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Abstract: Pressureless sintering was employed at 1400°C to synthesize Ti matrix composites (TMCs) reinforced with

in-situ TiB and TiC reinforcements using TiB2 and B4C initial reinforcements. The microstructure and wear behavior
of the synthesized composites were evaluated and compared and the results showed that B4C caused the formation
of TiB-TiC in-situ hybrid reinforcements in the Ti matrix. Also, TiB was in the form of blades/needles and whiskers,

and TiC was almost equiaxed. Moreover, the volume fraction of the in-situ formed reinforcement using B4+C was
much higher than that formed using TiB:. In addition, although the hardness of the B4C-synthesized composites was
higher, the composite synthesized using 3 wt.% TiB: exhibited the highest hardness (425 HV). The wear test results
showed that the sample synthesized using 3 wt.% TiB2 showed the lowest wear rate at 50 N, mainly because of its
higher hardness. The dominant wear mechanism in the samples synthesized using 3 wt.% B+C was abrasive and
delamination at 50 N and 100 N, respectively while in the samples synthesized using 3 wt.% TiBz, a combination of
delamination and adhesive wear and adhesive wear was ruling, respectively.
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1. INTRODUCTION

The incorporation of ceramic reinforcements to
titanium and Ti-alloy matrices overcomes the
weaknesses of these materials, such as high-
temperature strength, which restricts the use of Ti
and its alloys in industrial applications [ 1]. Hence,
Ti matrix composites can be employed in various
industries, including biomedicine [2], transport
[3], aerospace [4], and defence [5]. Various ex-
situ and in-situ reinforcements have been used to
synthesize TMCs, such as carbides [6], nitrides
[7], oxides [8], and hybrid ones [9]. However, the
synthesis of in-situ reinforcements offers higher
thermodynamic  stability = and  enhanced
matrix/reinforcement bonding, causing better
physical, mechanical, and wear properties than
those using ex-situ reinforcements [10, 11].
Moreover, a more homogenous distribution of the
reinforcements can be achieved along with the
formation of contamination-free interfaces [9].
Also, the synthesis of hybrid in-situ
reinforcements could exhibits an improved
strengthening effect compared with an increase in
the reinforcement content [12].

There are various methods for producing Ti-
matrix composites reinforced with in-situ
reinforcements, such as hot isostatic pressing
[13], hot pressing [14], and pressureless sintering
[15]. Since pressureless sintering is capable of
sintering complex shapes and is a relatively
inexpensive method, it is receiving growing
attention [16].

There are numerous studies on the evaluation of
microstructures and mechanical properties of in-
situ TMCs. For instance, Zheng et al. [17]
investigated the wear behavior of Ti6AI4V alloy
reinforced with various amounts of TiB+TiC
using B4C as the initial additive to form the
reinforcement. They reported that by increasing
the TiB+TiC content, the degree of wear
decreased since the hardness increased. Sousa et
al. [18] studied the tribocorrosion resistance of Ti-
TiB-TiC composites obtained by reactive hot
pressing under low loads such as 0.5 N. Again,
they used B4C particles to achieve the in-situ
reinforcements and found that using TiB-TiC
reinforcement could significantly reduce the wear
volume loss owing to hardness increase. Ma et al.
[19] used the reaction between B4C and Ti-1100
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alloy in a consumable vacuum furnace to create
TiB+TiC reinforcement and investigated the
microstructure and mechanical properties. They
deduced that the composite sample exhibited
enhanced tensile strength values (694.8, 669.1,
and 676.4 MPa) compared with the monolithic Ti-
1100 alloy (610.6, 586.2, and 556.1 MPa) owing
to the strengthening effect of the reinforcement on
the matrix as well as the load transfer to
reinforcements. Therefore, it can be seen that
almost all the papers dealing with the formation
of TiB-TiC reinforcement in Ti matrices used B4C
particles. In this study, TiB, and B4C particles
were employed as the starting materials to form
in-situ reinforcements in a pure Ti matrix. The
microstructures, hardness, and wear properties
obtained from TiB; and B4C initial additives were
compared.

