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Abstract
This study investigated the effects of fine particles with high surface area synthesized by Self-propagating High-Temperature 
Synthesis (SHS) on the SPS process and the properties of the resulting products. Correlations were established between 
particle size, SHS product addition, sinterability, and mechanical properties. The products were characterized by measuring 
shrinkage percentages, relative density, microhardness, elastic modulus, and fracture toughness, which were further correlated 
with SEM–EDS results. The results revealed that SHS nanoparticles significantly increased fracture toughness, especially 
with additions above 60%, by reducing average particle size, increasing powder porosity, and adding composite powder. 
The product exhibited high relative density (99.03%), elastic modulus (464 GPa), and fracture toughness (4.65 MPa.m1/2) 
when SPS was used on B4C-TiB2 powders containing 80% SHS product at a low temperature of 1550 °C. By adding 80% 
SHS product, hardness increased by 62% (19.5 GPa) and fracture toughness by 24%, even at low sintering temperatures, 
thus reducing energy consumption.

Keywords  Self-propagating high temperature synthesis · SHS · Spark plasma sintering · Boron carbide · Titanium 
diboride · Fracture toughness

Introduction

Boron Carbide (B4C) and Titanium Diboride (TiB2) are 
promising advanced ceramics due to their unique physi-
cal, mechanical, and thermal properties. By virtue of these 
properties, they have wide usage areas in critical technology 
fields such as the aerospace and defence industries. Some 
important application areas for B4C can be summarized as 
armour applications, abrasive powders and hard coatings, 

neutron absorbers in the nuclear industry, and high-temper-
ature semiconductors in the electronics industry [1–9]. TiB2 
is similarly used in abrasive and cutting tools thanks to its 
high hardness and wear resistance; it has high toughness, 
thermal shock resistance, corrosion resistance, and good 
thermal and electrical conductivity [10–14]. In order to pro-
vide the combination of these superior properties exhibited 
by both materials, the fabrication of a composite structure 
is significant. The low toughness of B4C is its most impor-
tant limiting property. In addition, strong covalent bonding, 
low thermal conductivity, low plasticity, and the oxide layer 
formed on the surface significantly reduce the sintering abil-
ity. Few studies have demonstrated that fracture toughness 
and sintering ability can be increased in combination with 
TiB2 [15–19].

Spark Plasma Sintering (SPS) is a valuable method for 
producing high-performance advanced ceramics, offering 
several advantages over traditional sintering techniques. The 
most promising features of SPS reported in the literature are 
its high sintering rate and low sintering temperature, which 
result in a fine-grained structure, high pressure that elimi-
nates porosity and forms strong bonds between particles, 
low contamination risk due to its operation under vacuum 
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or argon atmosphere, and low dwelling duration, leading to 
homogenous distributions [20–23]. Researchers suggest that 
SPS is a promising method for fabricating B4C-TiB2 com-
posites with improved properties. This is achieved through 
the mechanisms of binding effect, grain growth inhibition, 
and crack deflection, thanks to the compressive residual 
stress on the grain boundaries caused by the thermal expan-
sion difference [24–30]. Recent studies have demonstrated 
the potential of SPS in producing B4C-TiB2 composites with 
improved properties, including a B4C-TiB2 composite with 
a fracture toughness of 4.36 MPa.m1/2 at 1950 °C sinter-
ing temperature and 50 MPa pressure by Liu et al. [24], a 
B4C-TiB2 composite with a fracture toughness of 3.7 MPa.
m1/2 at 1900 °C sintering temperature and 50 MPa pressure 
by Rubink et al. [27], and a fracture toughness of 4.5 MPa.
m1/2 by Huang et al. [30], who applied pulsed electric cur-
rent SPS at 2000 °C and 60 MPa. The mechanical properties 
of B4C-TiB2 composite are directly related to the composi-
tion. Researches have been carried out on different composi-
tions. In Huang et al.’s study [30], it was revealed that the 
optimum results in terms of hardness and fracture toughness 
was obtained as the TiB2 content was selected as 40% by 
volume (54% by weight). For this reason, this study focused 
on 50% (by wt.) TiB2 content.

