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Abstract
The incessant quest in fabricating enhanced ceramic materials for use in aerospace, chemical plants, as a cutting tool, and other
industrial applications has opened the way for the fabrication of ceramic-based composites with sintering additives which have
been experimented to influence sinterability, microstructure, densification, and mechanical properties. The current research
practices for the consolidation of ceramic matrix composite (CMC) have been in the utilization of metallic and non-metallic
additives as a reinforcement for the ceramic matrix. The use of additives has a promising influence in ensuring the achievement of
good microstructures and excellent properties. The use of metallic additives enhances the sinterability of CMC but it has a
debilitating effect on its intrinsic mechanical properties, especially at high-temperature applications. Hence, its uses in a high-
temperature application environment under high impact load are limited. Thus, the types and amount of additives to be added to a
ceramic-based matrix composite depends on the type of application and properties desired to be achieved from the composites.
One of the critical issues that have affected the properties of CMC is the type of powder metallurgy (PM) used for consolidation.
PM has been experimented with to be efficient in manufacturing ceramic-based composites. Although, past review works have
pinpointed diverse PM methods, viz, hot press, pressureless sintering, hot isostatic press, and spark plasma sintering (SPS), for
manufacturing ceramics-based composites. Amidst these diverse methods, SPS has progressively been applied for the consol-
idation of ceramics, owning to its possibility of achieving a good sintered compact in a relatively short time with enhanced
properties. This review focuses on the synthesis of TiC reinforced with sintering additives, with more attention on carbides as
sintering additives. Carbide additives have the potential to improve microstructure, densification, and mechanical properties. In
addition, future works on the consolidation and characterization of TiC are included in this review.
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1 Introduction

When Ti (a transition metal) combines with nitrogen, boron,
and carbon, they form a candidate of material regarded as

ultra-high temperature ceramics, owning a melting point
greater than 3000 °C [1, 2]. Since TiC has a melting point of
3160 °C, hence, it has high proficiency to be applied in an
environment where alteration of temperature and load are aus-
tere, such as in the aerospace industry, high-temperature elec-
trodes materials, cutting-tools, nuclear reactors, and high-
speed cutting tools [1, 3, 4]. However, monolithically, these
ceramics are not suitable for all applications as a result of their
poor thermal resistance, brittle-like nature, and low fracture
toughness [5–7]. More also, poor sinterability as a result of
low self-diffusion coefficient has also stood as one of the
factors that have limited its wider application [7, 8]. TiC ce-
ramic matrix composite (CMC) has been reported to have
enhanced properties in comparison to a monolithic TiC ce-
ramic [4, 9, 10]. CMC is a component involving a combina-
tion of a dispersed ceramic phase (carbides, oxides, silicides)
with a ceramic matrix. CMC can be reinforced by the
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introduction of fibers which can be short/discontinuous fibers
or long/continuous fibers. Short/discontinuous fiber compos-
ites are manufactured via conventional ceramic techniques
from a non-oxide (BN, ZrC, SiC, WC, etc,) and oxide (silica,
alumina, zirconia, etc.) ceramic matrix, which can be further
reinforced with whiskers of SiC, AlN, and TiB2. Fibers of SiC
have a high modulus of elasticity (stiffness) and high strength;
these properties have made it the most common reinforcement
for CMC. For long/discontinuous fiber composites, these are
produced by the reinforcement of long monofilament or long
multifilament fibers. The dispersion phase in the formation of
continuous mono/multifilament fibers created the best
strengthening impact. Generally, CMC is processed to solve
the challenges of toughness in conventional ceramics [11, 12].

Lately, powder metallurgy (PM) techniques have proven to
be effective for the consolidation of CMC, owning to its effi-
ciency in producing materials made from powders with di-
verse chemical compositions, textures, sizes, and morphol-
ogies. This consequently produces materials that have good
microstructural characteristics and enhanced properties [13,
14]. PM entails the production of net shape materials via the
techniques of preparing, forming/powder shaping, consolida-
tion, firing/sintering, and finally post-sintering [15]. Previous
works have indicated that this method is suitable for the
manufacturing of CMC. This is a result of its pliability and
potentiality to lower the sintering temperature; it also aids the
regulation of the interfacial reaction between the component
of the composites [16]. Furthermore, it encourages the attain-
ment of excellent properties via the judicious densification of
the as-received powder and the successive forming/
compaction and sintering processing [17–19].

Ceramics like WC, TiN, SiC, TiB2, and ZrC and metals
like Ni, Mo, Ti, and Co are among the frequent additive for
TiC that have been used for the consolidation of ceramics
because they inhibit grain growth, lower sintering tempera-
ture, and enhance the materials’ fracture toughness [20–22].
The achievement of ultrafine microstructures is highly neces-
sary since enhanced physical and mechanical properties can
be achieved from it [23–26]. There is the formation of a solid
solution or the elimination of oxide impurities by carbide-
based sintering additives which enhance microstructure, wet-
tability, densification, sinterability, and eradicate grain
growth. More also, the toughening and strengthening of TiC
have been experimented with to be enhanced by the addition
of carbide-based additives, viz, SiC, WC, and ZrC [9, 27–32].
Conventional means of consolidating this ceramic, viz, hot
press, hot-isostatic press, and pressureless sintering, leads to
excessive grain growth, due to long dwelling time, and these
consequently have negative impacts on its microstructure and
mechanical properties [33, 34].

One of the ways to eliminates grain growth and simulta-
neously produce dense bulk TiCmaterials besides exceptional
properties is by the application of spark plasma sintering

(SPS) technique. SPS is a modern means of sintering that
has been channeled for the consolidation of fine-grained ce-
ramics, because of its ability to carry out sintering effectively
in a short time, at a higher heating rate with lower sintering
temperature [35–37]. SPS uses a direct current that passes
through the powder compact and the die directly. The capa-
bility to enhance ceramics’ sinterability and inhibit grain
growth is another important factor of using SPS for the con-
solidation of a ceramic-based material. Hence, a significantly
short sintering time is mostly required to achieve homogenous
fine grains and improved mechanical properties [38–41].
Previous works have also discovered that the full densification
of ceramic materials can be enhanced by SPS in a very short
processing time. In addition, the combinational effects of ap-
plied pressure, joule heating, and concurrently local plastic
deformation of grains during sintering have been the major
reason for the achievement of full densification [42–46].

This article is a review on TiC reinforced with sintering
additives consolidated by SPS. An observation will be carried
out on how carbide-based material additives have influenced
sinterability, densification, microstructure, and mechanical
properties of a TiC ceramic-based matrix. More also, the re-
view finally concludes by pinpointing some extra work need-
ed in some areas to completely make TiC CMC suitable for
potential industrial utilization.

1.1 Structures, properties, and application of TiC

Covalent, ionic, and metallic bonds exist in metal-like carbide
structures. Hence, this has made TiC exhibit both ceramic and
metallic features, with a typical crystal structure depicted in
Fig. 1. Densification of a pure TiC can only be achieved at an
elevated temperature under a subjected high pressure [48].
TiC has exceptional properties such as high corrosion, thermal
expansion, low thermal expansion, wear resistance, low high
thermal conductivity, and high stability in a severe environ-
ment. The production of diverse morphologies of TiC

Fig. 1 Crystal structure of TiC, adapted with permission from [47]
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ceramics is conditioned by various factors. Generally, inherent
factors such as thermodynamic features comprising phase
transformation entropy and surface energy as well as intrinsic
crystal structures all contribute to the interplay of each particle
and finally leads to the final growth morphologies of TiC.
Some external factors such as thermal, mass transportation,
and growth mechanisms in the melts influence these morphol-
ogies (TiC) as well [49, 50]. All these attributes have made
TiC a high candidate for nuclear reactors and aerospace ma-
terials, turbine blades, etc. [51].

