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Abstract
Monolithic TiB2 are known to have a good combination of densification and hardness, which are sometimes helpful but
limited in application. However, their usage in service at elevated temperatures such as in thermal power plants, cutting tools,
tribological purposes (mechanical seals, blast nozzles, wheel dressing tools), etc. leads to catastrophic failure. Hence, the
introduction of sintering additives in the TiB2 matrix greatly influences the sinterability and properties (fracture toughness,
wear resistance, etc.) of the resulting composite needed to meet the requirement for various industrial applications. In this
study, the influence of SiC as sintering additives on the microstructure, densification, hardness and wear performance of TiB2

ceramicwas observed. Hence, TiB2, TiB2–10wt%SiC andTiB2–20wt%SiCwere sintered at 1850 °C for 10min under 50MPa.
The impacts of SiC on the TiB2 were observed to improve the microstructure and correspondingly improve the densification
and mechanical properties, most especially with the composite with 20wt% SiC. Combined excellent densification, hardness
and fracture toughness of 99.5%, 25.5 GPa, 4.5 MPa.m1/2 were achieved, respectively, for TiB2–20wt%SiC. Diverse in-situ
phase and microstructural alterations were detected in the sintered composites. It was discovered that the in-situ phase of TiC
serves as the contributing factor to the enhanced features of the composites. Moreover, the coefficient of friction and wear
performance outcomes of the synthesized composites described a decreased coefficient with an enhanced wear resistance via
the increasing SiC particulate. However, applying the load from 10 to 20 N increased the wear rates.
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1 Introduction

Titanium diboride (TiB2) is among the family of transition
metal compounds that are regarded as ultrahigh temperature
ceramics [1]. TiB2 ceramic matrix possesses some excellent
properties such as chemical stability in harsh environments,
high melting points, good thermal conductivity, good abra-
sion resistance, high strength and hardness [2–4]. These
properties havemade it possible for TiB2 to be used in various
applications, viz aluminum evaporator boats, cutting tools,
ballistic armour, wear-resistant parts and many more [5, 6].
Despite the excellent performance of these materials in ser-
vice, their poor self-diffusion coefficient, high melting point,
the existence of oxide contaminants (B2O3 and TiO2) on the
powder surface of TiB2 and strong covalent bonding pose
some challenges in the densification of its monolithic form
[6–8]. Previous works have stated that in achieving a theo-
retical density of more than 98% of a monolithic TiB2, an
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elevated consolidation temperature with high external pres-
sure is required. However, grain growth developed at these
high consolidation temperatures often reduces the flexural
strength and fracture toughness as well as some of its intrin-
sic properties [9, 10]. Thus, numerous works have been done
to enhance the mechanical properties and the sinterability of
TiB2 ceramics materials by introducing non-metallic addi-
tives andmetallic as sintering aids.Metallic additives such as
Fe, Al, Ti, Cr, Ta, etc., are applied for TiB2 ceramic densifica-
tion. However, their usage is limited due to their depreciating
effects on the high-temperature application of TiB2. Owing
to these challenges, attention has been shifted to densifying
TiB2 using non-metallic additives which aremostly carbides,
silicides, nitrides and boride-based sintering aid such as AlN,
TiC, WC, Si3N4, NbC, SiC and ZrB2 [11–14]. These addi-
tives remove oxide layers from the powder surface or create
in-situ phases that contribute to the composites’ sinterability
and enhancement of properties [12, 15, 16].

Spark plasma sintering (SPS) is one of the novel fabrica-
tion processes used to consolidate TiB2 ceramic materials.
Because this technique uses a lower temperature to achieve
the densification of ceramic materials under low pressure
at a short dwell time. These features have made SPS gain
high predominance over other conventional sintering, specif-
ically hot press, hot isostatic press, etc. The application of
SPS ensures the achievement of high densification, finer
microstructure and excellent mechanical properties [17–19].

In addition, the importance of fine microstructure, peak
densification and excellent mechanical properties cannot be
jettisoned in the enhancement of wear performance. Hence
in achieving these features, judicious selection of the type of
sintering additives/matrix and their right composition has a
lot of priority. The utilization of ceramic matrix composites
for cutting tools and other applications where wear behav-
ior is highly considered, certain things must be measured
to design the type of materials that can withstand the wear
rate. Thus, the type of load, time and the type of medium
the material will be used will be put into consideration. It
has been studied that under dry sliding parameters that the
tribological performance of ceramic components is compli-
cated and reliant on some external conditions such as sliding
speed, humidity, temperature, load counterpart atmosphere,
etc. [20, 21].