Particle size of powder is an important factor in the sin-
tering process and must be optimized for desired proper-
ties. Niu et al. [31] studied the impact of TiB2 particle size 
on the mechanical properties of B4C-TiB2 composites pro-
duced through pressureless sintering at 2100 °C. The addi-
tion of TiB2 particles with a size of 500 nm up to 20% by 
weight increased the fracture toughness from 3.7 MPa.m1/2 
to 4.46 MPa.m1/2. The highest fracture toughness value of 
5.47 MPa.m1/2 was obtained with the addition of TiB2 par-
ticles with a sizes of 500 nm and 50 nm at 20% and 10% by 
weight, respectively. Liu et al. [32] investigated the effect of 
B4C particle size on the production of B4C-TiB2 composites 
by hot pressing at 2000 °C and 35 MPa pressure. The high-
est fracture toughness value of 5.23 MPa.m1/2 was achieved 
with a particle size of 7 µm. Zhao et al. [33] determined that 
the optimum B4C particle size for TiB2-B4C composites was 
0.5 µm, resulting in the highest fracture toughness value 
of 4.6 MPa.m1/2. Guo et al. [34] established a relationship 
between ball milling time, TiB2 particle size, and mechanical 
properties of B4C-TiB2 composites sintered by hot press-
ing. The fracture toughness increased from 4.80 MPa.m1/2 
to 7.69 MPa.m1/2 due to the reduction of TiB2 particle size 
from 5.94 µm to 1.96 µm after a 12-h ball milling.

The size of particles in the production of B4C-TiB2 is 
important in determining its sinterability and mechanical 
properties. One method that is commonly used is self-prop-
agating high temperature synthesis (SHS), which produces 
fine powders with a high surface area due to their porosity. 
Turan et al. [35] conducted a study to examine the effects of 

adding SHS-produced nanoparticles with a size of 200 nm to 
sinter powder with a size of 6 µm on the relative density and 
hardness of TiB2 produced by SPS at 1600 °C and 50 MPa. 
The study found that the addition of 50% SHS product to 
the sinter powder resulted in a significant increase in both 
relative density and hardness values in TiB2 that produced 
by SPS. Specifically, the relative density increased from 
76.75% to 96.34%, and the hardness value increased from 
5.41 GPa to 21.48 GPa. However, there are only a few stud-
ies on the production of advanced ceramics using SPS from 
powders synthesized by SHS. Licheri et al. [36] used SHS 
to produce ZrB2-SiC and HfB2-SiC ultra-high temperature 
ceramics, which were fully consolidated by SPS at 1800 °C 
and 20 MPa. The authors reported that the combination of 
the SHS and SPS processes significantly reduced the sin-
tering temperature and times. They compared the relative 
density values of SHS-SPS and reactive SPS composites and 
found that full densification could be achieved at 1800 °C 
with 20 min dwelling time by SHS-SPS, while it required 
1900 °C with 30 min dwelling time by reactive SPS. At 
1600 °C, the obtained relative density values were 97.5% 
and 82.5% for SHS-SPS and reactive SPS, respectively. Liu 
et al. [37] used SHS to produce TiB2-Si composite powders, 
which were then consolidated by SPS at temperatures rang-
ing from 1250–1350 °C and 50 MPa. Musa et al. [38] inves-
tigated the production of TiC0.7/TiB2 composites using SHS 
powders via SPS, and they found that near-fully densified 
composites could be produced at a temperature of 1400 °C 
and pressure of 20 MPa.

Other advanced ceramic composites that have been pro-
duced using the combination of SHS and SPS processes 
include HfB2-HfSi2 [39], HfB2-SiC [40], NbC-NbB2 [41], 
TaB2-SiC [42], and ZrB2-ZrC [43]. However, this study 
focuses on B4C-TiB2 production and aims to investigate the 
impact of adding self-propagating high-temperature syn-
thesized powder on the effectiveness of the spark plasma 
sintering process and the mechanical properties of the result-
ing product. Additionally, the study aims to establish cor-
relations between the average particle size of the sintering 
powder and the relative density, microhardness, and fracture 
toughness of B4C-TiB2 produced by SPS, which constitutes 
a novel contribution.

