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1. Introduction

Abstract. Monolithic titanium, Ti-1 wt% B.C, and Ti-2.5 wt% TiB2 were spark plasma
sintered at 1050°C for 5 min under 50 MPa. The effects of B4C and TiBs additions on
densification process, microstructural development, and mechanical properties of titanium
were investigated. The results revealed that relative density of undoped as well as B4C-
and TiBa-doped Ti samples reached ~98-99%. X-ray diffraction patterns, thermodynamic
assessments, and microstructural investigations verified the in-situ formation of TiB
whiskers in both composite samples as well as the appearance of TiC spheres in Ti-B4C
composite. However, trace unreacted TiBs and B4C additives remained in the composites
as a result of incomplete chemical reactions due to short-time SPS process. Compared to
undoped Ti sample, grain growth was hindered when the sample was doped by B4C or
TiBs. Elongation, ultimate tensile strength, and Vickers hardness of B4C- or TiB2-doped
samples were higher than those of monolithic titanium, but bending strength of ceramic-
doped samples was significantly lower, compared to undoped titanium. These outcomes
were discussed in detail and related to the presence/formation of several ceramic phases
with different morphologies in Ti matrix.

(© 2018 Sharif University of Technology. All rights reserved.

methods, such as Hot Pressing (HP) process. In this
method, raw materials are pressed in a graphite die,

Powder Metallurgy (PM) is known as an economical
processing method for the densification of ceramic-
reinforced metal matrix composites, compared to the
other techniques such as combustion synthesis, casting
or rapid solidification. Spark Plasma Sintering (SPS)
is considered as an interesting densification method to
fabricate near-fully dense samples quickly at relatively
lower temperatures compared to conventional sintering
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and a direct current pulse voltage is applied. Plasma
generation between the particles can accelerate the
mass transfer and diffusion in the materials. The
consequent joule effect and plastic deformation lead to
the progress of sintering process. Using a short-time
densification method can be useful when a fine-grained
microstructure is required. SPS process can be
used to fabricate metals, ceramics, and composite
materials [1-8].

Titanium has a combination of excellent char-
acteristics such as light weight, good strength, and
high corrosion resistance; however, its applications
have been limited due to low stiffness and wear re-

sistance. To overcome such restrictions, composite
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strategies have been recently developed. Titanium-
based composites have been employed in several ap-
plications, such as die casting, military, automotive,
aerospace, biomedical industries as well as sporting
goods, because of their superior properties, e.g. high
strength and excellent wear, corrosion, creep, and
fatigue resistances [9-13].

It was reported that the characteristics of Ti-
based composites can be improved by adding ceramic
particles to the matrix [14,15]. Several ceramic addi-
tives, such as Al,O3, TiN, TiB,, SiC, TiC, and B4C,
have been added as reinforcement phases to Ti-based
composites in order to investigate the influences of
such additives on microstructure as well as physical
and mechanical properties [16-18]. The most effective
approach to improving mechanical properties of a
composite is to control the interfaces of matrix and sec-
ondary phases. Insufficient chemical bonding between
Ti as the matrix and ceramic reinforcements as the
secondary phases leads to weak mechanical properties.
Hence, the in-situ formation of reinforcement phases
(e.g. TiB whiskers) is a fascinating trick to obtain an
excellent interfacial bonding between the matrix and
secondary phases [19-23].

The growth of TiB occurs one-dimensionally
along the [010] direction, while those of B4C or TiBs
are two-dimensional; therefore, generation of a whisker
morphology is possible.  The in-situ formed TiB
whiskers, through chemical reactions between Ti and
additives, have very strong and clean interfaces with
Ti matrix, because there is no intermediate phases
between Ti and TiB. The boron source required to form
TiB can be added in the form of B4C, TiB,, or other
additives. It was reported that the in-situ formation of
TiB whiskers in the spark plasma sintered Ti matrix
composites remarkably affects the microstructure and
mechanical properties [24-29].

The strengthening mechanisms of particulate-
reinforced titanium matrix composites have been stud-
ied extensively by previous researchers. It seems that
the strengthening mechanisms of Ti-TiBy system may
mainly be attributed to two aspects: direct contri-
butions due to the load transfer from titanium onto
TiB;, reinforcements and indirect contributions due to
morphological changes of the composite resulting from
the in-situ formation of TiB whiskers, such as grain
refinement, solid solution strengthening, geometrically
increased density of dislocations, and strengthening
due to thermal incompatibilities of the matrix and
reinforcements [30-33].