Past works have emphasized the influence of carbides and
nitrides reinforcement on borides ceramic’s relative density
and mechanical features. The inclusion of 5 wt% silicon
nitride (Si3N4) in TiB2 ceramic matrix as a sintering aid
was observed. It was reported that there was a densification
increment when it was sintered via SPS at the temperature of
1900 °C under 40MPa for 7 min. [4]. It was reported that the
incorporation of 2.5 wt% Si3N4 to TiB2 matrix enhances the
sinterability of the composites significantly when it was hot-
pressed at 1800 °C for 1 h [6]. The examination of the impact

of diverse composition of SiC particulates under varying sin-
tering parameters (at 1600–1800 °C, under 10–30 MPa for
5–15 min) was studied on the consolidation of TiB2 based
composites. A densification of 99.5% was attained at the
temperature of 1800 °C under 30 MPa for 15 min. [7]. At
the grain interface of the reinforcement (SiC) and the matrix
(TiB2), the secondary interfacial phase (TiC), which was cre-
ated via the reaction between the surface oxide contaminants
and the SiC particles, was reported to improve the densifi-
cation [11, 22, 23]. An examination was carried out on the
influence of TiN and SiC as an additive and reinforcement on
TiB2-based composites synthesized via SPS at 1900 °C for
7 min under 40 MPa. A densification of 99.9% was achieved
for the composites of TiB2–SiC (20 vol%)–TiN (5 wt%) and
TiB2–SiC (20 vol%) [24] in contrast to the undoped TiB2

with densification equal to 96.7% under a similar sintering
parameter [4]. The inclusion of TiN and SiC was reported to
form in-situ phases, which concurrently improve the densi-
fication and sinterability of the two samples [4, 25, 26]. The
finer microstructure was examined to be produced because
of the addition of TiN. This experimental work also con-
curs with Shayesteh et al. [27], when he only used TiN as a
dopant for TiB2. Alexander et al. [28] studied the wear per-
formance of B4C-carbon nanotube. They achieved a specific
wear rate of 1.06 × 10–6 mm3/N.m, which was less than the
undoped B4C ceramics, hence depicting the impact of car-
bon nanotube in the improvement of B4C composites wear
performance. Murthy et al. [29] examined that the addition
of ZrO2 to B4C ceramic matrix was observed that an in-
situ ZrB2 and similarly round pores of sub-micron size were
formed. Also, the establishment of CO gas was detected to
aid in the arrest or deflect cracks, thus enhancing the tribo-
logical behavior of B4C ceramics. Sharma et al. [30] stated
that with a rise in load, the specific wear rate of SiC com-
posite declines and then the coefficient of friction initially
increases and then declines when there is an increase in the
sintering additives of WC from 0 to 50 wt%. Sonber et al.
[31] studied the tribology behavior ofB4CwhenWCballwas
used as the cemented counter body. They discovered that the
specific wear rate of B4C increases with a rise in load and
consequently, its coefficient of friction declined.

Profound works have been carried out on the microstruc-
ture, densification and mechanical properties of TiB2 using
SiC as a sintering additive. However, little or no work
has been reported on the influence of microstructures and
mechanical properties of this composite on its wear per-
formance. Therefore, in this study, the impacts of SiC on
the microstructure, relative density, mechanical properties
and the wear performance of TiB2 ceramic were observed,
and more importantly, the influence of these aforementioned
properties on the wear behavior of TiB2–SiC was studied.
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2 Experimental Procedure

2.1 Materials and Process

(a) Powders and Sample Preparation
The starting available powder TiB2 (purity: 99.5%) pro-

duced by H.C. Starck Berlin Werk Goslar, SiC powder
(purity: 99.5%), produced by USA (F.J. Brodmann & Co.)
were applied as it is stated in Table 1. The initial powder,
such as Titanium diboride, was used as a matrix, silicon car-
bide was used as a reinforcement in the matrix ceramics.
The powders were prepared into two varying compositions
of powder viz, TiB2–10wt%SiC and TiB2–20wt%SiC. The
XRDof the as-received powders and themixed compositions
are shown in Figs. 2 and 4. The compositions were mixed in
a tubular mixer ((WAB TURBULA SYSTEM SCHATZ)) at
a revolution of 78 rpm for 6 h.