Materials and methods

During the first stage of experimental studies, the sintering 
capabilities of B4C-TiB2 composites, which were obtained 
by ball milling of commercially produced powders, were 
investigated. Micronized (20 µm) B4C commercial pow-
der, produced by carbothermal reduction (with an average 
particle size of 24 µm, as reported by Li et al. [44]) and 
fine-grained (200 nm) TiB2 commercial powders produced 
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by magnesiothermic reduction were subjected to a plan-
etary ball milling process, which caused the formation of 
B4C-TiB2 composite powder that has particle size lower 
than that of B4C and higher than that of TiB2. The chemical 
compositions of the commercial powders used in experi-
mental studies are given in Table 1. Ball milling processes 
were carried out for 1 h and 6 h, and sinter powders (sinter 
powder means the raw powder mixture utilized in the SPS 
process) with average particle sizes of 10 µm and 5 µm were 
obtained, respectively. B4C grinding balls were used to pre-
vent contamination during the ball milling processes. The 
powder-to-ball ratio was optimized to 1:7 by weight, and 
1/4 of the balls having a diameter of 3 mm and 3/4 having a 
diameter of 10 mm. The ball milling process was applied at 
a frequency of 35 Hz.

The B4C-TiB2 powder, with an average particle size of 
5 µm, was prepared by grinding commercial powders. The 
chemical composition of SHS product is given in Table 1. 
Additionally, the synthesis conditions of these powders can 
be found in the studies by Coban et al. [45–47]. The pow-
ders were mixed at varying ratios (20–80% by wt. for SHS 
powder) using a turbula mixer. The sintering process was 
carried out at 1550 °C. Furthermore, the B4C-TiB2 powders 
produced by ball milling for 6 h with an average particle size 

of 5 µm were also subjected to sintering at 2150 °C. The 
study investigated the effect of the average particle size and 
ball milling duration, the influence of SHS product addition, 
and the effect of sintering temperature. The production pro-
cess flowchart of B4C-TiB2 composite by the Spark Plasma 
Sintering method is illustrated in Fig. 1.

The Spark Plasma Sintering (SPS) furnace (HP 25D, 
FCT GmbH, Germany) was used to consolidate the pow-
ders shown in Fig. 1. The powders were loaded into a 20 mm 
diameter graphite mould that was covered with graphite 
and pre-pressed manually under a pressure of 10 MPa. The 
mould and powders were then placed in the SPS furnace. 
The sintering process was carried out for 10 min, applying 
a pressure of 40 MPa and heating at a rate of 100 °C/min. 
The temperature was measured using an optical pyrometer, 
and the sintering was performed in a vacuum atmosphere of 
10–2 bar at the temperatures specified in Fig. 1.

Microstructural characterization, phase analysis, crack 
length examination, microhardness testing and Vickers 
indentation fracture toughness determination of sintered 
samples were carried out by using an optical microscope 
(Leica Dmi8) and microhardness device (Emcotest DuraS-
can 70 G5). Previously, metallographic sample preparation 
was performed using a cBN abrasive grinder and a 3 µm 

Table 1   Chemical compositions 
of commercial and SHS 
synthesized powders used in 
experimental studies (%, wt.)

B Ti C Ca Fe Si Mg O, F, Cl

B4C (Commercial) 80,0 - 18,1 0,3 1,0 0,5 - 0,10
TiB2 (Commercial) 31,0 68,0 - - - 0,14 0,2 0,66
B4C-TiB2 (SHS) 55,5 34,6 9,0 - - - 0,45 0,45

Fig. 1   Flowchart of experimen-
tal study
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diamond suspension. 5 kgf (HV5) and 10 kgf (HV10) test 
methods were applied in the microhardness test. Microstruc-
tural examination, elemental mapping and analysis processes 
were carried out with an EDS-equipped scanning electron 
microscope (SEM–EDS) (JEOL JSM-6060 LV 15 kV). Agi-
lent Technologies Nanoindenter G200 was used to deter-
mine the modulus of elasticity values needed for fracture 
toughness examination. Relative densities were determined 
with the principle of Archimedes. Six different models were 
applied in Fracture Toughness (KIC) calculations, and values 
were determined for all samples according to each model.

Results and discussions

Characterization results of powders produced by SHS used 
in the SPS process are given in Fig. 2. As shown in Fig. 2a, 
SHS products have an average particle size of about 200 nm. 
The XRD result in Fig. 2b indicates that the main peaks 
are TiB2 and B4C. The results of the SEM–EDS analysis 
performed at the points shown in Fig. 2c are provided in 
Fig. 2d, which reveal that at point 1, besides TiB2, B4C is 
also present, indicating that the SHS product is in a com-
posite structure.

