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Abstract

Introduction: In titanium-molybdenum composites reinforced with boron
carbide particles, which are produced by spark plasma sintering method, the
reaction between the matrix and reinforcement particles can lead to the
formation of TiB + TiC hybrid composition. On the other hand, the crystal
structure of titanium-molybdenum alloys is strongly depend on the amount of
molybdenum added and according to the results obtained in previous researches,
it has been determined that in order to achieve a uniform distribution of alpha +
beta dual phase structure and optimal mechanical properties, at least 10% of
molybdenum should be added to titanium.

Therefore, the main purpose of this research, is evaluating the effect of adding
0.5% of boron carbide to the Ti-10Mo mixed powder, SPSed at various sintering
temperature on densification, enhancing Mo diffusion in Ti (which leads to
microstructural evolution to B and o+f3), and the formation of in-situ hybrid
reinforcement.

Methods: In this research, Ti—10 wt.% Mo-0.5 wt.% B4C composite samples
was consolidated in a SPS machine following cold uniaxial precompaction by
applying maximum 10 MPa and then SPS in vacuum below 1 Pa at 1150, 1300
and 1450°C with 50°C/min heating rate under 20 MPa pressure. Subsequently
at each sintering temperature the applied pressure was increased to 50 MPa and
the final holding time at that temperature was 5 min.

Microstructural changes and physical and mechanical properties of produced
composites were evaluated in order to measure the effect of increasing
temperature and determining the mechanism. In addition, to get more
information concerning microstructural evolution, qualitative investigations
such as phase analysis of sintered samples to know constituents phases, were
performed.

Findings: The results showed that the density increased with the rising sintering
temperature. Also, the reaction between boron carbide particles with the matrix
has been encouraged with sintering temperature and led to the formation of TiB
and TiC in situ reinforcements. On the other hand, relatively uniform distributed
of ex-situ and in-situ reinforcements is important in improved mechanical
properties. Here, uniformly distributed Mo particles and their diffusion to matrix
is important in better homogenization.
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Extended Abstract

Introduction

Nowadays, composite structures are used to
obtain materials with properties such as
corrosion resistance and high toughness, as well
as special strength and light weight _[1, 2, 3].
Titanium and its alloys are suitable for
aerospace applications and the processing of
chemical, nuclear, medical and military
materials due to their high strength-to-weight
ratio, excellent corrosion resistance, high
temperature resistance, and compatibility with
the body's environment [4, 5, 6]. To improve the
physical and mechanical properties of titanium
and its alloys, methods such as adding ceramic
reinforcement particles to the titanium matrix
material can be used. Choosing the type of
reinforcement has a great impact on the
properties of composites. Among the most used
reinforcements for titanium-matrix composites,
e. g. TiB, TiBy, TiC, TiN, B4C, SisNs, Al2O3,
SiC, the reinforcements with thermal expansion
coefficient similar to the titanium matrix such
as titanium diboride and titanium carbide and
boron carbide particle additives are known as
the most suitable reinforcement materials [7, 8].
In order to make titanium composites
reinforced with ceramic particles, the
manufacturing technique has been developed
by in-situ and ex-situ methods _[9, 10]. The
method of synthesizing reinforcement particles
in the matrix, during in-situ construction, is
known as a suitable method. By using this
method, mechanical properties can be
improved [11, 12, 13].

A few methods in powder metallurgy route can
be applied for making titanium composites
reinforced with ceramic particles _[14, 15].
Among them, spark plasma sintering by
combining pressure and heat has a good
potential to achieve increased relative density
and improved physical and mechanical
properties [16, 17, 18, 19].

According to the previous researches on Ti-Mo
alloys, it was observed that the presence of
molybdenum  element  decreased  the
temperature of Ti,—Tig transformation [20, 21
22]. Balaji et al _[23]. added three different
weight fractions of B.C (1.2, 2.3 and 3.4 wt%)
to titanium matrix and studied the densification
and microstructure of SPSed samples. The
formation of in-situ phases of TiC and TiB is
reported by their research team. Jia et al [24, 25].
have also implemented another research project
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to investigate on in-situ competitive reactions
between titanium and B4C reinforcement under
solid state. This work presents a complete
explanation of partial B,C decomposition and
mutual diffusion of Ti, and B & C atoms into
the B4C and Ti matrix respectively, leading to
formation of in-situ phases. On the other hand,
the effects of adding Mo to TMCs have studied
by Xu et al _[26]. According to their report,
adding Mo to titanium matrix can conduct to
grain refinement of the matrix through the
solution of this element into the titanium,
obtaining higher strength values in the
composite samples.

The localized exothermic reaction, which
prepared by reinforcement, can promote the
diffusion of Mo in Ti which leads to developing
beta phase. As well as, in the case of ex-situ
added B4C reacts with Ti matrix (here, these
reactions are the mentioned above exothermic
reactions) and produce whiskers like TiB and
semispherical TiC, which are known as in-situ
reinforcements. These in-situ reinforcements in
their turn are responsible to improving
mechanical properties [27, 28, 29]. The purpose
of this research is to investigate the effect of
sintering temperature in progressing of
exothermic reaction between added boron
carbide as reinforcement with Ti-10Mo matrix
alloy.

Materials and Methods

Commercially available Ti (particle size < 60
um; purity > 98%; Sigmaaldrich Co.), B4C
(particle size < 10 um; purity > 97%;
Sigmaaldrich Co.) and Mo (particle size <20
Um; purity > 99%; Sigmaaldrich Co.) powders
were used as raw materials.