1.2 Powder metallurgy

PM is an incessant and quick emerging technology on the
fabrication of huge diverse shapes of ceramics and its com-
posites materials [52]. The development of PM industry in the
past decades is hugely accountable to the saving costs con-
nected to the production of near-net shape of materials in
contrast to other fabrication techniques especially forging or
casting. The efficient application of powder metallurgy is pri-
marily due to its capability to manufacture materials with
complex shapes, and the efficient way in which ceramic ma-
trix with its reinforcement can be combined for both finished
and partial finished products. Four essential stages are re-
quired for this techniques, viz, production/preparation of pow-
der, mixing/blending of powders along with other composi-
tions (binder or sintering additives), shaping of the powder in
the die at ambient temperature, and lastly accompanied with
sintering operation to manufacture into desired form and di-
mension so as to minimize post-machining operation and for
large production of materials [53]. Mechanical alloying is a
metallurgical processing technique that entails cold welding
and breaking of powder particles by the high impact energy of
the milling ball. This technique is a practice that involves the
mixing of material in order to obtain uniform composites. The
mechanical alloying techniques start with powders blending in
the accurate amount and filling the mill with the blended pow-
ders besides with the grinding media. The desired extent of
time is determined by the balance state of the organization of
various powder particles and also by the size of powder par-
ticles needed to be achieved. The ball milling is a method by
which a mixture of the powder is subjected to high impact
with the milling media, and this causes the breakage of the
preliminary materials into a smaller size. To obtain an en-
hanced milled material, researchers have made it known that
wet milling operation is more superior to dry milling. The wet
milling operation eliminates cold welding and the coalescence
of powder particles. Generally, the blending of powders via
powder metallurgy methods cannot produce a uniform mix-
ture. The incorporation of mechanical alloying to manufacture
ceramic matrix composites remains an excellent method in
obtaining enhanced uniformity. Usually, the disparity in size
of these particles happens between the ceramic matrix and the

reinforcing additives [54, 55]. The mixed and blended pow-
ders particles are consolidated via various consolidation pro-
cesses, viz, hot pressing, conventional sintering, hot isostatic
pressing, and spark plasma sintering. Nevertheless, in the ob-
tainment of some definite features, some secondary tech-
niques are engaged on the CMC, e.g., hot rolling and hot
extrusion. Hence, the fabrication of materials via PM elimi-
nates secondary operations because the products from PM
have near-dimensional tolerances in contrast to other conven-
tional techniques. A representation of the processes involved
in PM is shown in Fig. 2; each process is cost-effective, flex-
ible, efficient, and environmentally friendly [52].

1.2.1 Spark plasma sintering

Spark plasma sintering (SPS) is also regarded as pulsed elec-
tric sintering (PECS), plasma-assisted sintering (PAS), and
field-assisted sintering (FAS). SPS is a technique that allows
the passage of pulsed DC through the powders (conducting)
and the die concurrently during sintering. The spark that is
initiated at the particle boundary is understood to provide
quick heating, which in consequence promotes the sintering
rate [56, 57]. There is attainment of maximum densification of
powder via the spark effect pressure, electric field diffusion,
and joule heating [58, 59]. This technique is most appropriate
for the consolidation of nanopowders because it inhibits grain
growth as a result of its short sintering time compared to hot
pressing and other conventional sintering that make uses of
long dwelling time to achieve their consolidation. SPS has
predominance in application over conventional consolidation
technique due to enhanced densification of materials due to
short sintering cycles, high reproducibility, simplicity of op-
eration, dependability and safety, precise control of consoli-
dation energy and also quick sintering speed, high heating
rates, and reduce sintering temperature that is achievable
[60, 61]. The non-conventional technique via SPS involves
pouring the starting powders into a mold made of graphite,
and the sintering process is achieved through the concurrent
application of electric current and external pressure [16, 62].

Fig. 2 Powder metallurgy method
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Nevertheless, restricted sample geometries and high costs are
the main drawbacks of SPS [63, 64]. Hence, for large produc-
tion of diverse geometries with a satisfying performance at
inexpensive prices, the sintering routes cannot be applied [65].

1.3 Limitations and challenges of TiC

The difficulty in densification as a result of the poor sinter-
ability and high covalent nature of TiC has created some chal-
lenges in its consolidation. Monolithic application or single-
phase nature of TiC is limited owning to poor fracture tough-
ness, brittle-like nature, and poor thermal shock resistance [4,
6, 7, 21, 66, 67]. These challenges have limited its wider
application in chemical and high-temperature conditions.
The oxide scale present on the surface of ceramic powder
surfaces lowered the surface energy which consequently de-
creases its densification [68]. Some undoped TiC has some
peak densification of 99.4% via SPS [69], but its combined
mechanical properties make it unfitting for some application.
Hence, the use of sintering additive in addition to the use of
modern techniques of sintering viz SPS has been observed to
minimize these challenges [28, 67, 70–72].

2 Microstructure, densification,
and mechanical properties of TiC

2.1 Pure TiC without additives

Monolithic TiC has yielded certain promising densification
and occasionally good properties; however, it has some defi-
ciency in properties when compared with a doped TiC which
has been experimented with to produce enhanced densifica-
tion and excellent mechanical properties (most especially frac-
ture toughness) [21]. The validation of these claims is stated
below in the outcome of previous works.

Namini et al. [73] attained a densification of 99.23% of a
monolithic TiC via SPS at 1900 °C for 7 min under 40 MPa;
the densification and mechanical properties (hardness) of TiC
were reported to be enhanced when doped with WC. Song
et al. [4] stated a density of 98.2% for the undoped TiC when
it was hot-pressed at 2100 °C; the microstructural observation
of the monolithic TiC indicated the formation of non-
stoichiometric TiC1 −X besides graphitized carbon phases
which had some negative effects on the ceramics sinterability
owning to the oxide trapped in the powder sample. Murthy
et al. [74] achieved densification of 97.5% for the TiC matrix
but got improved to 98.2% when doped with WC. Sribalaji
et al. [30] observed that the densification for a monolithic TiC
at 1600 °C for 5 min under 50 MPa could attain a value of
89%. Pazhouhanfar et al. [75] observed a monolithic TiC
could achieve a densification value of 95.5%. Babapoor
et al. [69] reported a near theoretical density of 99.4% when

it was consolidated by SPS at 1900 °C at 7 min 40 MPa; this
achievement was credited to the usage of finer powder parti-
cles, but the relative density dropped to 92% at 2000 °C due to
porosity increment by the irregular grain growth of TiC at the
elevated sintered temperature. This irregular grain growth was
also noticed by Cheng et al. [36]; they observed that through
the use of pressureless sintering at 2300 °C, densification of
96% could be attained for the undoped TiC.

Monolithic TiC or single-phase components of TiC can be
used rarely in some less corrosive and high-temperature envi-
ronments such as in the chemical plant and thermal plant.
However, their usability in these areas is limited as a result
of poor fracture toughness and microstructure. This has
prompted the introduction of dopants/sintering aid/sintering
additives in the TiC ceramic matrix, which have been ob-
served to possess a combination of good mechanical proper-
ties and microstructure [27, 29, 30, 76]. The attainment of the
different relative densities of monolithic TiC using SPS, hot
press, and pressureless sintering is graphically depicted in Fig.
3.

2.2 The influences of carbide additives on the
consolidation of TiC ceramic matrix

Carbide additives such as SiC, WC, ZrC, and B4C have prov-
en to enhance the quick solid solution of TiC CMC and this
increase in solid solution enhances mechanical properties and
ensures the achievement of uniform microstructure [77].
Carbide additives eliminate the coalescence of TiC grains
and usually, at post sintering examination, carbide additives
remain smaller in size than TiC grains. With a regulated in-
creasing sintering temperature, carbide additives decrease po-
rosity and are favorable to the densification of the microstruc-
ture. The use of nano-sized carbide-based additives usually
prompts the attainment of finer microstructure, and the frac-
ture mode is mostly intergranular in this typical microstructure
[68]. The examination of the fracture surface depicted that
there is usually a location of fine carbide-based additives
(CBA) grains on the grains of coarse TiC grains. After the
cracks spread and extend to a sub-micro grain of CBA or
TiC, there will be difficulty for the cracks to cross via the
particles. Hence, crack propagation and deflection will occur
along the grain boundaries of TiC and SiC which causes im-
provement in the fracture toughness as stated by Wang et al.
[21] and Luo et al. [35]. Other researchers have also credited
the deflection of crack and its propagation to the residual stress
created by the alteration in elastic modulus and thermal ex-
pansion coefficient between TiC and CBA [78, 79].
Therefore, the promotion of the toughening mechanism of
TiC is enhanced by the crack deflection, particle dispersion
toughening, solid solution toughening, and crack bridging by
carbide-based sintering additives [80]. Crack propagation is
inhibited by the enhancement of the grain boundary and this
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consequently enhances the fracture toughness of the ceramic
composites [81, 82]. As a result of the good wettability be-
tween TiC and carbide-based sintering additives, the bonding
strength of the grains increases hence, ensuring good compat-
ibility for solid formation [21].