After subjecting commercial powders to planetary ball 
milling for 6 h, a sinter powder with an average particle size 
of approximately 5 µm was produced. Figure 3a and b show 
SEM images of this powder. SEM images of sinter powder 

containing 50% SHS product and having an average particle 
size of 2.6 µm are given in Fig. 3c and d. The SEM images 
reveal that the structure includes coarse (about 10 µm) B4C 
powders, as well as much finer-grained B4C powders and 
TiB2 nanoparticles. Comparing Figs. 3a and c, it can be seen 
that the SHS product additive significantly reduced the aver-
age particle size of the sintering powder. SEM–EDS analy-
sis and elemental mapping were performed on commercial 
sintering powder, and the results are given in Fig. 3e. The 
presence of oxygen was detected at the surface boundary line 
of the large-grained B4C phases, and the higher concentra-
tion of boron in these areas suggests that the B2O3 phase is 
present on the surface. Additionally, it is observed that the 
fine particles on the surface also contain some oxide and 
consist to a significant extent of the TiB2 phase. The high 
boron content in certain areas of the fine-grained phases 
indicates the presence of fine-grained B4C phases in addition 
to TiB2. It was observed that the B4C particles were partially 
transformed into finer particles due to the ball milling effect.

The dimensional changes of the powder given by the 
motion of the piston (relative piston travel, mm), which 
applies the pressure during sintering, and the sintering 
regime (pyrometer, °C) during the SPS processes are given 
in Fig. 4a-c. As shown in Fig. 4a, an increase in dimension 
was observed due to the expansion of the graphite mould. 
At a certain temperature, expressed as the shrinkage start 
temperature (Ts), a negative dimensional change occurs, as 
expected. This marked the start of sintering and shrinkage, 

Fig. 2   Characterization results of SHS powders utilized in SPS (a) SEM image, (b) XRD analysis result, (c) EDS analysis points, (d) EDS 
analysis results
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Fig. 3   SEM images of powders utilized in SPS (a), (b) 6-h ball milled commercial powder, (c), (d) 50% SHS product added powder; (e) SEM–
EDS mapping results of commercial powder

Fig. 4   Temperature, force and relative piston position change over time during SPS of (a) BM6-1550, (b) BM6-2150, (c) SHS50; and (d) shrink-
age starting temperatures and shrinkage percentages of samples
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which proceeded at rates dependent on the sinterability of 
the powder. At the temperature of 2150 °C during the pro-
cess shown in Fig. 4b, a decrease in size was observed at 
approximately 1800 °C. This was attributed to the melting 
of iron from the commercial powder, which was visible as 
solidified ejections. The shrinkage percentages and Ts val-
ues for each sample, along with the average particle sizes 
of powders, are provided in Fig. 4d. The results indicated 
that the powder containing 80% SHS product exhibited the 
highest shrinkage percentage when sintered at 1550 °C 
(SHS80). This suggests that the shrinkage process began at 
lower temperatures compared to other experiments, possibly 
due to the addition of SHS product in the powder mixture.

In general, an inverse relationship was observed between 
the average particle size of the sinter powder and both the 
shrinkage starting temperature and the shrinkage percent-
age. As the ball milling time or the SHS product addition 
increased, leading to a decrease in the average particle size 
of the sinter powder, the shrinkage starting temperature 
decreased and the shrinkage percentage increased.

SEM images of the sintered B4C-TiB2 samples are given 
in Fig. 5a-c. It can be seen that the powders with an average 
particle size of 5 µm, which were obtained by ball milling for 
6 h and did not contain SHS product, could not achieve suf-
ficient consolidation during the sintering process. It was found 
that sinterability slightly improved as the temperature was 
increased to 2150 °C. The SEM image of the product obtained 
by sintering powder with an average particle size of 2.6 µm at 

1550 °C, with 50% SHS product addition, is given in Fig. 5c. 
This image reveals that the addition of SHS product signifi-
cantly enhanced sinterability. The SEM–EDS mapping result 
of the SHS50 sample given in Fig. 5d. It indicates that the 
sintered product consists of both coarse and fine B4C grains, 
as well as fine TiB2 grains. The coarse B4C grains observed 
in the material are a result of the commercial powder used, 
while the fine B4C grains are attributed to the combination of 
the SHS product and the effects of ball milling. As a result, 
TiB2 grains on the surface of coarse B4C grains provided good 
densification by providing a binding effect. By the virtue of 
the reduction of the particle size, more B4C-TiB2 interfaces 
were created, which improved the sinterability.