Although several papers have been published on
in-situ formed TiB,, in titanium matrix composites,
this research has comparatively investigated the char-
acteristics of Ti-TiBy, composites using different ce-
ramic additives as the boron source for TiB formation.
The samples were spark plasma sintered at 1050°C,

with soaking time of 5 min and applied pressure of
50 MPa. Densification, microstructure, and mechanical
properties of B4C- and TiBs-doped titanium matrix
composites were evaluated and compared to monolithic
Ti sample.

2. Experimental procedure

2.1. Materials and process

Commercially available Ti (particle size < 60 pm;
purity > 98%; Sigmaaldrich Co.), B4C (particle size
< 50 pm; purity > 98%; Sigmaaldrich Co.), and
TiB, (particle size ~8 pm; purity > 98%; Xuzhou
Hongwu Nanometer Material Co., China) powders
were used as raw materials. Scanning electron mi-
croscopy micrographs and X-ray diffraction patterns
of the as-received starting materials are shown in
Figure 1. According to XRD analysis, the identified
crystalline phases in Figure 1(a) and (c) are Ti and
TiBs, respectively, but Figure 1(b) shows the presence
of some remaining carbon in as-received B,C powder.
The powders were weighed in appropriate ratios to
supply monolithic Ti, Ti-1 wt% B4C, and Ti-2.5 wt%
TiB, samples. The contents of the starting materials
and the in-situ products were calculated based on the
stoichiometry formula. For preparing the composite
mixtures, weighed quantities of the as-received powders
were mixed thoroughly using a turbula mixer in dry
condition at 100 rpm for 5 hours.

The prepared powder mixtures were then uni-
axially spark plasma sintered in a SPS furnace (EF-
SPS-20T-10, with a pulse duration of 3.3 ms and
a current on-off ratio of 12:2) at 1050°C for 5 min
under an external pressure of 50 MPa under vacuum
condition (< 1 Pa). The temperature of the die was
raised to 1050°C with a heating rate of 50°C/min by
increasing the direct current, and the pressure was
gradually enhanced to 50 MPa. The temperature was
measured by an infrared pyrometer oriented towards
a hole on the external wall of the die directly in
line with the sample. For each composition, three
disc-shaped samples (~50 mm diameter and ~6 mm
thickness) were fabricated. The powder mixtures were
packed into a graphite die, lined with a flexible graphite
foil (0.5 mm thickness) as a lubricant to facilitate
the extraction of the sintered samples. Finally, the
applied current was reduced, external pressure was
released, and sintered samples were cooled to the room
temperature.

2.2. Characterization

Based on datasheets from suppliers, true densities
of starting materials were reported to be 4.45, 2.43,
and 4.30 g/cm?® for Ti, B,C, and TiBs, respectively.
Theoretical densities of spark plasma sintered samples
were calculated using the rule of mixtures based on
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Figure 1. SEM micrographs of morphology and XRD patterns

the aforementioned values. Bulk densities of the
sintered samples were measured by the Archimedes
methodology with distilled water as the immersion
medium. The conventional procedure of grinding,
polishing, and etching by Krolls reagent (5 ml HF,
10 ml HNOg3, and 85 ml HyO) was used for surface
preparation. Microstructures of polished and fracture
surfaces of the spark plasma sintered samples were in-
vestigated using optical (PMG3, Olympus, Japan) and
scanning electron (Cam Scan 2300, Czech Republic)
microscopes equipped with an energy dispersive spec-
troscope (DXP-X10P digital X-ray processor). Phase
identification of the starting materials and polished as-
sintered samples was performed by X-ray diffraction
method (Siemens D5000, Cu lamp, A = 1.54 A, 40 kV,
30 mA). Thermodynamic calculations were performed
with HSC Chemistry software (ver. 5.11, Outokumpu
Research Oy, Pori, Finland). Microhardness was deter-
mined by Vickers’ indentation method using a diamond
pyramid indenter (Eseway, UK) with a load of 300 g for
15 s on the polished surfaces. Each reported hardness

