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Abstract: A Ti-15Mo/TiB metal matrix composite was produced by the spark plasma sintering process
at 1400 ◦C using a Ti-14.25 wt.% Mo-5 wt.% TiB2 powder mixture. The microstructure and mechanical
properties of the composite were studied after non-isothermal rolling of specimens heated to 1000 ◦C
to a thickness strain of ~0.7. Transmission and scanning electron microscopy, as well as X-ray analysis
were used for microstructure examination; mechanical properties were evaluated using tensile testing
and microhardness measurement. In the initial condition, the Ti-15Mo/TiB composite consisted
of 8.5 vol.% of TiB needle-like particles heterogeneously distributed within the β matrix. A small
volume of fractions of the α” and ω phases was also found in the microstructure. Microstructure
evolution of the composite during hot rolling was associated with dynamic recrystallization of the
bcc titanium matrix and shortening of the TiB whiskers by a factor of ~2. The Ti-15Mo/TiB composite
after hot rolling showed considerable improvement in ductility without substantial loss of strength
and hardness. The hot rolled specimen was not fractured during the compression test even after
45% thickness reduction, while in the initial condition, the compression ductility was 22%. The yield
strength for both conditions was quite similar (~1350 MPa). The hot rolled composite also showed
some improvement in ductility to ~12% elongation at elevated temperature (500 ◦C) compared to the
initial condition, the tensile elongation of which did not exceed 2%. The observed difference in the
mechanical behavior was associated with the presence of the metastable α” and isothermalω phases
in the initial condition and the more stable α phase in the hot rolled condition.

Keywords: titanium matrix composite; beta titanium; deformation; microstructure;
mechanical properties

1. Introduction

Titanium and titanium alloys are widely used in various industries due to a combination of high
specific strength and excellent corrosion resistance [1]. However, relatively low absolute values of
strength and hardness can limit titanium alloy applications. One way to overcome this problem is
to create Ti based composites reinforced by ceramic particles [2–4]. Due to an almost perfect match
(in terms of properties and crystallography) with the titanium matrix, TiB reinforcements have an
advantage over other options [4,5]. In addition, TiB whiskers can be produced during sintering via
the in situ Ti + TiB2 → 2TiB reaction [6,7]. A promising method of producing relatively abundant
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specimens of Ti/TiB composites is plasma spark sintering (SPS). The combination of a high rate of
heating/cooling with high pressure can result in sintering at relatively low temperatures during a short
time interval, thereby preserving the fine structure of the initial powders [8,9].

Meanwhile, achieving considerably increased strength and hardness of Ti/TiB composites results
in loss in ductility, even in the case of a relatively low amount of reinforcements [10]. Some increase in
ductility of Ti/TiB composites can be attained via thermomechanical treatment [11–14]. For example,
the ductile-to-brittle transition temperature of a Ti-17 vol.% TiB composite was noticeably decreased
due to warm multiaxial forging (MAF) [13,14]. However, room temperature ductility of warm/hot
worked composites with ~17 vol.% TiB reinforcements was found to be low [15]. More practical and
feasible hot/warm rolling can also improve the mechanical properties of Ti/TiB composites. Both
ductility and strength were increased in a Ti/TiB composite with 12 vol.% of reinforcements due to a
rolled thickness reduction of 80% [15]. Hot rolling of a titanium matrix composite with 7.5 vol.% TiB
(the matrix was a Ti-6Al-2.5Sn-4Zr-0.7Mo-0.3Si-0.2Y alloy) in the β phase field attained approximately
5% tensile ductility [16].

Another possible way to improve the ductility of Ti/TiB composites is to exchange a hard-to-deform
hcp α-Ti matrix for a more ductile bcc β-Ti matrix. In the case of powder metallurgy (for example, the
SPS process), the bcc matrix can be attained due to the addition of a certain amount of β stabilizing
element in the powder mixture. However, there is no information in the literature on the microstructure
and mechanism of deformation of Ti based composite with bcc matrix. The Ti-15Mo alloy seems to be a
promising option for use as the matrix; this alloy, with attractive mechanical properties, was developed
for biomedical applications [17,18]. Due to a rather high concentration of β stabilizing Mo, the matrix
can contain, apart from the β phase, the metastable ω phase (athermal or isothermal), which can
transform under aging at elevated temperatures into the stable α phase [19]. In addition, α” or even
α′ martensitic phase formation can be expected in Mo leaned areas as a result of the microstructural
heterogeneity sometimes observed in specimens obtained by SPS [20].