The effect of the SHS product addition and sintering tem-
perature on the grain size of the B4C phases in the product 
was investigated using an optical microscope. Phase analysis 
colour images of SHS50, BM6-1550, BM6-2150 and BM1-
1550 samples are given in Fig. 6. Thus, it can be observed that 
the B4C grain size is influenced by the presence of the SHS 
product and the ball milling process. Specifically, the SHS50 
sample has the finest B4C grain size, whereas the grain size 
increases in samples without SHS product. Additionally, the 
BM6-2150 sample, sintered at a high temperature, has the 
coarsest B4C grains. These observations are depicted in Fig. 6, 
with Fig. 6a showing the SHS50 sample, Fig. 6b showing the 
BM6-1550 sample, and Fig. 6c showing the BM6-2150 sam-
ple. The amount of fine B4C phases decreased significantly as 
the ball milling duration was reduced to 1 h as seen in Fig. 6d.

Fig. 5   SEM images of sintered samples (a) BM6-1550, (b) BM6-2150, (c) SHS50; and (d) SEM–EDS mapping results of SHS50 sintered sample
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The relative densities of the sintered B4C-TiB2 compos-
ite samples are given comparatively in Fig. 7a. The sample 
BM1-1550, which was sintered from composite powder with 
a particle size of around 10 µm using 1-h ball milling, had a 
relative density of 90.42%. However, when the ball milling 
time was increased to 6 h and the particle size was decreased to 
approximately 5 µm, the BM6-1550 sample exhibited a higher 
relative density of 92.44%. The highest relative density value 
of 99.19% was obtained as a result of sintering this powder 
at 2150 °C. A similar relative density could be achieved at 

lower temperatures (1550 °C) by adding 80% SHS product. 
Figure 7b shows the relationship between the SHS product 
addition ratio in the sintered powder and the relative density of 
the sintered product. Accordingly, it has been determined that 
the addition of SHS product over 20% provided a significant 
increase in relative densities. The relative density exceeded the 
average trend when the SHS product addition surpassed 40%.

The hardness test results on the SPS samples are given in 
Fig. 8a, along with the average particle sizes of the sintering 
powders. It is observed that the hardness values are closely 

Fig. 6   Optical microscopy 
B4C phase analysis results for 
(a) SHS50 (b) BM6-1550, (c) 
BM6-2150, (d) BM1-1550

Fig. 7   Results for relative density determination (a) relative density values of sintered samples, (b) effect of SHS product addition on the relative 
density of B4C-TiB2
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aligned with the relative density results, as expected. Com-
paring the hardness of the BM6-2150 and SHS80 samples, 
which both have a relative density of over 99%, reveals that 
a higher hardness value can be achieved with the addition of 
80% SHS product, even at a much lower sintering temperature. 
When compared with the hardness of BM6-1550 (12.05 GPa), 
which was sintered at the same temperature and did not contain 
any SHS product, it has been determined that the addition of 
80% SHS product increased the hardness by 62%. Figure 8c 
illustrates the relationship between the mass percent of the 
SHS product in the sintered powder and the hardness values 
of the sintered product. Accordingly, it has been determined 
that the SHS product addition of over 40% provided a signifi-
cant increase in hardness values. When SHS product addition 
exceeded 50%, the hardness values were above the average 
trend. Figure 8d shows the relationship between the average 
particle size of the sinter powder and the hardness, indicating 
that the powder particle size has a significant effect on the 
hardness. The polynomial correlation given in Eq. 1, where 
HV10 represents hardness in GPa and davg represents aver-
age particle size in µm, was established between the average 

particle size and hardness for the B4C-TiB2 composite contain-
ing equal amounts of boron carbide and titanium diboride by 
mass.

Calculation of the stress intensity factor (KIC) value to 
determine the fracture toughness has been suggested as 
another method other than the impact test for advanced 
ceramics. The Vickers indentation method is the most com-
monly used technique for determining the fracture toughness 
of brittle ceramic materials. In this method, the type of crack 
resulting from the Vickers hardness test (Palmqvist crack, 
radial-median crack, or a combination of both) is identified, 
and calculations are performed using mathematical mod-
els based on crack length, indentation diameter, HV hard-
ness value, applied load, and modulus of elasticity [48–58]. 
Table 2 presents the fracture toughness calculation mod-
els proposed by researchers based on the crack mode. The 
images in Fig. 8b and Fig. 9a-d show the formation of a 
radial-median cracks in the samples.