0.5 wt% B4C powder was added to the
elemental mixed Ti-10Mo powder. The
prepared combination was mixed in a turbula
mixer for 5 h at 60 rpm. For producing Ti-
10Mo-0.5wt.9%B4C composite, a spark plasma
sintering apparatus (EF-SPS-20T-10) equipped
to a graphite die were utilized. The initial
pressure for primary cold densification was
10 MPa, and then they were heated to
temperatures of 1150, 1300 and 1450°C with
50°C/min heating rate in vacuum below 1 Pa,
under the pressure of 20 MPa. After reaching
each sintering temperature the applied pressure
was increased to 50 MPa and the final holding
time at that temperature was 5 min. The disk-
shaped samples, with diameter of 50 mm and
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thickness of 7 mm, were produced under each
selected sintering temperatures. 6 samples by
the wire-cut extracted from each of these disk
samples, which includes 2 tensile test samples
and 2 samples for transverse rupture strength
test and 2 others for microstructural and phase
investigations.

The transverse rupture strength and tensile
strength tests were accomplished according to
ASTM-B528 and ASTM-B925 standards,
respectively.

The theoretical density of the composites was
calculated by the rule of mixture, and afterward
the sintered density was measured by
Archimedes principle.

Krolls reagent as an etchant were implemented
(its composition was distilled H;O: 85 ml,
HNOs: 10 ml and HF: 5 ml). Optical
microscope and SEM microscope (Cam Scan
2300, Czech) were wused to reveal
microstructural characteristics, which the latter
one equipped with a DXP-X10P EDS analyzer.
For phase identification, a D5000 Siemens
XRD was utilized.

Findings and Discussion

X-ray diffraction analysis was performed to
distinguish the formation of in situ formed new
phases. The peaks related to Ti (o), Ti (B) and
Mo are visible in all three samples, but the
peaks intensities have changed with
temperature increase. As it is clear, with rising
sintering temperature, the intensity of Mo
decreases, while the intensity of Ti (B)
increases. It can also be seen that with rising the
sintering temperature, some newly in situ
formed stable phases namely TiB and TiC,
were revealed. Here, the intensities of the TiB
peaks increase with temperature from 1150 to
1450°C.

The sinterd density of 4.14 g/cm® which
obtained at 1150°C increased to 4.53 g/cm?® by
sintering at 1450°C.

According to the microstructure, at the
temperature of 1150°C, uniformly distributed
unreacted B4C, like relatively dark spots, also
diffused rim around the remained Mo particles
are seen.

By increasing the temperature to 1300°C, TiC
phase and also a few nucleated whiskers like
TiB are observed in the microstructure, which
is an evidence to formation of in-situ
reinforcement. Here, increased sintering
temperature and the heat released from the
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progress of locally exothermic reactions
enhanced Mo diffusion to Ti matrix particles
are observed in the matrix that the appearance
of both can be related to the creation of in-situ
reinforcement. While at higher sintering
temperatures Mo particles dissolve in the Ti
matrix and the reaction of transformation of ex-
situ added to in_situ formed, reinforcements
was considerably progressed at 1450°C. So that
most of B4C particles converted to TiB + TiC
phases, as seen clearly in the related
micrograph and fracture morphology.

The ultimate tensile strength (UTS) and
elongation of composite samples improved by
rising sintering temperature.  The highest
obtained values, namely UTS of 631 MPa and
elongation of 5.94 respectively, achieved at
1450°C. The samples sintered at 1150°C have
the lowest tensile strength (418 MPa). The
transverse rupture strength of the samples has
approximately doubled by increasing sintering
temperature from 1150 to 1450°C (improved
from 745 to 1338 MPa). Similarly, the macro
hardness of Ti-Mo-0.5B,C samples increased
from 198 at 1150°C to 396 at 1450°C.

In all the sintered samples, the fracture
morphology is mostly brittle fracture, and
cleavage areas are more evident at higher
temperatures. It seems at a temperature of
1300°C, boron carbide particles start to react
with substrate and result in formation of the
newly formed reinforcement (transformation of
ex-situ to in-situ). So that, almost spherical
particles of TiC have appeared and in some
places a limited number of whiskers like TiB
are being formed. At the same time, the
developed alpha layered structure can be seen.
At the temperature of 1450°C, the number of
whiskers like TiB with a large size was
increased obviously, and to a limited extent,
spherical particles like TiC are also seen in the
fracture morphology. The increasing presence
of these two particles with rising temperature is
a reason for the progress of the reaction and
going to completion of conversion of boron
carbide particles into TiB+TiC phases.

Conclusion

Based on the research, Ti-10Mo composite
samples containing 0.5% boron carbide
reinforcement were successfully sintered by arc
plasma method at temperatures of 1150, 1300
and 1450°C for 5 minutes under the external
pressure of 50 MPa.
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By increasing the sintering temperature from
1150 to 1300 and 1450 °C, the density of the
samples increased from 4.14 to 4.33 and 4.53
g/cm®,  respectively. In the same way,
mechanical properties such as tensile strength,
elongation, transverse rupture  strength,
hardness are also improved, so that the
maximum value of these properties is 631 MPa,
5.94, 1338 MPa, 396 MPa, respectively, at a
temperature of 1450 °C.

Microstructural evolution with increasing
temperature, includes pore elimination,
dissolved Mo in matrix and formation of in situ
dominantly whiskers like TiB and also
spherical TiC is in a good coordination with
improving physical and mechanical properties.
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