2.3 Spark plasma sintering of TiC matrix composites
using carbide-based material as sintering additive

Cabrero et al. [27] carried out an observation of different vol-
ume contents of SiC (0–50%) on the microstructure and me-
chanical properties of TiC. The composites were sintered at
1600–1900 °C for 5 min using SPS. From the microstructural
analysis, there was no indication of reaction between TiC and
the reinforced SiC during sintering. A synonymous observa-
tion was made in past studies when the binary system of TiC-
SiC was consolidated (indicating no solid solution) [35, 83,
84]. The incorporation of SiC into the TiC ceramic matrix was
observed to inhibit grain growth. The relative density of the
composite increases with temperature; hence, the maximum
densification was reached at 1900 °C (with a relative density
of 96–98% for the entire composites). But the relative density
was lowered at sintering temperatures of 1600 °C and 1700
°C, specifically for the samples comprising of large SiC con-
tent. The composites consolidated at 1800 °C produced a slim
increase in the Vickers hardness in correlation with the in-
crease in SiC content. The enhancement of the Vickers hard-
ness of TiC-SiC composite was attributed to the volume frac-
tion of SiC and because SiC possesses higher hardness than
TiC [28]. In contrast, the samples consolidated at 1600 °C and
1700 °C experienced a reduction in Vickers hardness because
the density of similar SiC content decreases under the same
sintering condition. The fracture toughness for the composites
(TiC-SiC) when 50% of SiC was introduced into it got to a
peak value of 5.6 MPa m1/2 (Fig. 4), while the undoped TiC
was about 3.7 MPa.m1/2. Therefore, the introduction of the

second phase in TiC was observed to enhance the properties
of undoped TiC. This is in concordance with various studies
[78, 85, 86]. The improved fracture toughness was credited to
crack deflection by the distribution of various particles [78].

Wang et al. [21] examined diverse nanosize of SiC as re-
inforcement in TiC ceramic matrix composite when it was
spark plasma sintered at 1600 °C for 12 min under 70 MPa.
The undoped TiC and the matrix incorporatedwith 10–20wt%
of SiC all have their relative density greater than 99% but the
composites with 40wt% of SiC resulted in the reduction of the
relative density with a value of 92%. This reduction was at-
tributed to the intrinsic low sinterability and a large amount of
SiC content. The composites’ fracture toughness firstly in-
creased with the SiC content but it could only reach a peak
value of 5.76 MPa.m1/2 when 20wt.% of SiC was added to it.
The attainment of this value is 90% greater in value than that
of the undoped TiC. The enhancement in the fracture tough-
ness was credited to the dispersion of diverse particles which
causes deflection of cracks which is presented in Fig. 5. The
Vickers hardness of the composites increases in the similitude
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Fig. 3 The densification of
monolithic TiC

Fig. 4 The correlation between fracture toughness and SiC composition
of TiC-SiC consolidated at 1800 °C under 75 MPa for 5 min, adapted
with permission from [27].
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of the relative density; the maximum Vickers hardness was
achieved for TiC-30wt%SiC composite, but it got reduced at
40wt%SiC. The low relative density (92%) that was achieved
for the same reinforcement content in the TiC matrix was the
main reason for the reduction [67].

Cheng et al. [87] examined the importance of submicron
SiC as a sintering additive in the TiC matrix; the composite
was consolidated at 1600 °C under 50 MPa for 5 min. The
different percentage volumes of submicron SiC (14.6, 27.7,
39.7, and 50.6 vol%) were used to determine its impact on the
microstructure, densification, and properties of the TiC ma-
trix. From the microstructural observation, no sintering reac-
tion was observed, similarly observed by [84]. The grain size
of SiC and TiC reduced in proportion with the increasing SiC
reinforcement and the optimum microstructure was attained
when 27.7 vol%SiCwas reinforced. It was understood that the
pinning effect of SiC particles in eliminating the grain bound-
ary movement contributed to the retardation of TiC grain
growth in some of the samples [88]. However, the porosity
of the composites got elevated at increasing SiC. The peak
fracture toughness of the composite was attained for the sam-
ples with 14.6% SiC; this was a result of the even distribution
of SiC and its higher densification (as depicted in Fig. 6). The
composites with <30 vol% SiC have a higher fracture tough-
ness in contrast to the undoped TiC. Hence, the most en-
hanced fracture toughness was achieved for the sample con-
taining 14.6 vol% SiC (5.2 MPa. m1/2); this improvement
accrued by 21% in contrast to a pure TiC [36].

The composites’ fracture toughness depreciated incessant-
ly with the increment of SiC, particularly when the quantity is
> 30 vol%, and this occurrence may be ascribed to the elevat-
ed porosity. In contrast to the outcomes of Ti/submicron-SiC
composites achieved by Wang et al. [89], the composites’
(TiC-14.6 vol% SiC) fracture toughness got enhanced by
44.4%. The improvement in fracture toughness was a conse-
quence of the deflection and crack bridging, and more also the

fracture system alteration from intergranular to transgranular
form all contributed to the toughening mechanism [90].

Asl et al. [91] studied the impact of silicon carbide whiskers
0-30vol%(SiCw) on the microstructure and mechanical prop-
erties of TiC. The composites were sintered at 1900 °C for
7 min under 40 MPa. It was observed that the increment of
SiCw nearly yields a linear improvement in the densification
of the TiC matrix composite, excluding the composite with
10vol% SiCw reinforcement. A relative density >100% was
attained by the samples having 20 and 30vol%SiCw. These
densification achievements indicated that the higher the quan-
tity of SiCw in the TiC matrix, the denser the material be-
comes. This is as a result of the formation of diffusion bonding
at high diffusivity between TiC particles accompanied by fill-
ing of the pores. Microstructural observation revealed that the
existence of SICw in the composites contributed to the elimi-
nation of grain growth. More also, the uniform distribution of
SICw in the microstructure initiated the removal of residual
stresses (owning to the disparity of thermal expansion coeffi-
cients of SiCw and TiC) and this resultantly led to the

Fig. 5 A scanning electron micrographs, depicting a crack path created by the indentation of Vicker in TiC composites. a Undoped TiC, b TiC+
20wt.%SiC, c and TiC+30wt.%SiC, adapted with permission from [21]

Fig. 6 The relative density and fracture toughness of TiC-SiC composites
as a function of SiC content, adapted with permission from [87]
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nullification of compressive and tensile stresses in adjacent
regions. The reduced densification of the samples with
10vol% SiCw was as a result of its insufficiency in the matrix,
particularly in the areas where they have coalesced.More also,
an increase in the disparity of thermal contraction and expan-
sion between the adjacent TiC matrix and SiCw prohibited the
full densification. The Vickers hardness varies as the SiCw

increases which were reported to be in the same manner for
the densification. The hardness of the monolithic TiC was
25.08 GPa, but the introduction of 10 vol% SiCw has its hard-
ness reduced by ~2% (with a value of 24.54 GPa). Kachenyuk
et al. [92] reported a contrasting result in hardness by the
increasing volume of the reinforcement (SiC) in the TiC ma-
trix, 10 vol%SiC in the composites produces the highest hard-
ness because it contained the lowest porosity of all the sample.
However, Asl et al. further stated that the hardness of the
samples improved significantly when the reinforcement in-
creased from 10 to 30vol%SiCw and a peak hardness of
29.04 GPa was acquired. Overall, different defining roles con-
tributed to the hardness of TiC components such as the grain
size, composition of the sample, and porosity. The slim de-
crease in the hardness of the TiC matrix by the inclusion of
10vol%SiCw was related to the occurrence of fine pores and
lowered densification [93–95]. The peak flexural strength was
attained for the TiCmatrix composite when reinforcedwith 20
vol%SiC (644 MPa). The interfacial bond features between
the SiCw reinforcement and TiC matrix activated the strength-
ening mechanism for the flexural strength [96–98].