(1)HV
10

= 2381.94 − 327.75 × davg + 18.65 × davg
2

Fig. 8   Microhardness test results of B4C-TiB2 composite (a) microhardness of sintered samples, (b) microhardness measurement, and the rela-
tionship between microhardness and (c) SHS product addition, (d) average particle size of sintering powder
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Table 2   Models for fracture 
toughness calculation

KIC: Fracture Toughness (MPa.m1/2 × 106)
F: Force applied in Vickers test (N)
C: Average distance from indentation center to crack tip (m)
E: Modulus of Elastisity (GPa)
HV: Vickers Hardness (GPa)
a: Mean value of Vickers indentation radius (m)

Model / Eq. Number Equation Models References

Radial-Median Crack
2

K
IC

= 0,0309x
F

C3∕2
x(

E

HV
)
2∕5 Nihara, Morena, Hasselman [59, 60]

3
K
IC

= 0,016x
F

C3∕2
x(

E

HV
)
1∕2 Anstis, Chantikul, Lawn, 

Marschall
[61–64]

4
K
IC

= 0,010x
F

C3∕2
x(

E

HV
)
2∕3 Laugier [65]

5
K
IC

= 0,024x
F

C3∕2
x(

E

HV
)
1∕2 Casselas [66]

6 K
IC

= 0,0752x
F

C3∕2
Evans and Charles [58, 66, 67]

Any Crack Type
7

K
IC

= 0,024x(
E

HV
)
2∕5

xHVxa
1∕2

x(
C

a
)
−1,56 Lankford [58, 68]

Fig. 9   (a)-(d) Crack length 
measurements, (e), (f) micro-
structures of crack propaga-
tion (g) average displacement 
changes over force values 
obtained by nano indentation 
tests
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Fracture toughness was calculated by measuring crack 
length using the Vickers indentation method. In the calcula-
tions, six different models listed in Table 2 were used, and 
the results were compared. Figure 9a-d shows crack length 
measurements for the BM6-2150 sample as an example. In 
addition to calculating fracture toughness values, the crack 
propagation mechanism during Vickers indentation was 
also investigated. As shown in Fig. 9e-f, the crack gener-
ally progressed over coarse-grained B4C phases. When 
it encountered TiB2 phases or fine-grained B4C phases, it 
moved towards the coalescence boundary and continued over 
TiB2 phases at a minimal level. This toughening mechanism, 
called crack deflection, is caused by the difference in the ther-
mal expansion coefficients of the phases (8.1 × 10–6/0C for 
TiB2 and 4.5 × 10–6/0C for B4C) [31, 69, 70]. Crack branching 
mechanism was also observed, as seen in Fig. 9f. The nanoin-
dentation method, also known as depth-sensing indentation, 
is commonly used to determine the modulus of elasticity of 
multiphase advanced ceramic materials. This method allows 
for the determination of the modulus of elasticity of each 
individual phase separately since the mechanical properties 
of multi-phase advanced ceramic materials are orientation-
dependent. The general modulus of elasticity of the material 
is then determined over the volume fractions of the phases 
using the law of mixtures. In this study, the elasticity modules 
were calculated by measuring the depth change at nanoscale 
under 250 mN force by increasing the speed of 10 mN/s by 
using a cube corner Berkovich diamond tip on the B4C and 
TiB2 phases. Force–displacement diagrams obtained over 
the average values of 10 different measurements are given 
in Fig. 9g for both phases. Modulus of elasticity values were 

calculated by the Oliver-Pharr method [71]. The modulus of 
elasticity of B4C-TiB2 was determined as 464.29 GPa, based 
on the law of mixtures. Calculation of fracture toughness 
according to Nihara, Morena, Hasselman model given in 
Eq. 2 (Model/Eq. Number 2 in Table 2) is given in Eq. 8.