2. EXPERIMENTAL PROCEDURES

To synthesize Ti/TiC+TiB composites, titanium
powder was blended with 1, 2, and 3 wt.% B4C
powders in a jar mill at 80 rpm for 5 hours to
obtain a homogenous powder mixture, followed
by pouring the powder mixture into a mold with a
diameter of 4 cm. Then, the mold was kept in a
furnace for 1 hour at 250°C. Next, compressing at
550 MPa using a hydraulic press was done
for 30 minutes. After cooling the mold in the
furnace, cylindrical samples with dimensions of
4 cm X 4 mm were achieved.

The next step was to sinter the samples in a
furnace under pure argon at 1400°C for
90 minutes with a heating rate of 10°C/min.
The same process was repeated for the TiB»
powder with the same amounts. The reason
for selecting the above-mentioned parameters
was to try other parameters and achieve not good
enough results. For example, a sintering
temperature of 1200°C did not result in the
completion of reactions that caused in-situ
reinforcements.

The micrographs of the as-received Ti, B4C, and
TiB; can be found in Fig. 1.

Scanning  electron  microscopy  (SEM-
Vega//Tescan) equipped with an energy dispersive
spectroscopy (EDS) detector was employed to
evaluate the as-prepared samples. The surface
of the samples was ground using SiC
papers. Then, alumina particles (particle size
~ 3 um) were used to polish the samples,
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followed by etching in Kroll’s reagent (5 ml HF
+ 10 ml HNO; + 85 ml distilled water). The
holding time in the reagent solution was 10-30
seconds.
The micro-hardness measurements were done
using a Vickers indenter by applying a 30 kgf load
with a dwell time of 20 s. The data reported was
the average of at least five measurements
according to the ASTM E92-82 standard. Porosity
measurements were carried out using the
following formula [20]:
P=1- Pac

Pth
where p.c is the actual density of the samples

measured by Archimedes’ principle [21] and pu is
the theoretical density calculated by the rule of
mixtures.

Dry wear tests (pin-on-disc mode) were
conducted at room temperature, a sliding distance
of 1000 m, a sliding velocity of 0.6 m/s, and the
applied loads of 50 N and 100 N. The ASTM
standard used to perform the wear tests was the
ASTM G99.

3. RESULTS AND DISCUSSION

3.1. Microstructural Observations

Figure 2 depicts the SEM micrographs
of Ti/TiC+TiB composite synthesized using
B4C particles. As can be seen, almost no
porosity can be found, which can be related to
the high synthesis temperature chosen since
at 1300°C with the same additives and
process, porosity was seen in the microstructure
[9].

The other noteworthy point is the formation of
TiB as both needles/blades and whiskers.
The formation of TiB needles/blades has
been reported by some researchers [22, 23],
while the formation of TiB whiskers is in
agreement with the results reported by other
works [24]. The formation of TiB and TiC can be
proved by both the EDS analysis result in Fig. 3
and XRD patterns in Fig. 4. In addition, it
could be deduced that no unreacted B4C was
present in the structure or its amount was so low
that could not be detected by the XRD analysis
(Fig. 4). Moreover, it can be stated that with an
increase in the B4C content (as can be seen in Fig.
2¢), the amount of the whiskers formed increased,
and the fibers became more aligned in one
direction.
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On the other hand, TiC can be seen in the form of
almost equiaxed particles with an aspect ratio of
about 1. Moreover, the EDS analysis of points A
and B in the SEM micrographs of Fig. 2 can be
seen in Fig. 3. It can be seen that point A consisted
of Ti, B, and C, while point B contained Ti and B.
Therefore, it could be stated that the formation of
TiB-TiC hybrid in situ reinforcement in the
samples synthesized using B4C was confirmed.

Figure 5 shows the SEM micrographs of
Ti/TiC+TiB composite synthesized using TiB»
particles. In these samples, unlike the samples
fabricated using B4C, porosity can be seen in the
region of the formation of the reinforcement. The
measured porosity percentages are presented in
Table 1. As the results show, the porosity of the
samples that were synthesized using TiB;
particles is around 2.5 higher than their

- \\O v 2
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ved powders: (a) Ti, (b) B4C, (c) TiB..
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Fig. 1. Micrographs of the as-recei

counterparts synthesized using B4C. This can be
ascribed to the higher sinterability of B4C than
that of TiB,. According to the literature, at the
same temperature, the relative density of B4C was
around 82.3% [25] while that of TiB, was about
67% [26].

