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Abstract

Introduction: Titanium boride and titanium carbide are the most
important ceramic particles to reinforce titanium-molybdenum alloys. If an
external reinforcement with an exothermic reaction causes the production
of those reinforcements, the heat of reaction can promote the diffusion of
molybdenum in the Matrix.

Methods: In this research, Ti-10 wt.% Mo-1.5 wt.% B4C composite samples
was consolidated in a SPS machine following cold uniaxial precompaction
by applying maximum 10 MPa and then SPSed in vacuum below 1 Pa at
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G 1150, 1300 and 1450°C with 50°C/min heating rate under 20 MPa pressure.
TR Subsequently at each sintering temperature the applied pressure was
e increased to 50 MPa and process continued for 5 and 10 min.

Microstructural changes, physical and mechanical properties as well as
phase analysis of produced composites were evaluated.

Findings: Totally, with rising sintering temperature and time, the density
increases. Only at 1450°C for 10 min, a slight decrease in density was
observed. Similarly, the mechanical properties improved. Actually,
increasing sintering temperature influences the progress of the titanium-
boron carbide reaction and the decreasing porosity greater than time. Here,
not only increasing sintering temperature and time but also the heat of
exothermic reaction encourages the diffusion of molybdenum to matrix and
lead to better homogenization, consequently. Under similar elaborated
arrangement, also achieving improved mechanical properties is more
accessible.
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Extended Abstract

Introduction

In recent years, design and producing new
advanced materials have been substantial
for many industries [1]. Metal-based
composites are among the new composites
which properties have been improved day
by day and their awareness has popularized
the use of these materials [2, 3]. Various
alloys and metals such as Cu, Al, Zn, and Ti
alloys are used in making these composites
[4]. Titanium and its alloys are used in
various industries, but today, due to
improve their physical and mechanical
properties, such as density and strength,
titanium-based composites reinforced by
ceramic particles or whiskers have received
attention [5, 6, 7]. 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 [8, 9]. Choosing
the type of reinforcement has a great impact
on the properties of composites [10, 11].
Among the most used reinforcements for
titanium-matrix composites, e. g. TiB, TiB,
TiC, B4C, 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 [12, 13].

In order to make titanium composites
reinforced with ceramic particles, the
manufacturing  technique has  been
developed by in-situ and ex-situ methods.
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 [14, 15, 16]. According to
the previous researches on Ti-Mo alloys, the
microstructures and properties of a series of
binary Ti-Mo alloys with molybdenum
contents ranging from 5% to 20%/(mass
fraqction) were investigated by Chen Yu-
yong et al [17]. When the Mo content is 5%,
the equiaxed a crystal grain is observed.
When the Mo content is 10%, the equiaxed a
crystal grain and fine needles f phase are
observed. When the Mo contents are 15%
and 20%, only the equiaxed [ crystal grain is

observed. It was observed that the presence
of molybdenum element decreased the
temperature of Ti,—Tig. When the Mo
content is 10%, the synthetic properties are
the best. The hardness is 451HV, the
compression strength is 1636 MPa, and
elastic modulus is 29.8 GPa [18].

The effects of the addition of Mo on the
densification mechanism, microstructure
evolution and mechanical strength of
blended elemental powder metallurgy Ti-Mo
alloy were investigated in this work by Liu
young et al [19]. The results show that the
addition of Mo can refine the microstructure
of Ti-Mo alloy greatly, and raising sintering
temperature can effectively increase the
alloy density without grain coarsening.
When neglecting the relative density factor,
the addition of Mo refines the
microstructure, and improves the
mechanical  strength by  Hall-Petch
relationship. Also, considering the previous
researches, it can be seen that investigating
the effect of adding different amounts of
TiBz, TiC, and B4C ceramic reinforcements on
physical and mechanical properties,
choosing the optimal composition and
amount of additive, optimal sintering
temperature, knowing The characteristics of
the formed phase products require more
studies [20, 21].

Balaji et al [22]. added three different
weight fractions of B4C (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 [23, 24]. have implemented
research project to investigate on size effect
of B4C powders on metallurgical reaction
and resulting tensile properties of Ti matrix
composites by in-situ reaction from Ti-B4C
system under a relatively low temperature.
TiCp and TiBw can be formed successfully by
in-situ reaction from Ti-B4C powder system.
As the size of B4C increases, the reaction
degree decreases, a good combination of
Strength (1118MPa) and elongation (6.9%)
can be obtained when the B4C size is 0.5 pm.
On the other hand, the effects of adding Mo
to TMCs have studied by Xu etal [25].
According to their report, adding Mo to
titanium matrix can conduct to grain
refinement of the matrix through the
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solution of this element into the titanium,
obtaining higher strength values in the
composite samples. Monolithic titanium, Ti-
1 wt% B4C, and Ti-2.5 wt% TiB, were spark
plasma sintered at 1050°C for 5 min under
50 MPa. The effects of B4C and TiB; additions
on densification process, microstructural
development, and mechanical properties of
titanium were investigated by sabahi et al
[26]. The sintered composites contain the in-
situ formed phases (TiBwin Ti-TiB,, TiBw +
TiC in Ti-B4C) in titanium matrix. The
purpose of this research is to investigate the
effect of sintering temperature and time in
progressing of exothermic reaction between
added boron carbide as reinforcement with
Ti-10Mo matrix alloy and enhanced Mo
diffusion in spark plasma sintering of
powder mixed Ti-10Mo-1.5B4C composite.