Therefore, the aim of the present work was to study the microstructure and mechanical properties
of a Ti-15Mo/TiB composite after hot rolling and to establish whether thermomechanical treatment
can improve the ductility of this composite without considerable loss of strength and hardness. The
composite containing 8.5 vol.% TiB reinforcement was produced by the SPS process at 1400 ◦C.

2. Materials and Procedure

A mixture of Ti (99.1% purity), Mo (99.95% purity), and TiB2 (99.9% purity) powders was used
for the composite production. The fractions of elements were 80.75 wt.% Ti and 14.25 wt.% Mo (to
produce a Ti-15 wt.% Mo matrix alloy) and 5 wt.% TiB2 (which gave 8.5 vol.% TiB) [21]. The mean size
of the particles was 25 µm (Ti), 7 µm (TiB2), and 3 µm (Mo) (Figure 1). The amount of reinforcement
was chosen based on data in the literature for α-Ti/TiB composites to obtain high strength/hardness
and sufficient ductility [21]. The mixture was obtained using a Retsch RS200 vibrating cup mill (Retsch,
Haan, Germany) in ethanol; the speed of milling rotation was 700 rpm, and the mixing duration was
1 h.
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Figure 1. SEM images of (a) Ti, (b) TiB2, and (c) Mo powders.

The SPS process was carried out in a vacuum at 1400 ◦C for 15 min at 40 MPa using a Thermal
Technology SPS 10-3 apparatus (Thermal Technology, LLC, Santa Rosa, CA, USA). The size of
the obtained specimens was 39 mm in diameter and 25 mm in height (Figure 2a). The residual
porosity, measured by hydrostatic weighing on a Porotech 3.1 Automated Standard Porosimeter and
metallographic analysis, did not exceed 0.5%. Measured density was 4.756 g/cm3. To improve the
homogeneity of the specimens, they were annealed at 1200 ◦C for 24 h in argon. The homogenized
state is referred to as the initial condition hereafter.

Prismatic samples measuring 4 × 10 × 30 mm3 were cut out from the homogenized cylinders
using a Sodick AQ300L electro-discharge apparatus (Sodick Inc., Schaumburg, IL, USA). The samples
were then heated to 1000 ◦C and rolled in non-isothermic conditions to a total thickness strain of 0.7
(55% thickness reduction). Unidirectional multipass rolling was performed using a reduction per pass
of ~0.25 mm with 10 min holding in a furnace heated to 1000 ◦C after every 2 passes. Further rolling
(above 55% thickness reduction) resulted in the formation of surface cracks on the side faces, most
likely because of considerable cooling of the surface layers during non-isothermic deformation.

The microstructure under initial and deformed conditions was determined using transmission and
scanning electron microscopy (TEM, SEM) and X-ray diffraction (XRD). TEM was done on a JEOL JEM
2100 microscope (JEOL, Tokyo, Japan); the specimens were obtained using twin jet electro-polishing
in a mixture of 6% perchloric acid, 59% methanol, and 35% butanol at −35 ◦C and 29.5 V. SEM was
carried out using an FEI Quanta 600 FEG microscope (Thermo Fisher Scientific, Hillsboro, OR, USA).
The specimens for SEM were prepared by careful mechanical polishing; etching was performed using
Kroll’s reagent (95% H2O, 3% HNO3, 2% HF). XRD was carried out on an ARL-Xtra diffractometer
(Thermo Fisher Scientific, Portland, OR, USA) with Cu-Kα radiation. The Rietveld method [22] was
used for quantitative determination of the phase composition; the value of the experimental error was
below ±2%.