Figure 10a shows fracture toughness values obtained by 
the Vickers indentation method for six different models, 
excluding the Evans and Charles model, which calculates 
independently of the elasticity modulus. These values were 
determined using elasticity modulus values obtained from 
nanoindentation tests and are compared for four samples. 
The average values for each model are represented by a 
star symbol. Accordingly, the highest fracture toughness 
value was obtained in the SHS80 sample. When evaluated 
using the Nihara, Morena, and Hasselman model, it can be 
seen that adding 80% SHS product increased the fracture 
toughness by 24%. Increasing the sintering temperature 
from 1550 °C to 2150 °C, rather than using SHS product, 
resulted in a 20% increase in fracture toughness. Figure 10b 
shows the relationship between the mass percent of the SHS 
product in the sinter powder and the fracture toughness 
values of the sintered product. Accordingly, it was deter-
mined that adding more than 60% SHS product significantly 
increased fracture toughness. When the SHS product addi-
tion exceeded 70%, the fracture toughness values were nota-
bly above the average trend.

(8)
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5
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Fig. 10   (a) Fracture toughness values of sintered samples for 6 different models, (b) effect of SHS product addition on fracture toughness of 
B4C-TiB2



947Journal of the Australian Ceramic Society (2025) 61:937–951	

The best properties for the B4C-50% TiB2 composite were 
achieved through the SPS process by sintering composite 
powders with an average particle size of 1.16 µm and 80% 
SHS product addition at 1550 °C. The relative density, hard-
ness, and fracture toughness values were 99.03%, 1991 HV, 
and 4.65 MPa.m1/2, respectively. Table 3 and Fig. 11 (for 
SPS) present a comparison of the values obtained in this 
study with the results reported in recent studies. Stoichio-
metric ratios are provided as percentages by weight. The 
results indicate that, despite the very low sintering tempera-
ture used in this study, good consolidation and relative den-
sity were achieved, and the fracture toughness was higher 
than that reported in similar studies in the literature. The 
relatively low hardness values can be attributed to the high 
TiB2 content and low sintering temperature. For example, in 
Baharvandi et al.'s study [72], the hardness of the compos-
ite containing 30% TiB2 decreased to approximately 2000 
HV. The study indicates that as the TiB2 content exceeded 
15%, the hardness decreased. Another study conducted by 
Srivatsan et al. [73] revealed that as TiB2 content increased 

from 5 to 15%, hardness increased from 35.72 GPa to 38.61 
GPa; however, as it increased up to 25%, the increase in 
hardness became minor, reaching 39.55 GPa. Additionally, 
increasing the sintering temperature resulted an increase in 
hardness. The study by Rodríguez-Rojaz et al. [29], pre-
sented in Table 3, reported that at a sintering temperature of 
1600 °C using SPS, a hardness of 2650 HV was achieved, 
which increased to 3367 HV at 1800 °C. It should be noted 
that the higher sintering pressure and the presence of SiC as 
a third phase should also be considered.

Conclusion

The production of a B4C-TiB2 ceramic composites with 
excellent mechanical properties is crucial for technological 
advancements. the Spark Plasma Sintering (SPS) is consid-
ered the most appropriate method for manufacturing such 
materials. Improving the sintering capability in the SPS 
process remains a challenging area of research, particularly 

Table 3   Comparison of B4C-TiB2 product properties and process parameters reported in recent years

* : studies investigating the effect of particle size and/or using submicron powders

Sintering Method Product / Temperature 
(0C) / Pressure (MPa)

Avarage Particle 
Sizes (µ) (B4C / 
TiB2)

Relative 
Density 
(%)

Hardness (GPa) Fracture Tough-
ness, Kıc (MPa.
m1/2)

Ref. (year)

Pressureless Sintering *B4C-30TiB2 / 2100 3 / 7 + 0,5 + 0,05 98,6 30,19 5,47 Niu et al. [31] (2021)
*B4C-20TiB2 / 2175 1 / 0,08 (TiO2) 98 31,79 3,51 Heydari et al. [74] 

(2015)
B4C-30TiB2 / 2150 1,33 / - 98,5 22,99 3,4 Baharvandi et al. [72] 

(2008)
Reactive Hot Pressing B4C–20TiB2 / 1950 / 

30 MPa
2,5 / 1,96 99,2 32,51 7,69 Guo et al. [34] (2023)

B4C–24TiB2 / 2100 / 
60 MPa

- 97,2 31,99 3,9 F. Sahin et al. [75] 
(2009)

B4C–30TiB2 + SiC / 
1950 / 60 MPa

3 / 3 (TiC) 99,4 32,99 6,5 Zhang et al. [76] (2017)

Spark Plasma Sinter-
ing

B4C–35TiB2 / 1950 / 
50 MPa

2,10 / 3,72 96,71 28,81 4,36 Yingying Liu et al. [24] 
(2020)