40 50 60 70 80 90
26 (degree)

of the as-received: (a) Ti, (b) B4C, and (c) TiB2 powders.

value was an average of 10 indentations. Samples were
cut to standard dimensions for the evaluation of me-
chanical properties by Electrical Discharge Machining
(EDM) method. Three-point bending strength and
room temperature tensile strength were evaluated using
a universal testing machine (STM-250) at a constant
crosshead speed of 0.5 mm/min on the polished spec-
imens. The dimensions of the cut samples for the
bending tests were 3 x 4 x 3 x 4 mm?® with a span of
15 mm. Three tests were performed to get an average
value of bending strength and to check the reliability of
the results. Tensile specimens have gauge dimensions
of 2 x 5 x 15 mm3, and a total of four specimens were
tested for each material.

3. Results and discussion

3.1. Phase identification and chemaical
reactions

In order to investigate the phase transformations and

chemical reactions during the spark plasma sintering
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Figure 2. XRD patterns of the spark plasma sintered:
(a) monolithic Ti, (b) Ti-1 wt% B4C, and (c) Ti-2.5 wt%

TiBsy samples.

process, X-ray diffraction was performed. The XRD
patterns of the sintered monolithic and composite
samples are shown in Figure 2. As seen in Figure 2(a),
the only detectable phase in the sintered monolithic
Ti sample is titanium. This pattern is very similar to
the XRD pattern of as-received Ti powder (Figure 1);
hence, it seems that no chemical reactions occurred
during sintering process of undoped sample.

On the one hand, the XRD pattern of B4C-
doped sample (Figure 2(b)) reveals the presence of
Ti, TiB and TiC phases after sintering process. The
presence of TiB and TiC peaks in this spectrum
verifies the in-situ formation of titanium boride and
titanium carbide through chemical reactions between
Ti and B4C particles. On the other hand, the absence
of B4C peaks in this pattern suggests that chemical
reaction between Ti and B4C has been completed and
B4C particles have fully reacted during SPS process.
However, the presence or absence of trace phases,
such as remained B4C, cannot be proved by XRD
analysis, and it requires microstructural investigations,
as discussed in Section 3.2.

A relatively similar trend is seen in XRD pattern
of TiBy-doped sample (Figure 2(c)). Detection of
Ti and TiB peaks in this figure confirms the in-situ
formation of TiB due to the reaction between Ti and
TiBs. Similarly, the absence of any detectable TiB,
peak in this spectrum may be the result of completion
of chemical reaction between starting materials. Feng
et al. [8] reported the same observation for spark

plasma sintered Ti-TiB, composites at different pro-
cessing temperatures.

The in-situ formation of TiB in both Ti-B4,C and
Ti-TiB, composites can be related to the progress of
chemical reactions presented in Eq. (1) (extracted from
[27,30] and Eq. (2) extracted from [12]). Moreover, as
a result of Eq. (2), TiC can be formed along with TiB
in B4C-doped sample:

Ti+ TiB, = 2TiB  [27,30] (1)

5Ti+ B4C = TiC +4TiB  [12] (2)

Figure 3 displays the Gibbs free energy and enthalpy
values for the chemical reactions (presented by Eqgs. (1)
and (2) as a function of temperature up to 1050°C. The
Gibbs free energy values of both reactions are negative
(Figure 3(a)) in this temperature range, suggesting
that both Egs. (1) and (2) are thermodynamically
favorable. In other words, thermodynamic calculations
favor the formation of TiB in both Ti-B4C and Ti-
TiB, composites and formation of TiC in B,C-doped
sample. In addition, according to the negative values
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Figure 3. (a) Gibbs free energy and (b) enthalpy of the
chemical reactions based on Egs. (1) and (2) (calculated

(b)

by HSC chemistry Software).
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of enthalpy for Eq. (1) and (2) (Figure 3(b)), it can
be concluded that the reactions between titanium and
ceramic additives (TiB; and B4C) are exothermic.