The size of Ti grains and diameter and apparent length of TiB whiskers were calculated using SEM
images. The linear intercept method (lengths along or across each particle) was used to determine the
average grain size and length or thickness of the TiB whiskers. A total area of approximately 1000 µm2

was examined for each condition.
Vickers microhardness was measured at room temperature using a 1000 g load for 10 s;

10 measurements were made for each specimen.
Dog bone shaped flat tensile specimens (Figure 2b) with a gauge measuring 4 × 3 × 1.5 mm3

were cut out of the rolled plates so that the rolling direction coincided with the tensile axis. Tensile
tests were carried out using an Instron 5882 universal testing machine at 400 or 500 ◦C at a nominal
strain rate of 10−3 s−1. Compression tests of both conditions of the composite were conducted at
room temperature and a nominal strain rate of 10−4 s−1 on the Instron 5882 machine using specimens
measuring 1.5 × 1.5 × 3 mm3 (size was limited by the thickness of the hot rolled plate).
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Figure 2. (a) Sintered Ti-15Mo/TiB composite and (b) scheme of the tensile specimen (dimensions
in mm).

3. Results

As per XRD data, the composite consisted mainly of the bcc Ti matrix with ~8.5 vol.% of TiB
(Figure 3). The TiB reinforcement had a needle-like shape with an average thickness of 400 ± 200 nm
(Figure 4a,b). Some TiB whiskers were rather thick (up to few micrometers), and arbitrary cross-sections
of these whiskers could be seen as almost equiaxial coarse TiB particles. The apparent length of the TiB
whiskers, heterogeneously distributed in the β-Ti matrix, was 5 ± 2 µm. The average grain size in the
bcc Ti matrix was evaluated to be 14 ± 6 µm. At some grain boundaries, thin lamellar precipitations of
the α” phase were observed (Figure 4a). The volume fraction of the martensitic phase was evaluated to
be lower than 2%; although this amount was not reliably detected by X-ray diffraction, some tiny peaks
in the XRD pattern could be ascribed to the α” phase. Some pores adjacent to TiB particles were also
found (see the upper right corner of Figure 4a); their formation could be attributed to the Kirkendall
effect [23].

TEM also showed the bcc Ti matrix, which contained randomly arranged TiB whiskers. Increased
dislocation density was often observed near the TiB whiskers (Figure 4c). The average distance between
adjacent TiB whiskers (which can be considered as a free dislocation path to a first approximation) was
evaluated to be ~0.5–0.7 µm. The α” precipitations with an average thickness of ~200 nm (Figure 4d)
were observed at some borders of the former particles. In addition, very small equiaxed ω phase
particles measuring ~10 nm in diameter were found in the microstructure (Figure 4e). However, it
should be noted that the distribution of these particles was rather heterogeneous; besides, the presence
of the ω phase was not reliably detected by XRD (possible positions are shown by arrows in Figure 3),
due to both a low fraction and overlapping with some β peaks (Figure 3).
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appearance of ~7% of the α phase in the β matrix (Figure 5d), while any signs of the α” and ω phases 
were not observed in the XRD pattern. 

Figure 4. Microstructure of Ti-15Mo/TiB composite in initial condition: (a) SEM image of unetched
surface; (b) SEM image of the etched surface; (c–e) TEM field images and selected area diffraction
pattern of the TiB, α”, andω phases, respectively.

Hot rolling resulted in some elongation of the matrix grains toward the metal flow direction and a
decrease in the bcc grain size to 12 ± 6 µm (Figure 5a). Elongated TiB particles also became aligned
with the rolling direction; coarse particles mostly decorated bcc grain boundaries. Cracks formed in
TiB particles (Figure 5b) could possibly initiate secondary cracks in the βmatrix (shown in Figure 5b
by a black arrow). Some round pores around TiB particles most likely were inherited from the initial
condition. The apparent length of the TiB particles decreased to 3.0 ± 1.2 µm due to the formation of
transverse cracks and breaking of the whiskers (Figure 5a,c). Hot deformation also resulted in the
appearance of ~7% of the α phase in the βmatrix (Figure 5d), while any signs of the α” andω phases
were not observed in the XRD pattern.
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The microhardness of Ti-15Mo/TiB metal matrix composite increased by ~36% in comparison 
with Ti-15Mo obtained by SPS (Table 1; it should be noted, however, that the hardness of cast Ti-
15Mo was even lower, ~310 HV [24]). The microhardness of Ti-15Mo/TiB composite was also higher 
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Figure 5. (a–c) SEM microstructure and (d) XRD pattern of Ti-15Mo/TiB metal matrix composite after
hot rolling: (a,b) unetched surface; (c) etched surface. Rolling direction for all images is shown in the
bottom-left corner of (c).