TiB2–10wt%SiC and TiB2–20wt%SiC were discharged
in a graphite die (having an inner diameter of 20 mm). The
graphite foil is placed between the powder and the die walls
and between the punch and the powder. The graphite foil
was used to prevent friction between the die and the powder
during the consolidation process and also for easy removal
of the as-sintered compact after the consolidation process.
The sinter chamber during the experiments was kept under
a vacuum of 10–2 torr, which is equivalent to 1.3332 Pa. It
is worth mentioning that the reason why this pressure value
was chosen is to eliminate any air in the chamberwhich could
interferewith the consolidation process of the samples at high
temperatures. Then via the pyrometer attached to the grafoil
die, the sintering temperature was observed, controlled and
measured. The heating rate of 150 °C/min was induced by
an alternating current along with a frequency of 50 Hz. This
was done until the sintering temperature was raised to the
specified temperature (1850 °C). A pressure and dwell time
of 50 MPa and 10 min were employed during the sinter-
ing cycle. Before removing the sintered compacts from the
sintering chamber, they were allowed to cool at normal tem-
perature. The cooled samples were sandblasted to eliminate
any contaminants of the graphite (placed between the sur-
face of the powder and the die) on the surface of the sintered
samples.

(b) Characterization of the Sintered Samples
The relative density of the as-sintered compactswas calcu-

lated via a densitometer which is established on Archimedes
principle. For the metallographic analysis, metallographic
techniqueswere used to prepare the transverse cuts of the sin-
tered samples. The compacted sintered samples were ground
by abrasives emery papers of different grit sizes 320, 400,
600, 800, 1200, 1400 and polished with diamond suspen-
sions (sizes 1, 3 and 6 µm), with Kroll’s reagent (2 ml HF,
92 ml H2O and 6 ml HNO3). The elemental, topography
and microstructure of the sintered compacts were observed

Fig. 1 Representation for Vickers hardness and indentation test for frac-
ture toughness

and analyzed via 7600F field-emission scanning electron
microscope (FESEM, JEOL 7600F) with energy-dispersive
X-ray spectroscopy (EDS). The X-ray diffractometer (XRD,
PW1710 Philips) was used for phase identification.

The micro-hardness tester (FM-700 FUTURE-TECH)
was used to determine the Vickers microhardness. A force of
2 kg with a dwell time of 15 s. For each sample, 10 measure-
ments were carried out, and the mean value of the results was
obtained in (GPa) value for the sintered sample. The fracture
toughness was estimated via the crack length measurement
created by the indenter as revealed in Fig. 1. At a load of 2 kg,
the measurement (crack length) was done with an optical
microscope. Then the formula suggested by Fukuhara et al.
[32–34] Eq. 1 was used to estimate the fracture toughness of
the sample

Kic � 0.203Hv a1/2(c/a)−3/2 (1)

where Hv—Vickers hardness, 2a—diagonal of the indenter,
2c—total indentation crack length.

At least five indentation examination and their mean value
of the data were reported.

(c) The Examination of Dry Sliding Wear
The tribology test was done with (MFT-5000), RTec uni-

versal tribometer besides reciprocating wear drive to contrast
diverse loads because loads govern a fundamental role in
wear features of components. An exact linear platform was
engaged to grip the sample attached to a rod designed to put
it in motion. The motion was engaged via the exterior motor
that was attached to the functioning stage. Different loads
of 5 N, 10 N, 15 N and 20 N using stainless steel balls of
diameter 6 mm were engaged at a linear speed of 0.06 cm/s
for 900 s. The wear test was done on a square sample of size
(10 × 10 mm) after its surfaces had been grounded and pol-
ished so that SEM could be used to characterize and capture
the wear tracks, and thus, the worn-out surfaces can be seen
clearly.
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Fig. 2 XRD of the as-received powder of a TiB2, b SiC