3.2. Microstructural investigations
Some measured physical and mechanical properties
of the spark plasma sintered samples are reported in
Table 1. After sintering process, the relative density
values of monolithic Ti, Ti-1 wt% B4C, and Ti-2.5
wt% TiBy samples reached ~97.9%, ~98.5%, and
~98.9%, respectively. It means that less than ~2%
pores remained in the final sintered microstructures,
even in undoped Tisample. However, by incorporating
ceramic additives as reinforcement phases in Ti-based
composites, the densification process was improved.
The optical and scanning electron microscopy
images of the polished and fracture surfaces of as-
sintered monolithic Ti sample are shown in Figures 4-6.
As can be clearly seen in Figure 4(a), the monolithic
Ti sample has a two-phase microstructure including

A. Sabahi Namini et al./Scientia Iranica, Transactions B: Mechanical Engineering 25 (2018) 762-771

phases separated by (5 layers. The intergranular beta
layers between alpha grains can also be observed in the
SEM micrograph of undoped titanium (Figure 4(h)).
Since Ti sample is heated to the sintering tempera-
ture of 1050°C, above the allotropic transformation
temperature of titanium at 890°C, a-Ti converts to
[B-Ti during SPS process. However, due to the rapid
cooling rate, the reverse transformation could not be
completed, and some 3 phase remained at «a-Ti grain
boundaries. The fracture surface of undoped titanium
(Figure 4(c)) shows the presence of few porosities
(~2%); hence, achieving a near-fully dense monolithic
Ti sample is possible by the SPS technique. However, a
remarkable grain growth occurred in this sample, even
at the high heating rate and effective heat transfer in
spark plasma sintering process. Based on Figure 4(c),
the dominant fracture type of metallic Ti sample, with-
out adding any ceramic particles as the reinforcement
phases, is the intergranular quasi-cleavage mode.
Figure 5 displays OM and SEM micrographs of

Table 1. Relative density and mechanical properties of the spark plasma sintered samples.

Ultimate Bending

Sample Re%ative Elongation tensile strength  strength Hardness
density (%) (%) (MPa) (MPa) (HVo.3)
Undoped Ti 97.9 + 0.4 2.68 £ 0.15 441 + 6 2134 £ 55 305 £ 15
B4C-doped Ti  98.5 £ 0.5 4.37 £ 0.22 494 £ 11 1416 £ 187 343 £ 11
TiBs-doped Ti  98.9 £ 0.4 8.67 £ 0.11 485 + 4 1615 = 79 363 £ 8

(a)

(b)

Figure 4. (a) Optical and (b) scanning electron microscopy images of the polished surface, and (c) SEM micrograph of

the fracture surface of monolithic Ti sample.

Figure 5. (a) Optical, and (b) scanning electron microscopy images of the polished surface, and (c) SEM micrograph of

the fracture surface of Ti-B4C composite.
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Figure 6. (a) Optical, and (b) scanning electron microscopy images of the polished surface, and (c) SEM micrograph of

the fracture surface of Ti-TiBy composite.

the polished and fracture surfaces of Ti-1 wt% B4C
composite. Some fiber-like phases are seen in the
polished surfaces of this sample (Figure 5(a) and (b)),
which can be referred as TiB whiskers.

SEM micrographs (Figure 5(b)) and EDS spectra
(not shown here) identified distinct phases: the light-
gray phase is Ti matrix, the black one belongs to B4C,
the dark-gray phase with high aspect ratio is in-situ
formed TiB, and the spherical dark-gray one is related
to in-situ formed TiC. The in-situ formation of such
phases was verified by XRD analysis (Figure 2(b))
and thermodynamic calculations approved it (Eq. 2
and Figure 3). Nevertheless, as it can be seen in
the polished surfaces, some unreacted B,C particles
remained in the sintered sample.

The presence of B4C particles indicated that the
chemical reaction between Ti and B4C (based on Eq.
(2)) has not been completed due to kinetic factors.
Short holding time of SPS process and/or addition of
coarse B4C particles are the factors that could slow
down the reaction between Ti and B4C.

As can be clearly seen in both OM and SEM im-
ages, the relatively large-sized remaining B,C phases,
surrounded by dark-gray coronas, may be a mixture
or a solid solution of TiB and TiC. It seems that finer
B, C particles completely disappeared and converted to
titanium carbides and borides. Moreover, the amount
of remained B,C phase was not high enough to be
detected by XRD. Despite the fact that the amount
of in-situ formed TiB and TiC is also low, due to the
small portion of B4C in the starting powder mixture,
an effective contact between Ti and B4C particles
accelerated the formation and isotropic growth of TiB
as whiskers together with spherical TiC phases. As it
can be seen in Figure 5(b), TiB whiskers initiate from
the Ti/ B4C interfaces, verifying the formation of TiB,,
as a result of the reaction between Ti and B4C phases
(Eq. (2)). The presence of trace B,C together with
the above-discussed newly formed ceramic phases with
different morphologies (TiB whiskers and TiC spheres)
affected the fractographical properties of titanium ma-
trix composite. A hybrid brittle and quasi-cleavage
fracture mode is seen in Figure 5(c), compared to the

undoped Ti sample with a dominant quasi-cleavage
fracture mode (Figure 4(c)).

