.4 rpm 1222 £32 1716 £ 25
0.5 rpm 1207 £37 1745+ 24
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A noticeable decrease in both YS and UTS was observed when the powder feed rate was
increased to 0.3 rpm as presented in Figure 7 and Table 2. The decrease in strength was
attributed to the slight dissolution of the columnar and equiaxed grains (Figure 3(d)) which
promoted some random distribution of the TiB whiskers (Figure 3(d)). Moreover, the
decrease in strength was followed by an increase in elongation as can be seen in Figure 6.
Increasing of TiB, powder feed rate to 0.4 rpm resulted in a noticeable increase in both YS
and UTS to 1222 + 32 MPa and 1716 + 25 MPa, respectively, with elongation also increasing
prominently. In fact, the 0.4 rpm sample gave the highest elongation as compared to the
other TMC samples. This major increase in strength was attributed to both the matrix grain
size decrease (lamella a + B phases) and the size and length increase of the TiB whiskers
(Figure 4(e)).*>?8 According to the Hall-Petch equation, the relationship between grain size
(d) and YS (o) can be given in equation (3).

ky
Vd

o= o9+
(3)

where gp and ky are material constants representing the YS of a grain-free material and
strengthening coefficient, respectively. Therefore, smaller grain sizes will effectively
strengthen the material by blocking dislocation motion.?® Figure 7 and Table 2 further show
that increasing the powder feed rate to 0.5 rpm resulted in an increase in UTS to 1745 + 25
MPa, at a slight decrease in YS. The above reason accounts for this observation. It must be
noted that the 0.5 rpm sample gave the highest UTS value attributed to Hall-Petch
strengthening. Moreover, Huang et al.3° reported that TMCs with the random distribution of
the reinforcements exhibit strength enhancement but are accompanied by serous high
temperature brittleness.

The deposition of TiB; at varying powder feed rates into the bulk matrix of Ti6Al4V plays an
important role in the solidification history of the molten pool during LMD, which mainly
impacts the microstructure evolution and resulting mechanical properties in hardness, YS and
UTS. As can be seen from the results, depositing Ti6Al4V without the addition of TiB; with
LMD results in a columnar B grained microstructure, with fully martensitic a’-phase as shown
in Figure 3(a) due to high cooling and solidification rates in the range 103 to 10° K/s,%%3! which
was characterised by the lowest hardness, YS and UTS of 400+ 15 HV, 988 + 16 MPa and
1092 + 12 MPa, respectively. The martensite a’-phase is transformed from the full B-phase
through a diffusionless process upon cooling of the sample during LMD.3? Moreover, the
martensite a’ microstructure is not suitable for applications in medium and high temperature
environments due to its metastable nature and microstructural anisotropy promoted by
columnar B grains.'”?% Introducing smaller amounts of TiB; into Ti6Al4V matrix (0.1, 0.2 and
0.3 rpm) leads to the formation of in-situ synthesised TiB reinforcements (reaction 1) on the
grain boundaries of the B-phase, with refined equiaxed and columnar network distribution
(Figure 3(b) and (c)) in a lamella a + B matrix, whereas adding higher amounts (0.4 and 0.5
rpm) result in random distribution of the TiB whiskers, with their length and size increasing
with the powder feed rate of TiB,. The solidification path for the formation of formed TiB
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whisker in the lamella a + B matrix during LMD is demonstrated by the TiB pseudo-binary
phase diagram presented in Figure 8.
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Figure 8. Pseudo-binary phase diagram of TiB."’

The XRD results in Figure 4 showed the presence of martensite a’ phase on the 0-rpm sample
and three phases (a-Ti, B-Ti, TiB) after the addition of TiB,, irrespective of the powder feed
rate. The formation of these phases follows the same solidification path as shown in Figure 8
(Liquid = Liquid + primary B-Ti = B-Ti+TiB = a-Ti+ B-Ti+ TiB). In other words, both the
Ti6Al4V and TiB, powder are melted during LMD and solidify into a-Ti, B-Ti and TiB upon
cooling. However, the morphology, size and distribution characteristics of the TiB are
determined by the added amount of TiB,. For example, the microstructures of the samples
deposited at lower powder feed rates (0,1, 0.2 and 0.3 rpm) formed connected TiB whiskers
at the defined columnar and equiaxed B grain boundaries, with the B grain size decreasing
with increasing powder feed rate. As explained in Section ‘Microstructure,” the formation of
TiB on the B grain boundaries was promoted by both TiB rich liquid and B-phase growth that
transforms into B + TiB during solidification, through eutectic reaction, leading to the B grain
surrounded by TiB whiskers,?3 leading to increased hardness, YS and UTS as presented by
Figures 5 and 7 and Tables 2 and 3. The increase in the respective mechanical properties is
associated with the formation of in-situ TiB whiskers together and equiaxed and columnar
grain morphology. Meanwhile, a decrease in grain size of these columnar and equiaxed
networks was observed when the powder feed rate was increased to 0.2 rpm, but the matrix
remained lamella a + B (Figures 4(b) and (c)). According to Fereiduni et al.,?® the formed TiB
whiskers are considered highly stable in titanium matrix and cause restricted grain boundary
movement and further act as strong barriers for mobile dislocations, leading to improved high
temperature performance.

On the contrary, increasing the powder feed rates to higher values of 0.4 and 0.5 rpm results
in the complete dissolution of the equiaxed and columnar B grains, promoting the random
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distribution of the TiB whiskers (Figures 3(e)—(g)) with greatly enhanced hardness, YS and UTS.
In fact, the sample that was deposited with the highest powder feed rate of 0.5 rpm gave the
highest hardness and UTS of 511+ 13 HV and 1745+ 24 MPa, respectively. It is worth
mentioning that the size and length of the TiB whiskers increased with increasing deposition
volume, which resulted in a decrease in the sizes of the matrix lamella a + B phases (Figure 4).
The growth in length and size resulted from the connection between the smaller and bigger
TiB whiskers promoted by the high amount of boron in the titanium matrix following the
Ostwald Ripening mechanism, which states that larger TiB needles get bigger at the expense
of smaller ones.?* Fereiduni et al.?® reported that the formation of bigger TiB whiskers plays
an important role in the improvement of creep performance. Wang et al.'” reported that
random distribution of the TiB whiskers promotes excellent tensile properties on TiB/Ti6Al4V
composite.

Conclusion

In this work, cubic in-situ synthesised TiB/Ti6Al4V composites were manufactured with LMD
technique and the effects of adding TiB; into Ti6Al4V matrix on microstructure, hardness and
tensile properties were investigated. The following conclusions are drawn:

e The addition of a smaller amount of TiB; into Ti6Al4V promotes the formation of TiB
reinforcements equiaxed and columnar morphologies at the refined B grain
boundaries, with enhanced hardness, YS and UTS.

e The addition of a higher amount of TiB, into Ti6Al4V results in the complete
dissolution of the equiaxed and columnar B grains, resulting in a random distribution
of the TiB whiskers a microstructure with randomly distributed TiB whiskers with
enhanced UTS.

e The size and length of the TiB whiskers and lamella a+ [ matrix increases with
increasing deposition volume.

e The highest powder feed rate of 0.5 rpm gave the largest and longest TiB whiskers and
the most enhanced mechanical properties, with hardness, YS and UTS reaching
maximum values of 511 + 13 HV, 1315 + 42 MPa and 1745 + 24 MPa.
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