Fig. 3 SEM images and EDX of the as-received powder of TiB2 (a, b) and SiC (c, d)
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Fig. 4 XRD of mixed composites a TiB2–10SiC, b TiB2–20SiC

Fig. 5 SEM micrograph of admixed powder a TiB2–10SiC, b TiB2–20SiC

3 Results and Discussion

3.1 The Characterization of Feedstock Powder
andMixed Powder

The features of the as-received TiB2 matrix and sintering
additive of SiC are shown in Figs. 2 and 3, and their elemen-
tal compositions are shown and analyzed via EDX (Fig. 3).
Furthermore, the XRD observation detected that the peaks
are mainly of TiB2 and SiC. However, there are discover-
ies of some oxide contaminants as revealed by the XRD and
EDX analysis. B2O3 and TiO2 are seen on the TiB2 surface,
while SiO2 is detected on the SiC surface. These types of

contaminants can be associated with the covering oxide lay-
ers which are created on the surface of non-oxide ceramics.
The mixed composites (TiB2-10SiC and TiB2-20SiC) exam-
ined via the XRD (Fig. 4) and SEM (Fig. 5) depicted that
there is an obtainment of uniform distribution of the powder
matrix and the reinforcement.

3.2 Relative Density

Figure 6 reveals the densification of the as-sintered com-
posites. It was observed that there was an increase in
densification as the SiC increased from 10 to 20% in the
composites. The percentage increment of the composite
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Table 1 The description of the
as-received powder Materials Particle

shape
Density Particle size Purity

(%)
Supplier

TiB2 Irregular 4.52 5.1 micron 99.5 H.C. Starck Berlin Werk Goslar

SiC Irregular 3.21 − 325 Mesh 99.5 USA (F.J. Brodmann & Co.)

Fig. 6 Relative density of monolithic TiB2 and doped TiB2–SiC

TiB2–10 SiC and TiB2–20 SiC in contrast to the undoped
TiB2 are 1.12% and 3.6%, respectively. The development
performance of the doped sample is being credited to the
emergence of in-situ phases such as TiC, whose properties
will be later discussed. Figure 6 gives the correlation between
the undoped TiB2 and the doped TiB2 with SiC. The graph
depicts that with increasing SiC composition, the composite
of TiB2–10 SiC and TiB2–20 SiC have their relative density
equivalent to 96.99% and 99.50%, respectively, in contrast
to the undoped TiB2 with densification equal to 95.9%. This
outcome infers that the fraction percentage of SiC improves
the relative density and sinterability of TiB2. In addition, the
sintering parameter of 1850 °C/50MPa/10minwas observed
to be of great influence for the composites, as it minimizes
the establishment of pores on the surface of the sintered com-
posites.

3.3 Microstructural Evaluation of Sintered sample

Figure 9b, c depicts that the grains of the as-sintered
composites are wholly connected, signifying an excellent
sinterability between the matrix and the reinforcement.
Hence, the existence of several in-situ interfacial phases
is more significant in the sample with a higher percent-
age of reinforcement (TiB2–20SiC) than the sample with
less reinforcement (TiB2–10SiC). No notable grain growth

was detected during the SPS. The introduction of SiC was
observed to inhibit grain growth in TiB2-based ceramics.
Thus, the attained fine-grained microstructure of the doped
TiB2 was not only credited to the existence of SiC and some
various formed in-situ secondary phases especially TiC but
also to the relatively short dwell time and the lower sintering
temperature of the SPSwhich also contributed to the reduced
grain growth. The practical impact of SiC has similarly been
examined in the consolidation of ZrB2-based composites.
The introduced SiC with the use of lower sintering temper-
ature was detected to minimize grain growth [35–37]. XRD
spectra depicted in Fig. 7 confirmed the presence of sec-
ondary or in-situ phases in TiB2–10SiC and TiB2–20SiC
composites. A synonymous work carried out by Ahmadi
et al. [25] stated that on the surface of the starting powder
of TiB2, there was a development of B2O3 and TiO2 oxide
layer. Although the oxygen content was observed to decline,
this was due to the sintering manner caused by the chemi-
cal reactions. The achievement of the reaction between the
oxide layer of SiC and TiO2 produced some products of SiO2

and TiC, and this was examined by HSC chemical software
(Eq. 2). The Gibb’s free energy for this reaction is − 80 kJ,
signifying a thermodynamic approval. The creation of in-situ
phases of TiC and SiO2 vindicated the validity of the reaction
as depicted via the XRD patterns (Fig. 7).