Figure 6 shows the microstructures of Ti-2.5 wt%
TiB, composite. Similar to Ti-1 wt% B4C sample,
the in-situ formed TiB whiskers are observable in the
polished surfaces of this composite. However, unlike
B4C-doped sample, TiC phases were not formed due to
the absence of any carbon sources. Three recognizable
regions can be distinguished in SEM micrographs of the
polished surface (Figure 6(b)). The light-gray, black
and dark-gray phases are Ti matrix, remained TiBs,
and TiB whisker, respectively.

The in-situ formation of TiB,, was previously
confirmed by XRD (Figure 2(c)), and thermodynamic
analysis approved it (Eq. (1) and Figure 3). Some
unreacted or semi-reacted TiB5 particles also remained
in as-sintered microstructure due to the kinetically-
induced limitations of rapid SPS process. It seems that
reaction of Ti matrix with fine TiB, particles results in
in-situ synthesis of TiB whiskers; however, the presence
of coarse TiBs particles leads to the formation of semi-
reacted TiB-surrounded TiB; structures. TiB whiskers
formed through in-situ reactions would bond well with
matrix due to the clean interfaces between whiskers
and the matrix. The fractographical properties of this
sample were also affected by the presence of remained
TiB; particles and in-situ formed TiB whiskers, similar
to the B4C-doped composite. A combined fracture
mode of brittle and quasi-cleavage is observed in this
sample (Figure 6(c)). Compared to the monolithic Ti
sample with a dominant intergranular fracture type,
the fracture pattern of TiBs-doped composite is mainly
transgranular. Detailed information on brittle and
quasi-cleavage fracture modes was reported in other
references [34-36].

A schematic illustration of the chemical reactions
between the starting materials and microstructural
evolution during spark plasma sintering of B,C- and
TiBs-doped titanium matrix composites is depicted
in Figure 7. Before sintering process, B4C (coarse
and fine) or TiBy (relatively fine) particles are uni-
formly located on the surfaces of large Ti powders.
After sintering process, the powder mixtures will be
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After SPS process

Ti(B,C)
corona

Semi-reacted B4C

After SPS process

Semi-reacted
TiB2

TiB
corona

Remained

Figure 7. Schematic exemplification of microstructural evolution during SPS process of (a) Ti-B4C and (b) Ti-TiB»

composites.

compacted accompanying neck formation at a high
applied pressure of 50 MPa during the SPS process.
In addition, the previously discussed calculations and
analyses’ reactions between titanium and B4C or TiB,
will happen at a temperature of 1050°C. Finally, the
growth morphologies of TiB will result in the formation
of needle-like TiB whiskers with a high aspect ratio.
A qualitative comparison of the fracture surfaces
(panel ¢ in Figures 4-6) shows that both compos-
ite samples have finer a-Ti grains than monolithic
titanium. It means that the addition of ceramic
reinforcements, such as B4C and TiB,, influences the
grain size of titanium matrix through extra driving
force for the nucleation of finer grains, decelerated
growth of nuclei as more nuclei can be formed, and
the preferred nucleation sites provided by the new
interfaces (Ti/TiB or Ti/TiC). In other words, the
in-situ formation of TiB,, in both composite samples,
the in-situ formation of TiC in B4C-doped sample,
and remaining trace additives (B4C or TiB,) in the
sintered samples significantly affect the microstructural
evolution of titanium matrix composites via acting as
grain growth inhibitors during the sintering process.

3.3. Mechanical properties
Some mechanical properties of the spark plasma sin-
tered samples, i.e. hardness, tensile, and bending tests,
are reported in Table 1 and plotted in Figure 8 for a
better comparison.