TEM showed the development of dynamic recrystallization in the bcc Ti matrix during hot rolling
with the formation of a coarse grained structure with very low dislocation density (Figure 6a). No pores
or cracks were observed along interphase Ti/TiB boundaries. The α phase in the form of rather thin
(~300 nm) lamellae was distributed in the microstructure quite heterogeneously (Figure 6b).
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Figure 6. TEM images of Ti-15Mo/TiB composite microstructure after hot rolling.

The microhardness of Ti-15Mo/TiB metal matrix composite increased by ~36% in comparison with
Ti-15Mo obtained by SPS (Table 1; it should be noted, however, that the hardness of cast Ti-15Mo was
even lower, ~310 HV [24]). The microhardness of Ti-15Mo/TiB composite was also higher by ~17%
compared to hcp α-Ti/TiB composite with the same amount of TiB. However, microhardness was found
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to be decreased by ~10% as a result of hot rolling, most probably due to factors that resulted in increased
ductility (i.e., recrystallization of the βmatrix and shortening/redistribution of the TiB particles).

Table 1. Microhardness characteristics of samples with various compositions.

Condition Microhardness (HV)

Ti-15Mo 353 ± 8
Ti/8.5 vol.% TiB 413 ± 10

Ti-15Mo/8.5 vol.% TiB 481 ± 10
Ti-15Mo/8.5 vol.% TiB + Hot rolling 429 ± 9

Stress–strain curves of the Ti-15Mo/TiB composite in the initial and hot rolled conditions obtained
during uniaxial compression at room temperature are shown in Figure 7a. For comparison, a typical
stress–strain curve for an hcp α Ti/TiB composite with the same volume fraction of TiB reinforcement is
also presented (details of the experiment can be found elsewhere [13,14]). One can see that after hot
rolling, the composite showed some increased flow stress and considerably improved ductility. The
specimen was not fractured even after 45% thickness reduction, while compression ductility for the
initial condition was 22%. The yield strength for both conditions was quite similar however (1330 MPa
for hot rolled and 1360 MPa for initial condition). Some instability of plastic flow after ~20% of height
reduction (most probably associated with localized shear deformation) on the curve corresponding to
the hot rolled specimen should be noted; however, no surface cracks were observed after compression
testing. Compared to the hcp α titanium based composite, both conditions of the bcc β titanium based
composite showed much higher strength and ductility; the yield strength of the α-Ti/TiB was 970 MPa,
and the height reduction was 9% (Figure 7a).
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Figure 7. Stress–strain curves of Ti-15Mo/TiB composite in initial and hot rolled conditions tested
(a) in compression at room temperature and (b) in tension at 400 or 500 ◦C. A typical stress–strain
curve for hcp α Ti/TiB composite with the same volume fraction of TiB reinforcement is shown in (a)
for comparison.

High temperature mechanical properties of the composite were also noticeably changed as a result
of hot rolling (Figure 7b). Although at 400 ◦C, neither condition of the alloy showed a plastic flow stage,
specimens after hot rolling fractured at much higher stresses than in the initial condition. Increased
deformation temperature of 500 ◦C resulted in very limited ductility (less than 1% elongation) in the
initial condition. Meanwhile, a hot rolled specimen showed pronounced tensile elongation of ~12%.
At the same time, quite fast plastic flow localization observed in the composite suggested limited
hardening capacity of the material. The value of ultimate tensile strength of the composite at 500 ◦C
was found to be ~570 MPa.

Analysis of the fracture surface showed considerably different fracture characteristics in the initial
and hot rolled conditions (Figure 8). The fracture surface of the initial condition was typical of brittle
fracture, with cleavage facets and some obvious river patterns (Figure 8a). In some places, the observed



Metals 2020, 10, 40 8 of 12

relief could be ascribed to intercrystalline fracture. After hot rolling, the fracture became more ductile,
with the formation of characteristic dimples (Figure 8b). It should be noted that cracks along Ti/TiB
interfaces were not observed in either condition; however, cracks in the Ti particles could propagate
into the βmatrix during deformation (see Figure 5b). Besides, the strain incompatibility between the
soft and ductile bcc β titanium matrix and hard TiB most likely resulted in strain localization and
further fracture of the matrix near the interfaces; grooves around some TiB particles could be formed
as a result of this process (shown by black arrows in Figure 8a,b).
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4. Discussion