TiO2 + SiC−TiC + SiO2 (2)

Moreover, the development of SiO2 attained during the
consolidation procedure can promote the relative density
enhancement in the sintered compact composite via the liq-
uid phase sintering mechanism. The sintering temperatures
for melting and boiling of the B2O3 oxide layer are at 450 °C
and 1860 °C in the atmospheric condition of 1 atm, respec-
tively. The evaporation of B2O3 occurs at a temperature less
than 1600 °C, and this achievement is credited to the stages of
the sintering atmosphere vacuum. Finally, the oxide layer of
B2O3 combines with SiC, as established in Eq. 3, generating
B4C and various byproducts in the gaseous phase. Thermo-
dynamically, Eq. 3 is attainable at temperatures of 1750 °C
or above [38].

4B2O3 + 7SiC − 2B4C + 7SiO + 5CO (3)

For clarity purposes, the elemental composition of the
sintered composite (TiB2-20SiC) is analyzed in the EDX

123



Arabian Journal for Science and Engineering (2023) 48:2889–2903 2895

Fig. 7 XRD of as-sintered a TiB2–10SiC, b TiB2–20SiC

Fig. 8 EDX of sintered
TiB2–20SiC

Fig. 9 SEM images of polished
sintered a monolithic TiB2,
b TiB2–10SiC and c TiB2–20SiC
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Fig. 10 OPM of polished
sintered a monolithic TiB2,
b TiB2–10SiC and
c TiB2–20SiC. The grey phase is
the reinforcement of SiC grains.
The bright phase is the ceramic
matrix grains of TiB2 and lastly,
the black phases are pores or
some of the pull-out grains
during polishing

(Fig. 8). Based on this EDX outcome, the grey and bright
phases were identified as SiC additive/reinforcement and
ceramic matrix, respectively. The black phases are either
pores or the grain pull-out during polishing. Similar obser-
vations were obtained when the samples were characterized
using an optical microscope (OPM), as shown in Fig. 10. A
synonymouswork carried out byGhafuri et al. [39] detected a
similar situation. The presence of pores in ceramic materials
can reduce their density. Therefore, the measured rela-
tive density is consistent with the fractured surface images
(Fig. 11), and this backed the outcomes that the porosity of
TiB2–20SiC < TiB2–10SiC < TiB2. The attainment of lower
relative density in TiB2 in contrast to the higher densification
of TiB2–10SiC and TiB2-20SiC was ascribed to the surface
pits and pores (Fig. 9). It has been stated that the existence of
oxide contaminants on the diborides surface (e.g.,HfB2,TiB2

and ZrB2) not only initiates grain growth but also lowers the
densification process. Thus, the introduction of the sintering
additive (SiC) was observed to be beneficial in eliminating
the oxide contaminants from the surface of the sintered TiB2

and hence promoting some in-situ phases that contributed
to the enhancement of the composites densification [22, 40]
(Figs. 10, 11, 12).

3.4 Mechanical Properties

Regarding the experimental outcomes, it is revealed that the
hardness of the sintered composites got to its peak when the
20% reinforcement (SiC) was introduced into the matrix.

Hence, TiB2–20SiC has a hardness of 25.5 GPa, which
is 29.01% greater than the monolithic TiB2 (18.1 GPa).
Then the composite having 10% reinforcement of SiC
(TiB2–10SiC) has a hardness of 19.05 GPa, which is a 5%
increment compared to monolithic TiB2 (Fig. 13). For the
fracture toughness, there was a huge improvement in the
fracture toughness of the reinforced composites (TiB2–SiC)
in comparison with TiB2, which was credited to the second
phase of SiC. The lower outcomeof themonolithicTiB2 sam-
ple (3.30MPa.m1/2), as shown in Fig. 13, was majorly due to
its lower densification (95.9%), and this fracture toughness
improved to 3.8–4.5MPa.m1/2 with an increasing additive of
SiC.