The tensile properties (elongation and ultimate
tensile strength) of both composite samples are higher

than those of the undoped Ti (Figure 8(a) and (b)),
which can be related to the combined effects of
higher as-sintered density and the presence/formation
of several ceramic reinforcement phases with different
morphologies. The strengthening of the B4C- and
TiBs-doped titanium matrix composites not only can
be attributed to the transfer of stresses from the
metallic matrix to the hard ceramic reinforcements,
but also can be related to the morphological variety
of secondary phases, which were added to or in-situ
formed in the microstructure. Hence, due to the
simultaneous effects of higher relative density and
a strong interfacial bonding between Ti/TiB,,, both
composite samples showed higher tensile properties
than monolithic Ti did. Feng et al. [8] showed that the
TiB reinforcement and the interfacial cohesion between
TiB and Ti matrix are strong enough to undertake the
stresses and increase the strength of TiBy-reinforced
titanium matrix composites. However, the higher ten-
sile strength of B4C-doped sample, compared to TiBs-
doped composite, can be related to in-situ formed TiC
phases besides TiB whiskers. Furthermore, according
to the classic Hall-Petch relationship, the fine grain size
is beneficial to the room temperature tensile strength.
In the current composites, as shown in Figures 5 and
6, the grain size is significantly refined with incorpo-
rating ceramic reinforcements. This means that more
grain boundaries exist in the composites due to finer
grains, playing an important role in strengthening and
improving the tensile strength of the ceramic reinforced
specimens.
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Figure 8. Mechanical properties of the spark plasma sintered samples: (a) Elongation, (b) ultimate tensile strength, (c)

bending strength, and (d) Vickers hardness.

In general, the bending strength of a sample is
affected by its relative density and grain size as can
be improved with increasing the relative density and
decreasing the grain size. Nevertheless, in this research,
the monolithic Ti sample showed a higher bending
strength than both of the composite samples did
(Figure 8(c)). The previously discussed hard phases
reduce the bending strength of the composite due to the
plastic restraint imposed on the matrix by the in-situ
formed TiB whiskers, TiC particles, remained TiB5 and
B,4C particles, and subsequent stressing concentration.

As the addition of B4,C to Ti matrix results in
the formation of different hard ceramic phases in as-
sintered microstructure, the Ti-B4C composite has the
weakest bending strength in this research work.

Figure 8(d) presents the average hardness values
of the titanium matrix in as-sintered samples. The
hardness of Ti matrix is slightly increased by the
addition of ceramic particles (such as B4C and TiB,)
as reinforcement phases. The somewhat higher hard-
ness of the composite samples than that of undoped
titanium can be related to the higher relative density
(lower porosity content) of the ceramic-doped samples.
However, it should be noted that some remaining
ceramic phases had higher hardness values than that of
Ti matrix. For example, the hardness of unreacted B,C
phases and that of TiB coronas at Ti/B,C interfaces

in B4C-doped sample were measured ~1500 HV and
~730 HV, respectively, compared to the Ti matrix with
a lower hardness of ~340 HV. As a result, despite the
effects of relative density on the hardness increment, it
seems that the presence of the remaining unreacted or
semi-reacted ceramic reinforcements has predominant
effect on hardness rather than density.

4. Conclusion

Undoped, B4C- and TiBs-doped titanium samples were
spark plasma sintered at 1050°C for 5 min under a
load of 50 MPa. The sintered composites contain the
in-situ formed phases (TiBw in Ti-TiB,, TiBw + TiC
in Ti-B4C) in titanium matrix, synthesized by chemical
reactions between Ti and additives during the sintering
process. Some unreacted or semi-reacted reinforcement
particles (TiBy, B4C) also remained in as-sintered mi-
crostructures due to the kinetic factors. Although high
relative densities of 98.5% and 98.9% were obtained
for B4C- and TiBs-doped samples, respectively, the
addition of ceramic particles could not significantly
affect the sintered density of titanium, compared to
undoped sample with a density of 97.9%. However, the
presence of the remained ceramic additives, besides in-
situ formation of some ceramic phases, could hinder the
grain growth of titanium matrix. More than 10% rise
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in the ultimate tensile strength and Vickers hardness
values and also ~30% decrease in bending strength
value were found by adding 1 wt% B4C to titanium.
A relatively similar trend was also observed in TiBy-
doped titanium sample.
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