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
pum; purity > 99%; Sigmaaldrich Co.)
powders were used as raw materials.

1.5 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-1.5wt.%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. The disk-shaped
samples, with diameter of 50 mm and
thickness of 7 mm, were produced under
each selected sintering temperatures.

6 samples were extracted by the wire-cut
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
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ASTM-B925 standards, respectively. The
theoretical density of the composites was
calculated by the rule of mixture and the
sintered density was measured by
Archimedes principle. Krolls reagent as an
etchant were implemented (its composition
was distilled H20: 85 ml, HNO3: 10 ml and
HF: 5 ml). Optical microscope and SEM
microscope (Cam Scan 2300, Czech) were
used 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
be as an evidence of the formation of the in
situ formed new phases under the selected
manufacturing parameters. The peaks
related to Ti (a), Ti (B) and Mo are clearly
visible in all samples., As it is clear, with
rising sintering temperature and time, the
intensity of Mo and Ti (a) decreases, while
the intensity of Ti (B) increases. In the
samples sintered at temperatures of 1150
and 1300 (for 5 and 10 minutes), peaks
related to the B4C phase can also be seen in
the patterns. While, by increasing the
sintering temperature to 1450°C, B4C peaks
disappeared and the peaks intensity of
titanium boride and titanium carbide phases
increased.

Actually, at a temperature of 1450 the
reaction between titanium and boron
carbide seems to be completed. However, in
all samples. Gibbs free energy, extracted
from the HSC software, are negative over all
experienced temperatures during SPS
process working. According to XRD pattern
lower temperature (i.e. 1150 °C) even for 10
minutes would not be sufficient for
completing the reaction of Reinforcement
with matrix. So that, a little of B4C particles
would remain in the matrix. It should take
into account that exothermic reaction
between reinforcement and matrix can
encourage the diffusion of Mo in Ti matrix
and leads to the development of the beta
phase.

The heat, enthaply change value, of the
mentioned exothermic reaction also can be
obtained by the HSC software. The sintered
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density of 4.48 g/cm3 which obtained at
1150°C increased to 4.69 g/cm3 by sintering
at 1450°C and for 5 min. the density of the
sintered samples at 1150, 1300 and 1450 °C
for 10 min, are changed from 4.56 to 4.70
and 4.68 g/cm3 respectively. Unpredictable,
in the later condition, a slight decrease in
density was observed.

According to the microstructure, at a
temperature of 1150°C and for 5 and 10 min,
Mo particles are relatively intact in the
titanium matrix so that its diffusion in its
around is less visible. Also, uniformly
distributed unreacted B4C as relatively dark
spots are seen.

By increasing the temperature to 1300°C
for 5 and 10 min, the diffusion opportunity
of Mo particles to the matrix increases. 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. At the temperature of
1450°C, the Mo diffusion in the Ti matrix has
increased in comparison to the previous two
temperatures, so that enhanced dissolution
of Mo has been created. Also, at this
temperature considerably produced TiC and
TiB particles are seen. On the other hands,
at 1450°C forl0 minutes, more in situ
formed reinforcements can be seen. The
ultimate tensile strength (UTS) and
elongation of composite samples improved
by rising sintering temperature and time.
The highest obtained values, namely UTS of
936 MPa at 1450°C for 5 min and elongation
of 9.38 at 1450°C for 10 min achieved. The
samples sintered at 1150°C for 5 min have
the lowest tensile strength (649 MPa). For
improving the properties, the effect of time
was less than sintering temperature. In fact,
at high temperature, in-situ phases are
almost completely formed even in short time
as well as prolonged time in such conditions
has led to the formation of Kirkendall
porosity inside the in-situ phases. The
transverse rupture strength of the samples
has increased from 1033 MPa (at 1150 °C for
5min) to 1665 MPa (at 1450°C for 10 min).
Similarly, the macro hardness of Ti-Mo-
1.5B4C samples increased from 383 at
1150°C to 466 at 1450°C. In all the sintered
samples, the fracture morphology is mostly
brittle, and cleavage areas are more evident
at higher temperatures and prolonged times.

In fact, more in-situ formed phases in such
conditions, are responsible for such an
event.

Conclusion

Based on the research, Ti-10Mo composite
samples containing 1.5% boron carbide
reinforcement were successfully sintered by
spark plasma method at temperatures of
1150, 1300 and 1450°C for 5 and 10 minutes
under the external pressure of 50 MPa.

By increasing the sintering temperature
from 1150 to 1300 and 1450°C for 5 min, the
density of the samples increased from 4.48
to 4.66 and 4.69 g/cm3, respectively. The
density of samples sintered at the same
temperatures, for 10 min, were 4.56, 4.70
and 4.68 g/cm3, respectively. But at the
temperature of 1450°C for 10 min, a slight
decrease in density is noticeable. In the same
way, mechanical properties such as tensile
strength, elongation, transverse rupture
strength, hardness are also changed almost
according to the same trend of density
changes.

Increasing sintering temperature and time
led to more creation of in situ phases, which
bonded strongly with Ti. Apparently, the
formation of more amounts of TiB+TiC
reinforcements is important in improving
mechanical properties. Besides, exothermic
reaction of ex-situ reinforcement and matrix
enhances more diffusion of molybdenum to
the titanium matrix. For example,
considering thermodynamic equilibrium
and adiabatic conditions, it can be predicted
that the samples sintered at 1450°C might
have experienced a temperature of 814°C
higher than the set sintering temperature
which in turn affects the diffusion of
molybdenum in some degree.
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