Microstructural features viz, second phases, porosity and
grain size have huge impacts on mechanical properties. Fur-
thermore, the hardness and fracture toughness of ceramics
are affected mostly by their relative density [41]. This obser-
vation was demonstrated by the experiment carried out by
Ghafuri et al. [39]. They reported that the enhanced fracture
toughness and micro-hardness are credited to the reduced
porosity and increased densification [3, 42]. Usually, the
fracture toughness of ceramics is not only subjected to its
relative density but also its grain size. The larger grain parti-
cles tend to lower their fracture toughness, which inhibits the
improvement in the overall mechanical properties. Although
a reduced grain size promotes more cracks deflections and
grain boundaries, all these cause crack propagation allowing
fracture energy consumption. Therefore, reducing grain size
increases the fracture toughness of composites [43]. Balak
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et al. [44] recommended that a dwell time of 8min and a peak
temperature of 1700 °C can be used to achieve the sintering of
ZrB2–SiC-based composites with enhanced properties. They
further stated that the composites’ fracture toughness would
depreciate if the sintering conditions were increased. They
upheld that increased grains would be connected with low
strength to restrict crack propagation. Though higher dwell
times and temperatures tend to induce open pores, and these
consequently cause a reduction in fracture toughness due to
grain coarsening. Hence, fracture toughness improvement is
majorly controlled by grain size rather than open porosity.
Crack deflection around the boundaries of the TiB2/SiC and
the SiC particles influenced a significant role in the toughen-
ingmechanismof the sinteredmaterials. The thermal residual
stress, which is initiated by the lack of congruence between
the coefficient of heat expansion of the SiC grains and TiB2,
was observed to promote the crack-microstructure connec-
tions (crack deflections) [41]. The compressive stresses in the
particulates phase of SiC caused a crack deflection (Fig. 12)
which promotes a huge stress relaxation at the crack tip to
decline the dynamic force for crack movement. Hence, the
toughness of the samples is enhanced.

In addition to the fracture toughness, crack bridging and
crack branching (as depicted in Fig. 12) were also recognized
as the other mechanisms that contributed to the toughening
effects of the composites (especially for TiB2–20SiC). In
the meantime, microcracking, similarly stated by King et al.
[41], is an alternative toughening effect in the composites of
TiB2–SiC. Extra fracture energy is used up in this mecha-
nism via microcracking due to the interfacial stress made at
the SiC/TiB2 grain boundaries. This mechanism is initiated
by the lack of congruence between the heat expansion coeffi-
cient of the SiC grains andTiB2. Therefore, a shield is created
bymicrocracking at the tip of a propagating crack,which con-
sequently improves toughness [45]. In summary, the fracture
mode alteration from intergranular to mainly transgranular
approach is initiated by introducing SiC as revealed from
the fractured surface (Fig. 11), hence the crack movement
energy is caused by combining the toughening mechanism
during the fracturing process which improves the fracture
toughness.

3.5 The Influences of Load on Coefficient of Friction
(COF) of Monolithic TiB2 and Doped TiB2 with SiC

Figure 14 shows the tribological performance of the sintered
materials. It revealed the average COF of the sintered com-
posites. The average COF for the monolithic TiB2 ceramic
ranges from 0.16 to 0.47 with a rise in the load from 5 to
20 N. The average COF first increases and then decreases at
load 5 N and 10 N, respectively, as depicted in Fig. 14, sim-
ilarly the same trend was also observed for av. COF of this
composite at 15 N and 20 N. The outcomes of monolithic

TiB2 demonstrated that lower average COF (0.16) could be
achieved at a higher load of 20 N.

The average COF of TiB2–10SiC varies in the range of
0.11–0.44 with an increase in the load. The average COF
firstly increases and then decreases as the load increases. The
lower average COF (0.11) was obtained at a lower and higher
load of 10 N and 20 N, respectively. The average COF of
TiB2–20SiC varies in the range of 0.11–0.19with an increase
in the load. A recognizable and appreciable lower av. COF
was attained for this composite (TiB2–20SiC) at the loads
5 N–10 N in contrast to monolithic TiB2 and TiB2–10SiC
composites.

The COF was observed to be high for the undoped TiB2;
however, it got reduced via the increment in the introduc-
tion of SiC (Fig. 14). The general decline in the COF for
TiB2–20SiC composite was attributed to the creation of a
substantial amount of film by the additive (SiC), which low-
ered the COF of the ceramic composite [46]. Thus, this film
minimizes the barrier to sliding movement between the con-
tact point of the sample and the load.