Fattahi et al. [71] carried out an observation on the impact
of SiCw on the microstructure and mechanical properties of a
binary TiC-3wt%WC composite. The composites were
sintered at 1900 °C under 40MPa for 7 min. The composition
of SiCw varies between 0 and 30% and was examined in TiC-
3wt%WC. The addition of 10 vol% SiCwwas reported to have
a degrading effect in the densification of the composite in
comparison of the sample without SiCw content but relative
density greater than 100%were achievedwith 20 and 30 vol%

of SiCw content, with the latter having the highest densifica-
tion value of 103.6% as can be seen in Fig. 7a. A similar trend
of results was obtained by Asl et al. [91]. The achievement of
relative density greater than 100% was attributed to dense
phases of non-stoichiometric TiC that were formed during
the sintering operation and the precipitation and dissolution
on the TiC grains by WC additive. Additionally, the creation
of the (Ti,W)C phase and the introduction of SiCw to the TiC-
WC composite yield a good bonding diffusion mechanism
amidst the matrix powder and ensured the removal of poros-
ity. The hardness values were in the similitude of the relative
density such that the addition of 10vol% SiCw to TiC-3 wt%
WC dropped the Vickers hardness by ~60% and has a value of
11.63 GPa; this is shown in Fig. 7b. Nevertheless, it was
reported that by increasing the additive to 30vol% SiCw, the
samples’ hardness got improved with a value equal to the
sample without SiCw (27.3 GPa). Shahedi et al. [91] observed
a constructive impact of SiCw as an additive on the hardness of
TiC composites by the hindrances in the motion of disloca-
tions and these consequently resulted in the achievement of
near full densification of the samples and a fine microstruc-
ture. Fattahi et al. further stated the effect of diverse addition
of 0–30vol% SiCw viz on the flexural strength of TiC-3 wt%
WC. It was reported that the optimum flexural strength was
attained for the sample with 20 vol% SiCw with a value of 694
MPa, whereas the weakest value of 368 MPa was achieved
with 10vol% SiCw. Themain attributes of all these mechanical
properties were grain size, relative density, and porosity elim-
ination by the interfacial bonding of the reinforcement/matrix
[71, 91].

Gu et al. [68] studied the influence of B4C on the densifi-
cation of TiC matrix. It was reported that the consolidation of
the undoped TiC via pressureless below 2200 °C revealed
poor sinterability. Hence, the relative density of the undoped
TiC got up to 72.86% at 2100 °C. However, the densification
got enhanced considerably to 96.67% when the temperature
was increased to 2300 °C, which inferred that the grains of the

(a) (b)

Fig. 7 a, b The graphical
representation of the effect of 0–
30vol% SiCw on the densification
and Vickers hardness
respectively, adapted with
permission from [71]
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TiCwere developed at the high temperature. The densification
of TiC matrix got improved significantly when B4C was in-
corporated into it. This improvement in densification was
credited to the removal of oxides which serve as impurities
on the powder surface. The same attributes were also observed
when ZrC, SiC, and TaC were made as sintering additives or
as a matrix [99–101]. The flexural strength and fracture tough-
ness of the TiC matrix doped with B4C were said to be en-
hanced in comparison with the undoped TiC. The core tough-
ening mechanism for the fracture toughness was the crack
deflection initiated by the reinforcement [78, 102].

Cheng et al. [67] studied the reinforcement of tungsten
carbide (WC) on microstructure, densification, and mechani-
cal properties of TiC ceramic composites. Diverse composi-
tions of WC (0–10 wt%WC) were reinforced in the TiC ma-
trix and they were consolidated at 1450–1600 °C for 5 min
under 50 MPa. It was noted that the doped TiC with 3.5 wt%
WC yielded increased densification from 98 to 100% as the
sintering temperature increases to 1600 °C, but with a further
increment of WC to 10%, the relative density decreased to
91%. It was further stated that no abnormal grain growth
was observed with the composites of TiC + 3.5 wt% WC in
contrast to the single phase of TiC. The achievement of 100%
relative density was credited to precipitation and dissolution
of WC in TiC grain boundaries, which prompted the diffusion
coefficient of TiC grains. The incorporation of WC was also
reported to improve the sinterability and wettability of the
composites and consequently eliminates grain growth. Qu
et al. and Namini et al. made synonymous observations [73,
103]. Cheng et al. further observed that at a lower sintering
temperature of 1450 °C, a relative density of 98.2% was
achieved for TiC composites when it was doped with
3.5wt.%WC in comparison with undoped TiC ceramic whose
relative density was 98.4% at 1600 °C under similar pressure
and dwell time [36]. This outcome depicted a reduction in the
densification temperature of TiC–3.5 WC composite which
was reduced by ∼150 °C and no significant drop in the
Vickers hardness was observed in contrast to undoped TiC.
(Figure 8 revealed how the sintering temperature contributed
to the enhancement in densification and hardness.)

Cheng et al. further reported the achievement of improved
fracture toughness when sintered at 1450–1600 for 5 min; it

improved from 3.7–4.3 MPa m
1=2 for the undoped TiC to 5–

6.3 MPa m
1=2 of the doped TiC with 3.5wt%WC. The en-

hancement in fracture toughness of the doped TiC was recog-
nized to the crack bridging and deflection around or along
with the TiC and WC phase. The bridging or crack deflection
beside the phase of (Ti, W)C was influenced by the residual
stresses [21].

Namini et al. [73] performed experimentation of the influ-
ence of nanosized (0–3)wt% of WC on the mechanical prop-
erties and microstructure of the TiC matrix. The composites

were sintered via SPS at 1900 °C for 7 min under 40MPa. The
achieved results indicated that the undoped TiC reached a
relative density of 99.23%. In contrast, the introduction of
1.5 wt% WC to the TiC matrix yielded lower densification
of 93.05%. However, the increment of WC to 3wt% yielded
peak densification of 99.85%, which was credited to the de-
veloped phase of (Ti, W)C in the microstructure of the TiC
matrix and the precipitation and dissolution of WC on TiC
grains [93–95]. The hardness of the composites was observed
to alter in the similitude of the densification. The hardness of
undoped TiC was lowered by the reinforcement of 1.5
wt%WC; however, it got improved when the WC increased
from 1.5 to 3 wt%whichwas in the same trend as the achieved
relative density. The former was a result of increased porosity
in the microstructure while the latter was attributed to the
higher densification due to the formation of solid solution
(Ti, W)C [67, 76, 94, 104]. The flexural strength of the com-
posite with 1.5 wt% of WC got deteriorated from 545 to
418 MPa in contrast to the undoped TiC. With further inclu-
sion ofWC to 3wt%, there was a drastic decrement in porosity
consequently enhancing the flexural strength via the grain
refinement. As noticeable from the microstructure in Fig. 9a,
the introduction of 1.5 wt% WC to TiC ceramic matrix, the
content of the porosity enlarged to ~7%. The sample contain-
ing 3 wt% WC (Fig. 9b) indicated no presence of porosity
which agrees with the achieved densification outcome of
99.85%. Generally, the hardness of ceramics composites is a
complex function of grain size, composition, and relative den-
sity [105].