The microstructures of Fig. 5 also show that the
in-situ TiB reinforcement is in the form of
whiskers/blades in most regions along with
almost equiaxed particles with a lower
contribution. However, when 3 wt.% TiB, was
used, and the contribution of equiaxed TiB was
more outstanding. More interestingly, this
reinforcement was not integrated, but each
blade/needle consisted of many pieces. Moreover,
it seems that with an increase in the TiB: content,
the orientation of TiB whiskers/blades became
more random, and they became closer to each other.
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Fig. 4. XRD patterns of the samples synthesized
using B4C.

80

This led to the accumulation of the reinforcement
in some regions and depletion of the matrix from
the reinforcement in other ones, which could be
another negative result. In other words, the
distribution of the reinforcement was
inappropriate. Also, as expected, when TiB, was
used, the reinforcement formed was only TiB.
Fig. 5f shows the SEM micrograph of the sample
synthesized using 3 wt.% TiB.. In this sample,
one can see the formation of a few whiskers in the
microstructure. However, if compared with Fig.
2f, the sample synthesized using 3 wt.% B4C
contained much more fibers formed mostly in one
direction. This may be explained by the fact that
TiB, is a ceramic with an anisotropic coefficient
of thermal expansion (CTE), which has different
values of CTE along crystallographic axes [27].
Hence, when cooled from high temperatures, the
formation of whiskers can be expected but not in
one direction. Therefore, it could be deduced that if
the formation of TiB whiskers is favored, B4C will
be more desired at relatively high temperatures.

The other important conclusion is that a crack can
be seen in one of the fibers in Fig. 5f, which shows
that this sample is susceptible to cracking, while
no cracks were found in the samples synthesized
using B4C particles. This can be also explained by
the difference in the CTE of Ti, B4C, and TiB,.
The CTE of Ti at 1400°C is about 4.76x107 K'!
[28], while that of B4C is 2.52x10° K! [27]. On

the other hand, TiB; has an anisotropic CTE, i.e.,
it has different CTEs along ¢ and crystallographic
axes, which are 7.19x10¢ K" and 9.72x10°K"!,
respectively [27]. Therefore, it can be seen that
the CTE mismatch between Ti and TiB,, in both
axes, is higher than that between Ti and B4C,
leading to an increased possibility of crack
formation when synthesizing using TiB. On the
other hand, as stated by Basu et al. [27], TiB, with
an anisotropic CTE, often develops microcracks
when they are cooled from high temperatures.

In addition, the EDS analysis of point C, as an
example, showed atomic percentages of 45.04
and 54.96 for boron and titanium, respectively.
Therefore, the formation of TiB was confirmed.
The EDS analysis of other points shown by the
arrows in Fig. 5 showed similar values of Ti and
B. In addition, the XRD patterns of the samples
synthesized using TiB; in Fig. 6 confirm the
absence of other phases rather than TiB.

Figure 7 displays the variations of the size and
amount of the in-situ reinforcements formed with
the different additives used at 1400°C measured
using the Imagel software. As can be seen, the
volume fraction of the in-situ reinforcement
formed using B4C was much higher than that
formed using TiB; so the volume fractions were
5.5, 9.2, and 15.7 % for using 1, 2, and 3 wt.%
B4C, respectively, while the volume fractions
were 1.5, 2.6, and 4.0% for using 1, 2, and 3 wt.%
TiB,, respectively. Fig. 7b shows that the amount
of the in-situ reinforcements increased with an
increase in the starting material in both cases. This
was expected because when a higher amount of
additive is available, more material enters the
reaction of the formation of the in-situ
reinforcement, and more amounts of the reaction
product will be obtained. Comparing the results
of both starting materials, it could be found that
finer particles can be achieved when the TiB»
additive was employed, while the uniformity of
the particle shape decreases since most of the
particles formed were of needle/blade type.

Table 1. Porosity percentages of the samples.