The obtained results showed the improved mechanical properties of the Ti-15Mo/TiB composite
subjected to non-isothermal rolling at an initial temperature of 1000 ◦C. The strength and hardness
of the composite did not change noticeably due to rolling (Figure 7, Table 1), most probably because
of the relatively high processing temperature, which prevented considerable refinement of the bcc
grains and shortening of the TiB whiskers (compare Figures 4a and 5a). However, the hot worked
composite showed both considerable compressive ductility (more than 45% of height reduction) at
room temperature and substantial tensile elongation at 500 ◦C (~12%). Meanwhile, the height reduction
at room temperature and tensile elongation of as-sintered and homogenized Ti-15Mo/TiB at 500 ◦C
did not exceed 22 and 2%, respectively (Figure 7). More ductile behavior of the hot rolled composite
was also confirmed by the formation of a ductile fracture surface (Figure 8b) after tension at 500 ◦C in
contrast to cleavage facets in the initial condition (Figure 8a).

Some improvement in the mechanical properties of Ti based metal matrix composites reinforced
by TiB particles due to thermomechanical treatments has been reported several times [11–16]. For
example, some (~3%) ductility was observed during compression at room temperature of a Ti based
composite with 17 vol.% of TiB after hot MAF; in the spark plasma sintering condition, this composite
was fractured in the elastic region [14]. A moderate decrease (by ~100 ◦C) in the brittle-ductile transition
as a result of thermomechanical treatment of the composite was also reported in [13]. In these cases,
the improved ductility was ascribed to recrystallization of the Ti matrix and shortening/redistribution
of the TiB whiskers [14]. Although all these studies focused on composites with hcp α-Ti matrix, the
same factors (recrystallization of the matrix and shortening of the TiB whiskers) could obviously have
contributed to the improved ductility of the Ti-15Mo/TiB composite in our case.

Meanwhile, the addition of the second refractory element to the titanium matrix could change
the mechanism of deformation and strengthening factors operating in the composite considerably.
Basically, the addition of 15 wt.% Mo to the Ti matrix resulted in hcp-to-bcc transition [25], which
ensured better deformability due to a greater number of slip systems. Some increase in the ductility
of Ti-Mo alloys could also be expected due to the activation of deformation twinning ({332} <113>

system) [26]. On the other hand, solid solution hardening should increase the strength of a composite
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with the Ti-15Mo matrix. Another powerful factor contributing to strength wasω phase formation;
however, this could also result in composite embrittlement, which is not desirable [27].

The SPS process did not necessarily result in the formation of a completely homogeneous
microstructure. Refractory elements required higher temperatures and a much longer time (compared
to SPS) to distribute uniformly. High temperature annealing obviously improved the distribution
of chemical elements in the composites; however, some variations still existed. Most likely, this
heterogeneity in the initial condition resulted in the formation of such metastable phases as α” and
isothermalω (Figure 4d,e) during cooling from the annealing temperature (1200 ◦C) [28]. The presence
of the relatively soft α” martensitic phase (compared to the harder α′ [25]) along some grains could
result in intergranular fracture, while theω phase was responsible for the formation of cleavage facets
(Figure 8a). Non-isothermal hot working made the Mo distribution more homogeneous, resulting in
the formation of α lamellae in the βmatrix. This condition of the alloy showed both higher compression
ductility at room temperature and tensile elongation at temperatures ≥ 500 ◦C, typical of annealed two
phase titanium alloy ductile fracture (Figure 8b) [29].

Room temperature mechanical properties of different Ti based metal matrix composites with
different volume fractions of TiB (in terms of yield strength vs. ductility) are collected in Figure 9. Both
elongation to fracture (in the case of tensile tests) and height reduction (in the case of compression tests)
were used to evaluate ductility. The compressive strength and ductility were expectedly higher than
those determined in tension. An increase in TiB content resulted in higher strength and lower ductility.
However, one can clearly see that using the bcc β-Ti matrix resulted in a very good combination of
ductility and strength even in the initial (homogenized) condition, which became much better due
to hot rolling. The volume fraction of TiB in this composite was quite low (8.5 vol.%) and could
probably be increased to improve the strength without compromising ductility [21,30]. However,
further studies are needed to establish the optimal phase composition in the composite for the best
strength-ductility balance.