Li et al. [29] investigated the impact of ZrC and TiC on the
consolidation of TiC-ZrC composites via SPS at a sintering
temperature of 1500–2200 °C. The effects of compositions
and sintering temperature on the densification of the compos-
ites were observed as well. It was reported that the densifica-
tion increases as the temperature increases to 1800 °C; the
relative density ranges between 95.9 and 98.9%. This

Fig. 8 The impacts of sintering temperature on the density and Vickers
hardness of a doped TiC ceramics with 3.5wt%WC, adapted with
permission from [67]
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achieved densification was compared at high compositions of
80–90mol%ZrC under similar sintering temperature and ele-
vated temperature of 2100 °C; it was observed that the densi-
fication reduces below 90%. The relative densities achieved
for TiC-ZrC composites improved significantly in contrast to
the undoped ZrC. It was further stated that the increment in
sintering temperature influences the enhanced Vickers hard-
ness; this enhancement is synonymous with the densification
that was achieved. Although the composites whose composi-
tion >80 mol% TiC at 1500–1700 °C were completely con-
solidated with hardness > 26 GPa, the fracture toughness of
the composites ranges from 2.5 to 4.5 MPa m1/2. The com-
posites sintered above 1800 °C depicted a slight decrease in
Vickers hardness; these were attributed to the grain growth
increment at high temperatures. Similar related work by
Teber et al. [106] produces an improved fracture toughness

(6.8 MPa m
1=2 ) and a peak Vickers hardness (28 GPa) for

80TiC– 20ZrC composite when it was sintered at 1350–1800
°C. The improvement was a result of the alloying impact of
ZrC in TiC [107].

Sribalaji et al. [30] study the influence of WC and carbon
nanotubes as reinforcement in TiC ceramic matrix via SPS at
1600 °C under 50 MPa. The undoped TiC depicted a value of
89% but got improved to 94% for sintered TiC-3.5%WC. The
precipitation ofWC along the grain boundaries of TiC was the
reason for the enhancement in the densification when
3.5wt%WC was reinforced in the TiC matrix. Cheng et al.
[36] also made a similar observation in the densification of
WC with TiC. Furthermore, on the addition of 2wt% of CNT
in the binary composites of TiC-3.5wt% WC, densification
hugely upgraded to ~ 99%. This improvement was a result
of the even distribution of CNTs, which consequently promot-
ed even dissipation of heat in TiC-WC composites and the
melting of fractional parts of TiC [108]. The introduction of
WC and CNTs was observed to impede grain growth. The
reinforcement ofWC and CNT all contributed to the improve-
ment of the hardness (as shown in Fig. 10). The undoped TiC
has its hardness value equivalent to ~23.67 GPa, but it got
improved to ~27.79 GPa and ~33.56 GPa when 3.5wt%WC

and 2wt%CNTs were added to it respectively. The enhance-
ment was credited to increased relative density and decreased
grain size. The fracture toughness of the composites increased
significantly with each reinforcement, with ~36% and ~76.2%
improvement respectively compared with the undoped TiC.
The restriction of grain growth by the reinforcements and by
the bridging of crack which created a toughening mechanism
for the composites were all observed to be the contributing
factor for the improved fracture toughness. Mukherjee et al
noticed the same bridging behavior when similar CNT was
reinforced in Hf carbide-based composites [109, 110].

2.4 Comparison of the influences of different carbides
in terms of properties (microstructure, densification,
and mechanical properties) with TiC ceramic matrix
composite

The effects of different carbide-based additives have been
judiciously studied on the microstructure, densification, and
mechanical properties of TiC, and the result (densification and

Fig. 9 SEM images of polished
surfaces of TiC ceramics
reinforced with nano-sizedWC: a
TiC-1.5wt%WC and b TiC-
3wt%WC, adapted with permis-
sion from [73]

Fig. 10 The impacts of WC and CNT on the hardness and elastic
modulus of TiC ceramic matrix composite, adapted with permission
from [30]
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mechanical properties) is tabularized in Table 1. More also,
the impacts of these additives are graphically shown in Fig.
11. It was observed that WC and CNT served as a good

reinforcement to date to provide improvement for TiC ceramic
matrix. Hence, good densification and excellent mechanical
properties with fine microstructure were achieved.

Table 1 The influence of various carbides additives in the TiC ceramic matrix using spark plasma sintering for consolidation

Material
composition

Processing condition Sintered
density

Hardness
(GPa)

Fracture toughness (MPa m
1=2

)
Flexural strength
(MPa)

References

TiC–(0–50)% SiC 1600–1800°C,
50–75MPa,

5–10min

95.4–97.3 25–32 3.7–5.7 ----- [27]

TiC– 1600°C, 99 5.5 5.76 ----- [21]

20wt.%SiC 70MPa,

12min

TiC– 1600°C, ~99 5.2 ----- ----- [87]

14.6vol.%SiC 50MPa, 5min

TiC-(0–30) 1900°C, 99.23– 25.08– ----- 511–644 [91]

vol% SiCw 7min,
40 MPa

102.95 29.04

TiC-(0–10)vol%WC 1450–
1600 °C 50 MPa,
5 min

91–100 22–28.2 5.2–6.3 524–578 [67]

TiC-(0–3)WC 1900 °C
40 MPa,
7 min

99.23–99.85 22–28.6 ----- 418–620 [73]

TiC-(10–90) SPS, >96 ----- ----- ----- [29]

mol ZrC 2100 °C

50 MPa,

5 min

TiC- 1600°C, 99.9 33.5 ± 4.5 7.8 ± 0.5 ----- [30]

3.5wt%WC 50MPa

–2 wt%CNT 5min

Fig. 11 The effects of carbide-
based sintering additives on the
densification and mechanical
properties of TiC ceramic matrix
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3 Conclusion

Carbide sintering additives have been studied extensively to
provide good sinterability, wettability, microstructure, and ex-
cellent mechanical properties for TiC ceramic matrix, owing
to its ability to eliminate oxygen and also serving as a strong
secondary phase. These resulting ceramic matrix composites
have had high significance for application in aerospace mate-
rials, cutting tools, other high-temperature materials, etc. In
ensuring that for a specific purpose one attained the expected
mechanical properties of a ceramic material, the amount and
type of sintering additives that serve as a reinforcement needs
to be taken into cognizance. In respect to this, most re-
searchers have been used to trial by error in determining the
amount and sometimes the type of additives needed to be
added to a ceramic matrix for the improvement of its resulting
composites. This approach occasionally leads to the wastage
of materials and time. In circumventing these challenges, a
sophisticated approach should be included in research activi-
ties in pre-determining the amount and types of sintering ad-
ditives required to be added to a ceramic-based matrix in
achieving the optimum mechanical properties.

More also, the evolvement of sintering reactions has had
some contrasting effects on the densification, microstructure,
and mechanical properties of TiC CMC.While some (sintering
reactions) have had an enhancing capacity, others have pro-
duced some depreciating effects.More works are needed before
the sintering of the green powder to determine the influence of
any possible reactions on the sintered compact. This in conse-
quence will help in having a fundamental knowledge of the
effect of the sintering reaction in either to optimize or eliminates
it. The optimization and elimination of these sintering reactions
can be achieved through the judicious selection of sintering
parameters, percentage compositions of each ceramic matrix,
sintering additives, and the types of PM used.

Lastly, in the characterization phase of TiC CMC, there are
still some voids that are still needed to be filled. Nevertheless,
the flexural strength of a few ceramic materials has been de-
termined at elevated temperatures. Hence, the experimenta-
tion of the mechanical properties TiC CMC at an elevated
temperature is still required at the research stage, with the view
to making it applicable at the industrial level.

Availability of data and materials Data and materials are available

Author contribution This work was achieved in partnership with all au-
thors. Mr. S. D Oguntuyi, Prof. O. T. Johnson, and Dr. M. B. Shongwe.
These authors all worked together in the novelty and editing of this review
work.

Funding This work is based on the research supported wholly/in part by
the National Research Foundation of South Africa (Grant Number:
117867).

Declarations

Ethics approval This review is solely submitted to this journal and has
not been published elsewhere. Proper acknowledgement/reference has
been accorded to other works.

Consent to participate Yes

Consent for publication This review is open for publication.

Competing interests The authors declare no competing interests.