Additive Weight percentage Porosity (%)
B4C 1 1.55
B4C 2 1.63
B4C 3 1.78
TiB, 1 4.42
TiB, 2 4.48
TiB, 3 4.56
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Fig. 5. SEM micrographs of the samples synthesized using TiB2: a,b) 1 wt.% TiB», c,d) 2 wt.% TiBo. e,f) 3 wt.%
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This can be found from the standard deviation of  particles were achieved while they were more
the data in Fig. 7b. However, using B4C, coarser ~ uniform since more equiaxed particles could be
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obtained in this case. The formation of finer in-
situ reinforcement can be ascribed to the
fragmentation of the particles formed when TiB»
was used. As mentioned earlier, a high CTE
mismatch between titanium and TiB, led to the
propagation of cracks in the in-situ reinforcement,
causing the fragmentation of these particles and a
reduction in the particle size.

. e Ti
= TiB
3 wt.% TiB: f ” A j A A
1 wt.% TiB: A_‘ _.}L -

20 30 40 50 60 70 80
26 (degree)

Fig. 6. XRD patterns of the samples synthesized
using TiB,.

In general, it was understood that although the use
of TiB, led to the formation of finer in-situ
reinforcement particles, B4C could cause the
creation of a hybrid reinforcement, reinforcing
particles with a more uniform particle size and a
higher amount of the reinforcement at the same
temperature. The other important conclusion is
about the distribution of the in-situ
reinforcements. When using B4C, with an
increase in the B4C content, the distribution of the
in-situ reinforcement became more uniform since

o
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14 - —8-BiC  —TiB2

4
24 /

0 T T T
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(=]
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2 3
Content of starting material (wt.%)

a higher fraction of the matrix was covered with
the reinforcement, i.e., more points throughout
the composite was occupied by the reinforcement
(Fig. 2). However, when using TiB», an opposite
trend was observed (Fig. 5), i.e., with an increase
in the TiB; content, more unoccupied areas could
be found in the composite and the accumulation
of the synthesized reinforcement was seen.

3.2. Hardness

Figure 8 shows the variation of hardness by using
various amounts of B4C and TiB.. It can be seen
that with 1 and 2 wt.% starting materials, the
hardness of the composites fabricated is relatively
higher using B4C but not to a great extent,
whereas the sample synthesized using 3 wt.% B4C
exhibited a much lower hardness (378 HV) than
that synthesized using 3 wt.% TiB, (425 HV).

Considering the volume fraction of the in-situ
reinforcement in Fig. 7a, it can be understood that
although using 3 wt.% TiB: led to a much lower
content of the in-situ reinforcement than using 3
wt.% B4C, it came with a higher hardness. This
can be explained by the type and shape of the in-
situ reinforcement formed in the composite. As
mentioned earlier, B4C led to the formation of
TiB-TiC reinforcement while TiB, caused the
synthesis of TiB in the composite. Bhat et al. [1]
reported that the former exhibited a lower
hardness (1351 HV) than the latter (1020 HV). Yi
et al. [2] compared the hardness of Ti/TiB and
Ti/TiB-TiC systems synthesized by the same
method from two different studies and showed that
the former had a higher hardness than the latter.

b

s
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—a—BiC ——TiB2

— [
= L
1 1

In-situ reinforcement size (Lum)
Ln
1

0 T T T
0 1 2 3 4

Content of starting material (wt.%)

Fig. 7. Variations of a) volume fraction of the in-situ reinforcements and b) in-situ reinforcement size with the
additive content.
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This can be explained by the distribution of the
reinforcements. In this sample, in some regions,
extraordinary hardness values were achieved due
to the accumulation of in-situ reinforcement while
in some others, low values could be reported
owing to the presence of only Ti matrix. In
addition, the higher porosity percentage of the
composite synthesized could contribute to a
decrease in the hardness of some regions of the
composite. The other reason may be the
difference in morphology of the in-situ
reinforcement in the two composite systems,
which leads to the different toughening
mechanisms, which in turn affects the mechanical
properties of the material [22].

Moreover, as can be seen in Fig. 8, the error bar
of the sample synthesized using 3 wt.% TiB, was
larger than that fabricated using 3 wt.% B4C. This
can be explained by the distribution of the
reinforcements. In the sample synthesized using 3
wt.% TiB,, in some regions, extraordinary
hardness values were achieved due to the
accumulation of in-situ reinforcement while in
some others, low values could be reported owing
to the presence of only Ti matrix. In addition, the
higher porosity percentage of the composite
synthesized could contribute to a decrease in the
hardness of some regions of the composite.
However, the hardness of both Ti matrix
composites using 3 wt.% TiB; and B4C in this
study was higher than similar composites
fabricated using the spark plasma sintering
process (363 HV) [29].