B4C–30TiB2 / 1800–
2000 / 50 MPa

2,10 / 3,72 98,47 29,81 3,7 Yingying Liu et al. [25] 
(2020)

B4C–30TiB2 / 1900 / 
50 MPa

 ~ 1 / ~ 1 100 29,99 8 Husarova et al. [26] 
(2018)

B4C–20TiB2 / 1900 / 
50 MPa

2,1 / 2,6 99,4 34,99 3,7 Rubink et al. [27] 
(2021)

*B4C–15TiB2 / 2250 / 
50 MPa

- / < 0,1 94,5 25,50 4,38 Moradkhani et al. [77] 
(2016)

*33B4C–33TiB2-
33SiC / 1800 / 
75 MPa

0,45 / 3 100 33,00 4,05 Rodríguez-Rojaz et al. 
[29] (2023)

*B4C-50TiB2 / 1550 / 
40 MPa

5 / 0,19 99,03 19,51 4,65 Present study

Pulsed Electric Cur-
rent SPS

*B4C–54TiB2 / 2000 / 
60 MPa

0,5 / 3 100 30,50 4,5 Huang et al. [30] (2011)
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for producing B4C-TiB2 ceramic composites. In this study, 
we investigated the effect of adding B4C-TiB2 powder, with 
a particle size of 193.5 nm produced by Self-Propagating 
High-Temperature Synthesis (SHS), to commercial powders 
on sinterability. We examined how this addition affected the 
relative density, microhardness, modulus of elasticity, and 
fracture toughness of the sintered product. Additionally, we 
established the relationship between the average particle size 
of the sintering raw materials and their mechanical proper-
ties. The following results were obtained:

1-	 In the SPS processes to produce B4C-TiB2 composites, 
a low relative density (90.42%) was achieved in the sin-
tering of commercial powders with an average particle 
size of 10 µm obtained by a 1-h ball mill at 1550 °C sin-
tering temperature. When the ball milling duration was 
increased to 6 h, the relative density slightly improved 
(92.44%) for powders with a particle size of 5 µm, also 
sintered at 1550 °C. A high consolidation and relative 
density value (99.19%) was achieved by increasing 
the sintering temperature to 2150 °C. However, it was 
found that nearly the same consolidation and relative 
density could be achieved by adding 80% by weight 
of SHS product instead of significantly increasing the 
temperature.

2-	 Microhardness test results showed that the hardness of 
the sample sintered at 1550 °C from the composite pow-
der containing 80% SHS product was higher than that of 
the sample sintered at 2150 °C from the powder without 
SHS product. The addition of 80% SHS product resulted 
in a 62% increase in hardness, with a microhardness 
value of 1990 HV (19.5 GPa).

3-	 The modulus of elasticity of the phases forming the 
composite structure was determined using the nanoin-
dentation method. The volumetric phase fraction was 
determined by optical microscope phase analysis and the 
modulus of elasticity (EB4C-TiB2) of the composite was 
determined as 464 GPa. Fracture toughness was deter-
mined using the Vickers indentation method and ana-
lyzed with six different models. According to the results, 
the highest fracture toughness value was obtained in 
the sample produced by sintering the powder contain-
ing 80% SHS product, and this value was determined as 
4.65 MPa.m1/2 (according to the Nihara, Morena, Has-
selman model). It was determined that 80% SHS product 
addition increased fracture toughness by 24%. The crack 
propagation mechanism was mostly intergranular, with 
deflection by fine TiB2 particles. The toughening mecha-
nisms were determined to be crack deflection and crack 
branching.

The results revealed that the addition of the fine particu-
late SHS product significantly lowered the SPS sintering 
temperatures and resulted in good mechanical properties. 
With an increase in the SHS product additive ratio, the 
improvements in properties exceeded the average trend, with 
increases of 40%, 50%, and 70% for relative density, hard-
ness, and toughness, respectively. In other words, increasing 
the SHS product additive primarily contributed to improving 
relative density, significantly enhanced hardness values, and 
had a notable effect on fracture toughness at higher additive 
levels. Further studies could explore the effects of different 
sintering temperatures and the addition of a third metallic or 
ceramic phase to achieve even better mechanical properties.

Fig. 11   Comparison of SPSed 
B4C-TiB2 product properties 
and sintering temperatures 
reported in recent years
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