References

1. Das K, Bandyopadhyay TK,Das S (2002)A review on the various
synthesis routes of TiC reinforced ferrous based composites. J
Mater Sci 37:3881–3892

2. Saidi A, Chrysanthou A, Wood JV, Kellie JLF (1994)
Characteristics of the combustion synthesis of TiC and Fe-TiC
composites. J Mater Sci 29:4993–4998

3. Xinghong Z, Chuncheng Z, Wei Q, Xiaodong H, Kvanin VL
(2002) Self-propagating high temperature combustion synthesis
of TiC/TiB2 ceramic–matrix composites. Compos Sci Technol
62:2037–2041

4. Song G-M, Guo Y-K, Zhou Y, Li Q (2001) Preparation and me-
chanical properties of carbon fiber reinforced-TiCmatrix compos-
ites. J Mater Sci Lett 20:2157–2160

5. Ko YG, Hwang DY, Shin DH, Lee S, Lee CS (2008) Factors
influencing the equal-channel angular pressing of Ti–6Al–4V al-
loy having lamellar microstructure.Mater Sci EngA 493:164–169

6. Sribalaji M, Mukherjee B, Bakshi SR, Arunkumar P, Babu KS,
Keshri AK (2017) In-situ formed graphene nanoribbon induced
toughening and thermal shock resistance of spark plasma sintered
carbon nanotube reinforced titanium carbide composite. Compos
Part B 123:227–240

7. Locci AM, Orru R, Cao G,Munir ZA (2006) Effect of ball milling
on simultaneous spark plasma synthesis and densification of TiC–
TiB2 composites. Mater Sci Eng A 434:23–29

8. Wang L, JiangW, Chen L (2004) Fabrication and characterization
of nano-SiC particles reinforced TiC/SiCnano composites. Mater
Lett 58:1401–1404

9. Zheng Y, XiongW, Liu W, Lei W, Yuan Q (2005) Effect of nano
addition on the microstructures and mechanical properties of Ti
(C, N)-based cermets. Ceram Int 31:165–170

10. Song G-M, Li Q, Wen G-W, Zhou Y (2002) Mechanical proper-
ties of short carbon fiber-reinforced TiC composites produced by
hot pressing. Mater Sci Eng A 326:240–248

11. F. J. L. Alves, A. M. Baptista, and A. T. Marques, "Metal and
ceramic matrix composites in aerospace engineering," in
Advanced composite materials for aerospace engineering, ed:
Elsevier, 2016, pp. 59-99.

12. Krenkel W (2008) Ceramic matrix composites: fiber reinforced
ceramics and their applications: John Wiley & Sons.

13. Niespodziana K, JurczykK, JurczykM (2006) Themanufacturing
of titanium-hydroxyapatite nanocomposites for bone implant ap-
plications. Nanopages 1:219–229

14. Jurczyk MU, Jurczyk K, Niespodziana K, Miklaszewski A,
Jurczyk M (2013) Titanium–SiO2 nanocomposites and their scaf-
folds for dental applications. Mater Charact 77:99–108

15. Fang ZZ, Paramore JD, Sun P, Chandran KSR, Zhang Y, Xia Y,
Cao F, Koopman M, Free M (2018) Powder metallurgy of titani-
um–past, present, and future. Int Mater Rev 63:407–459

79Int J Adv Manuf Technol (2021) 116:69–82



16. Azarniya A, Azarniya A, Sovizi S, Hosseini HRM, Varol T,
Kawasaki A, Ramakrishna S (2017) Physicomechanical proper-
ties of spark plasma sintered carbon nanotube-reinforced metal
matrix nanocomposites. Prog Mater Sci 90:276–324

17. G. S. Upadhyaya (1997) Powder metallurgy technology:
Cambridge Int Science Publishing.

18. J. Beddoes and M. Bibby (1999) Principles of metal manufactur-
ing processes: Butterworth-Heinemann.

19. Liu L, Wang B, Li X, He Q, Xu L, Cao X,Meng C, ZhuW,Wang
Y (2018) Liquid phase assisted high pressure sintering of dense
TiC nanoceramics. Ceram Int 44:17972–17977

20. Jianxin D, Junlong S (2009) Microstructure and mechanical prop-
erties of hot-pressed B4C/TiC/Mo ceramic composites. Ceram Int
35:771–778

21. Wang L, JiangW, Chen L (2004) Rapidly sintering nanosized SiC
particle reinforced TiC composites by the spark plasma sintering
(SPS) technique. J Mater Sci 39:4515–4519

22. Luo Z, Du Y, Liu Y, Tang S, Pan Y, Mao H et al (2018) Phase
field simulation of the phase separation in the TiC-ZrC-WC sys-
tem. Calphad 63:190–195

23. Namini AS, Gogani SNS, Asl MS, Farhadi K, Kakroudi MG,
Mohammadzadeh A (2015)Microstructural development andme-
chanical properties of hot pressed SiC reinforced TiB2 based com-
posite. Int J Refract Met Hard Mater 51:169–179

24. Sabahi Namini A, Azadbeh M, Shahedi Asl M (2018) Effects of
in-situ formed TiB whiskers on microstructure and mechanical
properties of spark plasma sintered Ti–B4C and Ti–TiB2 compos-
ites. Scientia Iranica 25:762–771

25. Farhadi K, Namini AS, Asl MS, Mohammadzadeh A, Kakroudi
MG (2016) Characterization of hot pressed SiC whisker rein-
forced TiB2 based composites. Int J Refract Met Hard Mater 61:
84–90

26. Asl MS, Namini AS, Motallebzadeh A, Azadbeh M (2018)
Effects of sintering temperature on microstructure and mechanical
properties of spark plasma sintered titanium. Mater Chem Phys
203:266–273

27. Cabrero J, Audubert F, Pailler R (2011) Fabrication and charac-
terization of sintered TiC–SiC composites. J Eur Ceram Soc 31:
313–320

28. Chen J, Li W, Jiang W (2009) Characterization of sintered TiC–
SiC composites. Ceram Int 35:3125–3129

29. Li Y, Katsui H, Goto T (2015) Spark plasma sintering of TiC–ZrC
composites. Ceram Int 41:7103–7108

30. Sribalaji M, Mukherjee B, Islam A, Keshri AK (2017)
Microstructural andmechanical behavior of spark plasma sintered
titanium carbide with hybrid reinforcement of tungsten carbide
and carbon nanotubes. Mater Sci Eng A 702:10–21

31. Wang W-F (2002) Effect of carbide and nitride addition on the
strength of sintered TiC-Mo 2 C-Ni carbides. J Mater Eng Perform
11:516–518

32. Xiong H, Li Z, Zhou K (2016) TiC whisker reinforced ultra-fine
TiC-based cermets: microstructure and mechanical properties.
Ceram Int 42:6858–6867

33. Oghbaei M, Mirzaee O (2010) Microwave versus conventional
sintering: a review of fundamentals, advantages and applications.
J Alloys Compd 494:175–189

34. Bordia RK, Kang SJL, Olevsky EA (2017) Current understanding
and future research directions at the onset of the next century of
sintering science and technology. J Am Ceram Soc 100:2314–
2352

35. Luo Y, Li S, Pan W, Li L (2004) Fabrication and mechanical
evaluation of SiC–TiC nanocomposites by SPS. Mater Lett 58:
150–153

36. Cheng L, Xie Z, Liu G, Liu W, Xue W (2012) Densification and
mechanical properties of TiC by SPS-effects of holding time,

sintering temperature and pressure condition. J Eur Ceram Soc
32:3399–3406

37. Zhang J, Wang L, Shi L, Jiang W, Chen L (2007) Rapid fabrica-
tion of Ti3SiC2–SiC nanocomposite using the spark plasma
sintering-reactive synthesis (SPS-RS) method. Scr Mater 56:
241–244

38. Shen Z, Johnsson M, Zhao Z, Nygren M (2002) Spark plasma
sintering of alumina. J Am Ceram Soc 85:1921–1927

39. Khor KA, Cheng KH, Yu LG, Boey F (2003) Thermal conduc-
tivity and dielectric constant of spark plasma sintered aluminum
nitride. Mater Sci Eng A 347:300–305

40. Guillard F, Allemand A, Lulewicz J-D, Galy J (2007)
Densification of SiC by SPS-effects of time, temperature and
pressure. J Eur Ceram Soc 27:2725–2728

41. Li JL, Wang LJ, Bai GZ, Jiang W (2005) Microstructure and
mechanical properties of in situ produced TiC/C nanocomposite
by spark plasma sintering. Scr Mater 52:867–871