400 4 —8—B4iC ——d— TiB2

Hardness (HV)

250 T T T
0 1 2 3 4

Content of starting material (wt.%)
Fig. 8. Variation of hardness with the additive
content.

3.3. Wear Behavior
According to Fig. 9, in both types of starting

materials, the wear rate increased with an increase
in the load. Also, by increasing the content of both
starting materials, the wear rate decreased, which
was expected because the presence of reinforcing
particles increases the hardness and improves
wear resistance. By increasing the amount of the
reinforcing phase, the distance between the
particles decreased, and the number of hard
particles under contact and wear per unit length
increased drastically, and as a result, the wear
resistance increased [30]. According to the well-
known Archard’s relationship, hardness has an
inverse relationship with wear rate [31]. This
relationship states that with an increase in the
hardness, the wear resistance increases, i.e., the
wear rate decreases. Therefore, according to the
hardness results in Fig. 4, it can be seen that the
measured wear rates for different samples are
completely consistent with this issue. In the
samples synthesized using boron carbide, with an
increase in the weight percentage of B4C, the
hardness increased, and the wear rate decreased.
This is also true about the TiB; starting material.
Also, if the wear rates of the composites
synthesized with B4C are compared with those
synthesized using TiB,, one can see that with 1
and 2 wt.% B4C and TiB,, with almost similar
hardness values, almost similar wear rate values
have also been obtained so that for 1 wt.% B4C
and TiB,, the wear rate at 50 N and 100 N loads
was 0.017 and 0.019 mm*/mm, respectively, and
for the composite synthesized using 1 wt.% TiB,,
the wear rate was equal to 0.018 and 0.022
mm?’/mm, respectively. Therefore, the difference
between the highest and lowest wear rates was
only 0.005 mm*/mm, which is not a noticeable
value. This difference between the wear rate of 2
wt.% B4C and TiB, were the same. With 3 wt.%
B4C and TiB,, the difference became even lower
(0.004 mm*/mm) due to the effect of higher
amounts of starting additives. However, the
lowest wear rate was not seen in the sample
synthesized using B4C at 50 N. The sample
synthesized using TiB, showed the lowest wear
rate at 50 N, mainly because of its higher
hardness. However, the difference between the
wear rate of this sample and that of the composite
synthesized using B4sC was only 0.001 mm?*/mm.
This low difference, despite the higher hardness
of the TiB,-synthesized sample, can be ascribed
to both the better distribution of the in-situ
reinforcements and lower porosity content in the
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B4C-synthesized sample.
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Fig. 9. Variation of the wear rate with the starting
material content at the applied loads of 50 N and
100 N.

Figure 10 depicts the wear surface of the
composites synthesized with 3 wt.% B4C and
TiB, at 50 N. The wear surface for the B4C-
synthesized sample at 1400°C shows grooves,
indicating abrasive wear and also initial
indications of delamination. However, no
delamination occurred. Therefore, one can
conclude that 50 N did not lead to any
delaminations but abrasive wear was ruling. The
morphology of the wear debris in this sample
(Fig. 10b) shows almost no helix and layered
particles, which proves that the abrasive wear
mechanism was dominant in this sample.

The EDS analysis of the wear surface of this
sample (Fig. 10c) also shows the presence of a
significant percentage of oxygen and iron, which
means the stability of the tribological layer
on the wear surface. This indicates that the
composite pin did not undergo severe wear, and
instead of removing the material from the
composite pin, the tribological layer was engaged
with the steel disc. This has been reported by
other studies [32, 33].

The wear surfaces of the TiB,-synthesized sample
(Fig. 10d) demonstrate indications of
delamination along with grooves and plowing on
the surface. Therefore, along with delamination,
abrasive and adhesive wear mechanisms occurred
in this sample. However, it seems that abrasive
wear was not dominant but a combination of
delamination and adhesive wear was dominant.
The wear debris particles of this sample (Fig. 10¢)
were coarser than those of the B4C-synthesized
sample (Fig. 10b) with the presence of layered

and helix debris, proving the occurrence of
delamination and abrasive wear. The EDS
analysis of the wear surface (Fig. 10f) also
confirms the low amounts of oxygen and Fe,
which indicates the engagement of the steel disc
with the titanium matrix and the removal of Ti
from the surface.