3.6 The Influences of Load onWear Rates
of Monolithic TiB2 and Doped TiB2 with SiC

The wear rates of monolithic TiB2 and reinforced compos-
ites with different percentages of SiC at different loads are
depicted in Fig. 15. As the load increased from 5 to 20 N, the
specific wear rates for the monolithic TiB2 range from 9.403
× 10–5 to 5.149 × 10–4 mm3/N.m. The specific wear rate of
monolithic TiB2 does not follow a linear pattern, as its spe-
cific wear rate first increases at 5 N load and then decreases
at 10 N, but at 15 N and 20 N the specific wear rate increased
again. Thus, the least wear rate was achieved at 10 N load,
which signifies that at higher load, the undoped TiB2 can-
not withstand some higher range of load; this is similarly
observed by Zhang et al. [47].

For the TiB2–10SiC composites, the specific wear rates
increased from 2.866 × 10–5 to 4.106 × 10–4 mm3/N.m as
the load increased from 5 to 20 N, while a similar trend
was also observed for TiB2-20SiC composites, but its wear
rates range from 2.093 × 10–5 to 1.5524 × 10–5 mm3/N.m.
Therefore, the least wear rate of 2.866 × 10–5 and 2.093 ×
10–5 was attained for TiB2–10SiC and TiB2–20SiC at 5 N
load in contrast to monolithic TiB2, which has a wear rate
value of 3.498 × 10–4, at a further load of 10 N, 15 N and
20 N, it was examined that the wear rates of the reinforced
composites are less than the monolithic TiB2.

The percentage increase in the sintering additive (SiC)
influenced the wear rate reduction although got increased
as the load increased. The wear rate of the monolithic TiB2

was observed to be greater than the composites being rein-
forced with SiC, as depicted in Fig. 15. The composites with
a greater percentage of SiC particles depicted the lesser wear
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Fig. 11 SEM micrograph of
fractured surfaces of
a monolithic TiB2,
b TiB2–10SiC and c TiB2–20SiC
sintered at 1850 °C for 10 min
under 50 MPa: Showing the
pores that are left after being
sintered

Fig. 12 SEM images of indentation crack depicting the toughening
mechanisms for TiB2–20SiC

rates, which were attributed to the solid interfacial bonding
between the TiB2 matrix and the SiC reinforcement. More
also the optimum hardness and densification of TiB2–20SiC
assisted also in the attainment of good wear resistance. The
enhancement in thewear resistance can also be credited to the
efficient protection of SiC particles on theTiB2 matrix,which
limited the fracture and the plastic distortion of the com-
posite [48]. It was further detected that TiB2 and TiB2/SiC
(Figs. 16, 17 and 18) composites alter with microstructural
variation during the sliding wear characteristics. High grains
aspect ratio and hard interconnecting linkage of elongated

grains initiated improved wear resistance. In addition, inter-
granular and secondary phases play a significant role in the
friction and wear performance of TiB2 matrix composites.
Hence, the individual properties, compositions, etc. of these
phases are a major contributor to the wear performance of
the composites. Studies have shown that some phase devel-
opments in a composite have some depreciating effects in
the wear performance while some phases could create some
tribo-film in a sintered sample which when in contact with
reciprocating load, there is wear reduction [49, 50].

3.7 Morphological Study of theWorn Surface

The worn-out surfaces of the synthesized composites regard-
ing the applied load are presented in Figs. 16, 17 and 18.
Scratches, debris and grooves were seen on the microstruc-
ture of the wear tracks. From the micrographs (Fig. 18),
a small number of grooves in the form of scratches is
depicted by the composite with a high percentage of SiC
(TiB2–20SiC), hence exhibiting excellent wear resistance.
Themicrostructure of the compositewith 10%SiC reinforce-
ment shows some shallow grooves and slight delamination
(Fig. 17). Large delamination on the microstructure of the
monolithic TiB2 (Fig. 16) was observed, when the load was
increased from 15 to 20 N. The strong adhesion and bond
between the sintering additive SiC and the ceramic matrix
of TiB2 could be liable for the creation of phases (TiC) that
limit the wear of the sample’s surface, hence improving the
wear resistance. A similar observation by Raju et al. [51]
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Fig. 13 Mechanical properties of monolithic TiB2 and TiB2 with SiC,
a Vickers hardness, b Fracture toughness