42. Bellosi A, Monteverde F, Sciti D (2006) Fast densification of
ultra-high-temperature ceramics by spark plasma sintering. Int J
Appl Ceram Technol 3:32–40

43. Medri V, Monteverde F, Balbo A, Bellosi A (2005) Comparison
of ZrB2-ZrC-SiC composites fabricated by spark plasma sintering
and hot-pressing. Adv Eng Mater 7:159–163

44. Venkateswaran T, Basu B, Raju GB, Kim D-Y (2006)
Densification and properties of transitionmetal borides-based cer-
mets via spark plasma sintering. J Eur Ceram Soc 26:2431–2440

45. Wang X, Lu M, Qiu L, Huang H, Li D, Wang H, Cheng YB
(2016) Graphene/titanium carbide composites prepared by sol–
gel infiltration and spark plasma sintering. Ceram Int 42:122–131

46. Oguntuyi SD, Johnson OT, Shongwe MB (2020) Spark plasma
sintering of ceramic matrix composite of ZrB 2 and TiB 2: micro-
structure, densification, and mechanical properties—a review.
Met Mater Int:1–14

47. Nie J,Wu Y, Li P, Li H, Liu X (2012) Morphological evolution of
TiC from octahedron to cube induced by elemental nickel.
CrystEngComm 14:2213–2221

48. Raju K, Yoon D-H (2016) Sintering additives for SiC based on the
reactivity: a review. Ceram Int 42:17947–17962

49. Geng R, Qiu F, Jiang QC (2018) Reinforcement in Al matrix
composites: a review of strengthening behavior of nano-sized par-
ticles. Adv Eng Mater 20:1701089

50. Zhang MX, Hu QD, Huang B, Li JZ, Li JG (2011) Study of
formation behavior of TiC in the Fe–Ti–C system during combus-
tion synthesis. Int J Refract Met Hard Mater 29:356–360

51. Hirata Y, Suzue N, Matsunaga N, Sameshima S (2010) Particle
size effect of starting SiC on processing, microstructures and me-
chanical properties of liquid phase-sintered SiC. J Eur Ceram Soc
30:1945–1954

52. Beri N,Maheshwari S, Sharma C, Kumar A (2010) Technological
advancement in electrical discharge machining with powder met-
allurgy processed electrodes: a review. Mater Manuf Process 25:
1186–1197

53. A. Jamwal, U. K. Vates, P. Gupta, A. Aggarwal, and B. P. Sharma
(2019) "Fabrication and characterization of Al 2 O 3–TiC-rein-
forced aluminum matrix composites," in Advances in industrial
and production engineering, ed: Springer, pp. 349-356.

54. Bhat BVR, Subramanyam J, Prasad VVB (2002) Preparation of
Ti-TiB-TiC & Ti-TiB composites by in-situ reaction hot pressing.
Mater Sci Eng A 325:126–130

55. Melendez IM, Neubauer E, Angerer P, Danninger H, Torralba JM
(2011) Influence of nano-reinforcements on the mechanical prop-
erties and microstructure of titanium matrix composites. Compos
Sci Technol 71:1154–1162

56. Ogunbiyi O, Jamiru T, Sadiku R, Beneke L, Adesina O, Fayomi J
(2019) Influence of sintering temperature on the corrosion and

80 Int J Adv Manuf Technol (2021) 116:69–82



wear behaviour of spark plasma–sintered Inconel 738LC alloy. Int
J Adv Manuf Technol 104:4195–4206

57. O. Ogunbiyi, T. Jamiru, R. Sadiku, O. Adesina, O. S. Adesina, and
E. Olorundaisi (n.d.) "Influence of nickel powder particle size on
the microstructure and densification of spark plasma sintered
nickel-based superalloy," pp. 1-19.

58. Viswanathan V, Laha T, Balani K, Agarwal A, Seal S (2006)
Challenges and advances in nanocomposite processing tech-
niques. Mater Sci Eng R Rep 54:121–285

59. Adachi J, Kurosaki K, Uno M, Yamanaka S (2006) Porosity in-
fluence on the mechanical properties of polycrystalline zirconium
nitride ceramics. J Nucl Mater 358:106–110

60. A. Agarwal, S. R. Bakshi, and D. Lahiri (2018) Carbon nanotubes:
reinforced metal matrix composites: CRC press.

61. Ogunbiyi O, Jamiru T, Sadiku R, Adesina O, Adesina OS,
Obadele BA (2020) Spark plasma sintering of graphene-
reinforced Inconel 738LC alloy: wear and corrosion performance.
Met Mater Int:1–15

62. Ghobadi H, Nemati A, Ebadzadeh T, Sadeghian Z, Barzegar-
Bafrooei H (2014) Improving CNT distribution and mechanical
properties of MWCNT reinforced alumina matrix. Mater Sci Eng
A 617:110–114

63. K. Nishikata, A. Kimura, T. Shiina, A. Ota, M. Tanase, and K.
Tsuchiya (n.d.) "Fabrication and characterization of high-density
MoO3 pellets," pp. 14-18.

64. Ogunbiyi OF, Jamiru T, Sadiku ER, Beneke LW, Adesina OT,
Adegbola TA (2019) Microstructural characteristics and
thermophysical properties of spark plasma sintered Inconel
738LC. Int J Adv Manuf Technol 104:1425–1436

65. Bocanegra-Bernal MH, Dominguez-Rios C, Echeberria J, Reyes-
Rojas A, Garcia-Reyes A, Aguilar-Elguezabal A (2016) Spark
plasma sintering of multi-, single/double-and single-walled carbon
nanotube-reinforced alumina composites: is it justifiable the effort
to reinforce them? Ceram Int 42:2054–2062

66. Chae KW, Niihara K, Kim DY (1995) Improvements in the me-
chanical properties of TiC by the dispersion of fine SiC particles. J
Mater Sci Lett 14:1332–1334

67. Cheng L, Xie Z, Liu G (2013) Spark plasma sintering of TiC
ceramic with tungsten carbide as a sintering additive. J Eur
Ceram Soc 33:2971–2977

68. Gu Y, Liu J-X, Xu F, Zhang G-J (2017) Pressureless sintering of
titanium carbide doped with boron or boron carbide. J Eur Ceram
Soc 37:539–547

69. Babapoor A, Asl MS, Ahmadi Z, Namini AS (2018) Effects of
spark plasma sintering temperature on densification, hardness and
thermal conductivity of titanium carbide. Ceram Int 44:14541–
14546

70. Fattahi M, Babapoor A, Delbari SA, Ahmadi Z, Namini AS, Asl
MS (2020) Strengthening of TiC ceramics sintered by spark plas-
ma via nano-graphite addition. Ceram Int 46:12400–12408

71. Fattahi M, Delbari SA, Babapoor A, Namini AS, Mohammadi M,
Asl MS (2020) Triplet carbide composites of TiC, WC, and SiC.
Ceram Int 46:9070–9078

72. Fu Z, Koc R (2017) Pressureless sintering of submicron titanium
carbide powders. Ceram Int 43:17233–17237

73. Namini AS, Ahmadi Z, Babapoor A, Shokouhimehr M, Asl MS
(2019) Microstructure and thermomechanical characteristics of
spark plasma sintered TiC ceramics doped with nano-sized WC.
Ceram Int 45:2153–2160

74. Murthy TSRC, Basu B, Srivastava A, Balasubramaniam R, Suri
AK (2006) Tribological properties of TiB2 and TiB2–MoSi2 ce-
ramic composites. J Eur Ceram Soc 26:1293–1300

75. Pazhouhanfar Y, Namini AS, Delbari SA, Nguyen TP, Van Le Q,
Shaddel S et al (2020) Microstructural and mechanical character-
ization of spark plasma sintered TiC ceramics with TiN additive.
Ceram Int 46:18924–18932

76. Vitryanyuk VK, Chaplygin FI, Kostenetskaya GD (1971)
Properties of complex TiC-WC carbides in their homogeneity
region. Soviet Powder Metallurgy and Metal Ceramics 10:547–
552

77. B. Wang, Z. Wang, J. Yuan, and B. Yu (2020) "Effects of (Ti, W)
C Addition on the microstructure and mechanical properties of
ultrafine WC–Co tool materials prepared by spark plasma
sintering," Acta Metallurgica Sinica (English Letters), pp. 1-11.