Figure 11 displays the wear surfaces of the
composite samples synthesized with 3 wt.% B4C
and TiB: at 100 N. Unlike the wear surface of the
B4C-synthesized sample at 50 N, the wear surface
of this sample at 100 N shows significant
indications of delamination. In addition, grooves
can be also seen on this surface, indicating the
occurrence of abrasive wear. However,
delamination wear was dominant in this sample.
The wear debris particles of this sample were
larger than that of the sample at 50 N owing to the
higher applied load. The EDS analysis of the wear
surface proves the existence of the tribological
layer. Nonetheless, if compared with the EDS of
the same sample at 50 N (Fig. 10c), it can be
deduced that the oxygen and Fe percentages were
lower, which can imply that the tribological layer
was about to be detached and delamination would
significantly remove this layer if the load
continued to apply.

The wear surface of the sample synthesized with
TiB, (Fig. 11d) shows noticeable material
removal, with the dominance of adhesive wear as
plowing was deeper than that occurred at 50 N. In
addition, compared with the B4C-synthesized
sample at 100 N, the wear debris particles (Fig.
11e) were larger and the presence of layered
helix particles is obvious owing to the occurrence
of adhesive wear. The EDS analysis of the
wear surface (Fig. 11f) shows high-intensity Ti
peaks, which proves the loss of the tribological
layer. This can be explained by the non-
uniform distribution of the in-situ reinforcement
in this sample, leading to the material removal in
the areas without the presence of the
reinforcement.

4. CONCLUSIONS

Ti matrix composites reinforced with in-situ
reinforcements were fabricated by pressureless
sintering using TiB, and B4C at 1400°C, and the
characterization and wear behavior of the
composites were compared. The major
conclusions of the present research are as follows:
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Fig. 10. Wear surface, wear debris, and EDS analysis of the wear surface of the Ti matrix composites using a,b,c)
3 wt.% B4C, d,e,f) 3 wt.% TiB; at 50 N.

1- In the B4C-synthesized composites, TiB-TiC while in the TiB.-synthesized composites, TiB
in-situ hybrid reinforcement was formed in situ reinforcement was formed in the

0 &5 i
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form of needles and whiskers. Moreover, much higher in the B4C-synthesized
the contribution of the TiB fibers was composites.

Nominal composition
(W1.%)
172
183
Element  Nominal composition

65.5 (Wt.%)
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& 0.9
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Fig. 11. Wear surface, wear debris, and EDS analysis of the wear surface of the Ti matrix composites using a, b,

¢) 3 wt.% B4C, d, e, ) 3 wt.% TiB, at 100 N.
&
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2-

The volume fraction of the in-situ
reinforcement formed using B4C was much
higher than that formed using TiB,. However,
finer reinforcements were formed in the TiB,-
synthesized composites.

When using B4C, with an increase in the B4C
content, the distribution of the in-situ
reinforcement became more uniform but when
using TiB», an opposite trend was observed.
With 1 and 2 wt.% starting materials, the
hardness of the B4C-synthesized composites
was higher, whereas the sample synthesized
using 3 wt.% B4C exhibited a much lower
hardness (378 HV) than that synthesized using
3 wt.% TiB; (425 HV).

The sample was synthesized using 3 wt.%
TiB, showed the lowest wear rate at 50 N,
mainly because of its higher hardness but the
difference between the wear rate of the sample
and that of the composite synthesized using
B4C was only 0.001 mm?/mm mainly due to
both the better distribution of the in-situ
reinforcements and lower porosity content in
the B4C-synthesized sample.

At 50 N, the ruling wear mechanism in the 3
wt.% B4C-synthesized sample was abrasive
with the stability of the tribological layer on
the wear surface. In the 3 wt.% TiB,-
synthesized sample, a combination of
delamination and adhesive wear was dominant
with the loss of the tribological layer leading
to the engagement of Ti with the steel disc.

At 100 N, delamination was dominant in the 3
wt.% B4C-synthesized sample with the
beginning of the removal of the tribological
layer. In the 3 wt.% TiB-synthesized sample,
adhesive wear with the loss of the tribological
layer was ruling.
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