Metals 2019, 9, x FOR PEER REVIEW 9 of 12 

 

system) [26]. On the other hand, solid solution hardening should increase the strength of a composite 
with the Ti-15Mo matrix. Another powerful factor contributing to strength was ω phase formation; 
however, this could also result in composite embrittlement, which is not desirable [27]. 

The SPS process did not necessarily result in the formation of a completely homogeneous 
microstructure. Refractory elements required higher temperatures and a much longer time 
(compared to SPS) to distribute uniformly. High temperature annealing obviously improved the 
distribution of chemical elements in the composites; however, some variations still existed. Most 
likely, this heterogeneity in the initial condition resulted in the formation of such metastable phases 
as α” and isothermal ω (Figure 4d,e) during cooling from the annealing temperature (1200 °C) [28]. 
The presence of the relatively soft α” martensitic phase (compared to the harder α’ [25]) along some 
grains could result in intergranular fracture, while the ω phase was responsible for the formation of 
cleavage facets (Figure 8a). Non-isothermal hot working made the Mo distribution more 
homogeneous, resulting in the formation of α lamellae in the β matrix. This condition of the alloy 
showed both higher compression ductility at room temperature and tensile elongation at 
temperatures ≥ 500 °C, typical of annealed two phase titanium alloy ductile fracture (Figure 8b) [29]. 

Room temperature mechanical properties of different Ti based metal matrix composites with 
different volume fractions of TiB (in terms of yield strength vs. ductility) are collected in Figure 9. 
Both elongation to fracture (in the case of tensile tests) and height reduction (in the case of 
compression tests) were used to evaluate ductility. The compressive strength and ductility were 
expectedly higher than those determined in tension. An increase in TiB content resulted in higher 
strength and lower ductility. However, one can clearly see that using the bcc β-Ti matrix resulted in 
a very good combination of ductility and strength even in the initial (homogenized) condition, which 
became much better due to hot rolling. The volume fraction of TiB in this composite was quite low 
(8.5 vol.%) and could probably be increased to improve the strength without compromising ductility 
[21,30]. However, further studies are needed to establish the optimal phase composition in the 
composite for the best strength-ductility balance. 

Figure 9. Room temperature mechanical properties of Ti based metal matrix composites reinforced 
with TiB in terms of yield strength (YS) vs. ductility. Elongation to fracture in the case of tensile tests 
(squares) and height reduction in the case of compression tests (circles) were used to determine 
ductility [14–16,30–38]. The composition of the matrix (hcp α-Ti, Ti-6Al-4V, and Ti-15Mo) and volume 
fractions of the TiB are shown in the legend. 

  

Figure 9. Room temperature mechanical properties of Ti based metal matrix composites reinforced
with TiB in terms of yield strength (YS) vs. ductility. Elongation to fracture in the case of tensile
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5. Conclusions

(1) The initial microstructure of the Ti-15Mo/TiB composite consisted of ~8.5 vol.% of TiB needle-like
particles heterogeneously distributed within the β matrix. The average diameter and mean apparent
length of the TiB whiskers were 400 ± 200 nm and 5 ± 2 µm, respectively. The average grain size in
the bcc Ti matrix was evaluated to be 14 ± 6 µm. In addition, small volume fractions of the α” andω
phases were found in the microstructure.

(2) Microstructure evolution of the composite during hot rolling was associated with dynamic
recrystallization of the bcc titanium matrix, due to which the average grain size decreased to 12 ± 6 µm
and TiB whiskers shortened to 3 ± 1.2 µm. Hot deformation also resulted in the formation of ~7% of
the α phase in the βmatrix.

(3) Non-isothermal rolling of Ti-15Mo/TiB composite at a starting temperature of 1000 ◦C to
a cumulative strain of ~0.7 resulted in considerably increased strength and ductility during the
compression test at room temperature and tensile ductility without substantial loss in strength during
tension at 500 ◦C. For instance, the hot rolled specimen was not fractured even after 45% thickness
reduction, while the initial condition was 22%. The yield strength was 1330 MPa for the hot rolled
and 1360 MPa for the initial condition. At 500 ◦C, tensile elongation of only 2% was obtained in the
as-sintered specimen, whereas the specimen after hot rolling demonstrated tensile elongation of 12.5%
at the same temperature.
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