78. Cho KS, Kim YW, Choi HJ, Lee JG (1996) In S/Yu-toughened
silicon carbide-titanium carbide composites. J Am Ceram Soc 79:
1711–1713

79. Evans AG, Langdon T (1976) Structural ceramics. ProgMater Sci
21:171–285

80. Gao J, Song J, Lv M, Cao L, Xie J (2018) Microstructure and
mechanical properties of TiC0. 7N0. 3-HfC cermet tool materials.
Ceram Int 44:17895–17904

81. Ai T, Wang F, Feng X, Ruan M (2014) Microstructural and me-
chanical properties of dual Ti3AlC2–Ti2AlC reinforced TiAl
composites fabricated by reaction hot pressing. Ceram Int 40:
9947–9953

82. Liu C, Lin N, He YH (2016) Influence of Mo2C and TaC addi-
tions on themicrostructure andmechanical properties of Ti (C, N)-
based cermets. Ceram Int 42:3569–3574

83. Liversage JH, McLachlan DS, Sigalas I, Herrmann M (2007)
Microstructure, phase and thermoelastic properties of laminated
liquid-phase-sintered silicon carbide–titanium carbide ceramic
composites. J Am Ceram Soc 90:2189–2195

84. An H-G, Kim Y-W, Lee J-G (2001) Effect of initial α-phase
content of SiC on microstructure and mechanical properties of
SiC–TiC composites. J Eur Ceram Soc 21:93–98

85. Niihara K, Morena R, Hasselman DPH (1982) Evaluation ofK Ic
of brittle solids by the indentation method with low crack-to-
indent ratios. J Mater Sci Lett 1:13–16

86. Endo H, Ueki M, Kubo H (1991) Microstructure and mechanical
properties of hot-pressed SiC-TiC composites. J Mater Sci 26:
3769–3774

87. Cheng L, Xie Z, Liu G (2013) Spark plasma sintering of TiC-
based composites toughened by submicron SiC particles. Ceram
Int 39:5077–5082

88. Biasini V, Guicciardi S, Bellosi A (1992) Silicon nitride-silicon
carbide composite materials. Int J Refract Met Hard Mater 11:
213–221

89. Wang L, Jiang W, Qin C, Chen L (2006) Effect of starting SiC
particle size on in situ fabrication of Ti5Si3/TiC composites.
Mater Sci Eng A 425:219–224

90. Wei GC, Becher PF (1984) Improvements in mechanical proper-
ties in SiC by the addition of TiC particles. J Am Ceram Soc 67:
571–574

91. Asl MS, Ahmadi Z, Namini AS, Babapoor A, Motallebzadeh A
(2019) Spark plasma sintering of TiC–SiCw ceramics. Ceram Int
45:19808–19821

92. Kachenyuk MN, Somov OV, Astashina NB, Andrakovskaya KE,
Morozova NV (2017) A study of the wear resistance of a TiC–SiC
composite ceramic material prepared by spark plasma sintering.
Surf Eng Appl Electrochem 53:401–406

93. Kim H-C, Kim D-K, Woo K-D, Ko I-Y, Shon I-J (2008)
Consolidation of binderlessWC–TiC by high frequency induction
heating sintering. Int J Refract Met Hard Mater 26:48–54

94. Yang M, Guo Z, Xiong J, Liu F, Qi K (2017) Microstructural
changes of (Ti, W) C solid solution induced by ball milling. Int J
Refract Met Hard Mater 66:83–87

95. Mas-GuindalMJ, Contreras L, Turrillas X, Vaughan GBM, Kvick
Å, Rodriguez MA (2006) Self-propagating high-temperature syn-
thesis of TiC–WC composite materials. J Alloys Compd 419:227–
233

81Int J Adv Manuf Technol (2021) 116:69–82



96. Vasanthakumar K, Bakshi SR (2018) Effect of C/Ti ratio on den-
sification, microstructure and mechanical properties of TiCx pre-
pared by reactive spark plasma sintering. Ceram Int 44:484–494

97. Fattahi M, Pazhouhanfar Y, Delbari SA, Shaddel S, Namini AS,
Asl MS (2020) Influence of TiB2 content on the properties of
TiC–SiCw composites. Ceram Int 46:7403–7412

98. Li S-B, Xie J-X, Zhang L-T, Cheng L-F (2004) In situ synthesis of
Ti3SiC2/SiC composite by displacement reaction of Si and TiC.
Mater Sci Eng A 381:51–56

99. Stobierski L, Gubernat A (2003) Sintering of silicon carbideI.
Effect of carbon. Ceram Int 29:287–292

100. Zhang X, Hilmas GE, Fahrenholtz WG, Deason DM (2007) Hot
pressing of tantalum carbide with and without sintering additives.
J Am Ceram Soc 90:393–401

101. Wang X-G, Guo W-M, Kan Y-M, Zhang G-J, Wang P-L (2011)
Densification behavior and properties of hot-pressed ZrC ceramics
with Zr and graphite additives. J Eur Ceram Soc 31:1103–1111

102. Bao Y-W, Liu C-C, Huang J-L (2006) Effects of residual stresses
on strength and toughness of particle-reinforced TiN/Si3N4 com-
posite: theoretical investigation and FEM simulation. Mater Sci
Eng A 434:250–258

103. Qu J, Xiong W, Ye D, Yao Z, Liu W, Lin S (2010) Effect of WC
content on the microstructure and mechanical properties of Ti (C0.
5N0. 5)–WC–Mo–Ni cermets. Int J Refract Met Hard Mater 28:
243–249

104. Jung J, Kang S (2007) Sintered (Ti, W) C Carbides. Scr Mater 56:
561–564

105. Acicbe RB, Goller G (2013) Densification behavior and mechan-
ical properties of spark plasma-sintered ZrC–TiC and ZrC–TiC–
CNT composites. J Mater Sci 48:2388–2393

106. Teber A, Schoenstein F, Têtard F, Abdellaoui M, Jouini N (2012)
The effect of Ti substitution by Zr on the microstructure and me-
chanical properties of the cermet Ti1-xZrxC sintered by SPS. Int J
Refract Met Hard Mater 31:132–137

107. Zhu X, Zhao K, Cheng B, Lin Q, Zhang X, Chen T, Su Y (2001)
Synthesis of nanocrystalline TiC powder by mechanical alloying.
Mater Sci Eng C 16:103–105

108. Nisar A, Ariharan S, Balani K (2016) Synergistic reinforcement of
carbon nanotubes and silicon carbide for toughening tantalum
carbide based ultrahigh temperature ceramic. J Mater Res 31:
682–692

109. Mukherjee B, Rahman OSA, Sribalaji M, Bakshi SR, Keshri AK
(2016) Synergistic effect of carbon nanotube as sintering aid and
toughening agent in spark plasma sinteredmolybdenum disilicide-
hafnium carbide composite. Mater Sci Eng A 678:299–307

110. Schaedler TA, Leckie RM, Krämer S, Evans AG, Levi CG (2007)
Toughening of nontransformable t′-YSZ by addition of titania. J
Am Ceram Soc 90:3896–3901

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

82 Int J Adv Manuf Technol (2021) 116:69–82


	Spark plasma sintering of ceramic matrix composite of TiC: microstructure, densification, and mechanical properties: a review
	Abstract
	Introduction
	Structures, properties, and application of TiC
	Powder metallurgy
	Spark plasma sintering

	Limitations and challenges of TiC

	Microstructure, densification, and mechanical properties of TiC
	Pure TiC without additives
	The influences of carbide additives on the consolidation of TiC ceramic matrix
	Spark plasma sintering of TiC matrix composites using carbide-based material as sintering additive
	Comparison of the influences of different carbides in terms of properties (microstructure, densification, and mechanical properties) with TiC ceramic matrix composite

	Conclusion
	References