Fig. 14 Average COF of monolithic TiB2 and doped TiB2 with SiC

Fig. 15 Wear rates of monolithic TiB2 and doped TiB2 with SiC

established that the inclusion of particle additives in a matrix
composite showed a morphology of minor scratches because
there was strong bond created with the matrix alloy. Murthy
et al. [29] discovered that the addition ofZrO2 toB4Cceramic
matrix created in-situ ZrB2 develops round pores of sub-
micron size. Hence, the establishment of CO gas could aid
to arrest or deflect cracks, thus enhancing the tribological
behavior of B4C ceramics.

4 The Effects of Microstructure, Densification
andMechanical Properties on theWear
Performance of TiB2–SiC

The microstructure examination on TiB2-SiC depicted that
uniform distribution of the sintering additives was observed
to influence thewear behavior of the composites. The discov-
ered in-situ phase especially TiC formed had a high impact on
the enhanced densification and consequently its mechanical
properties (hardness, fracture toughness, etc.). Conversely,
uneven distribution of these additives in the matrix and their
mismatch between the matrix and the additives may lead to
poor properties of the composites. Studies have been carried
out that mechanical features such as fracture toughness, elas-
tic modulus and hardness have had an immense impact on
the wear performance of complicated brittle materials under
sliding situations [30, 52, 53].

Concerning the effect of fracture toughness on the wear
behavior of materials, the crack bridging and deflection
caused by some amount of the sintering additives in the
composites is a notable performance that contributes to
the developed wear behavior of materials. More also, the
resistibility of materials to a localized plastic deformation
initiated via either mechanical abrasion or indenter, a term
regarded as hardness, also impact on the tribology behavior
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Fig. 16 SEM image of worn-out
surfaces of monolithic TiB2 at a
load of a 5 N, b 10 N, c 15 N and
d 20 N

Fig. 17 SEM image of worn-out
surfaces of TiB2–10SiC at a load
of a 5 N, b 10 N, c 15 N and
d 20 N
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Fig. 18 SEM image of worn-out
surfaces of TiB2–20SiC at a load
of a 5 N, b 10 N, c 15 N and
d 20 N

of amaterial. Thus, the little removal ofmaterials or scratches
from the surface of sintered composites during the charac-
terizing of their wear performance can be attributed to the
hardness property of thematerial. The hardness or the solidity
of materials is highly dependent on their strength, ductility,
strain, elastic stiffness, toughness, plasticity, viscoelasticity.
Consequently, the deficiency in some of these properties
mentioned above in a material may lower its overall hard-
ness property [54]. Significant research has been done to
comprehend the impact of materials composition and exper-
imental parameters under sliding conditions on the level of
thematerial’s deterioration. At the tribo-contact, some chem-
ical layers are sometimes absent, and this initiates the sliding
wear across the surface of the brittle components hence by
the creation and spread of lateral cracks, the elimination of
the materials occurs [30, 55, 56].

5 Conclusion

The synthesizing of monolithic TiB2, as well as
TiB2–10%SiC and TiB2–20%SiC composites, were
achieved via SPS at 1850 °C for 10 min under 50 MPa. The
following outcomes were discovered:

1. The densification increases as the percentage of the sin-
tering additives increase from 0–20. The composite of

TiB2–20%SiC has the maximum theoretical density of
99.6%

2. One of the in-situ phases, especially TiC, was discov-
ered to contribute to the enhancement in the mechanical
properties

3. Thewear performance is hugely linked to the composites,
which have improved densification, hardness and frac-
ture toughness. Thus the composites of TiB2–20%SiC
with relative density, hardness and fracture toughness
of 99.5%, 25.5 GPa and 4.5 MPa.m1/2, respectively,
depicted the optimumwear resistance in contrast to other
composites which has less or no addition of SiC (TiB2,
TiB2-10%SiC). The creation of a substantial amount of
film by the additive (SiC) minimized the barrier to slid-
ing movement between the contact point of the sample
and the load. Thus, the wear rates of the composites were
reduced.
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