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Five carbonaceous nano-additives (graphite, graphene, carbon black, carbon nanotubes, and 
diamond) had different impacts on the sinterability, microstructural evolution, and properties of 
titanium carbide. In this research, the sintering by spark plasma was employed to produce the 
monolithic TiC and carbon-doped ceramics under the sintering parameters of 1900 °C, 10 min, 
40 MPa. The carbon black additive had the best performance in densifying the TiC, thanks to 
its fine particle size, as well as its high chemical reactivity with TiO2 surface oxide. By 
contrast, the incorporation of nano-diamonds resulted in a considerable decline in the relative 
density of TiC owing to the graphitization phenomenon, together with the gas production at 
high temperatures. Although carbon precipitation from the TiC matrix occurred in all samples, 
some of the added carbonaceous phases promoted this phenomenon, while the others hindered 
it to some extent. Amongst the introduced additives, carbon black had the most contribution to 
grain refining, so that a roughly halved average grain size was attained in comparison with the 
undoped specimen. The highest values of hardness (3233 HV0.1 kg), thermal conductivity    
(25.1 W/mK), and flexural strength (658 MPa) secured for the ceramic incorporated by 5 wt% 
nano carbon black. 
© 2021 The Authors. Published by Synsint Research Group. 
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 Introduction 1.

As a well-known ultra-high-temperature ceramic (UHTC), titanium 
carbide (TiC) has a wide range of physical and mechanical 
characteristics, e.g., low neutron absorption cross-section, excellent 
hardness, high thermal resistivity, superior melting point (3160 °C), 
high chemical stability, and low density [1–4]. Offering such 
outstanding properties has made this ceramic as an excellent 
nomination for many high-temperature structural applications, 
particularly in automotive, nuclear, defense, and aerospace industrial 
ends [5–8]. Against all the above-mentioned terrific features, TiC has a 
poor sinterability owing to its low self-diffusion coefficient and rebuts 
covalent bonding, which makes its  sinterability challenging [9–12]. On 

 
the other hand, if a higher sintering temperature is used to deal with 
these limitations, deterioration of mechanical properties may happen as 
a result of grain coarsening [13–15]. Therefore, other solutions should 
be taken into account. 
As two potential replacements for the conventional powder metallurgy 
technique, many researches have been done on fabricating TiC-based 
materials using spark plasma sintering (SPS) [16–18] or hot pressing 
(HP) [19, 20] routes. The former takes advantage of external pressure 
over the sintering process through which the densification can be 
completed at a roughly low sintering temperature within a short 
dwelling time [21, 22]. Of course, the occurring spark amongst the 
available particles is also a key factor in decreasing the required 
sintering temperature and soaking time in this fantastic sintering 
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process [23]. By contrast, some other investigators have tried to 
promote the sinterability and mechanical-physical characteristics of 
TiC via introducing some suitable sintering additives [24, 25]. 
Nguyen et al. [26] studied the SPSed TiC materials incorporated by 
graphene nano-platelets. According to the relative density results, it 
seems that the role of graphene in removing the residual porosity of 
TiC had been trivial. However, the presence of such an additive within 
the microstructure could participate in the eradication of the TiO2 
surface layer over the sintering process. As a result of this contribution, 
as well as the impact of graphene in grain refining of the titanium 
carbide matrix, an increment happened in the bending strength of the 
TiC-graphene ceramic. Fattahi et al. [27] strengthened TiC by 
introducing nano-graphite into the TiC matrix. They used the SPS 
method as the manufacturing route in which the samples sintered at 
1900 °C. The presence of graphite could improve the sinterability of 
TiC, attaining a relative density of > 97%. Although the hardness of the 
TiC-graphite specimen showed a noticeable drop compared to the 
monolithic TiC, the bending strength of the ceramic composite was 
considerably improved, standing next to 630 MPa. The influence of 
carbon black on the sinterability of titanium carbide was found to be 
impressive so that a fully dense part was achieved by incorporating 
carbon black (5 wt%) to titanium carbide [28]. In addition, the carbon 
black incorporation could noticeably refine the microstructure of the 
matrix. Accordingly, all hardness, thermal conductivity, and flexural 
strength features were prompted in the TiC-carbon black ceramic in 
compared to the undoped TiC. Finally, Nguyen et al. studied the TiC-
diamond system sintered by the SPS method. Although this additive 
worsened all relative density, bending strength and hardness of 
titanium carbide, its influence on the thermal conductivity of titanium 
carbide was remarked. According to their outcome, the diamond 
additive could improve the thermal conductivity of titanium carbide by 
almost 30%, standing next to 23 W/mK. 
This comparative research intends to compare the effect of different 
carbonaceous compounds, i.e., graphite, graphene, carbon black, 
carbon nanotubes (CNTs), and nano-diamonds, on the microstructure, 
physical-mechanical features, and sinterability of titanium carbide. All 
specimens were SPSed under similar sintering circumstances at       
1900 °C for 10 min under 40 MPa. Next, they were examined using X-
ray diffractometry (XRD), and field emission scanning electron 
microscopy (FESEM). Additionally, the thermal conductivity, relative 
density, bending strength, and Vickers hardness of all specimens were 
measured/calculated, comparing to each other. 

 Experimental method 2.

2.1. Starting substances 

The first-rate titanium carbide, graphite, graphene, carbon black, 
carbon nanotubes (CNTs), and nano-diamonds materials were 
purchased as the starting powders. The details of these powder 
materials are given in Table 1. Additionally, Table 2 presents the 
designed samples aimed to be produced in this examination. At first, a 
digital scale was used to weigh the initial materials based on Table 2. 
Next, each powder sample was ultrasonically scattered in an ethanol 
environment for 30 min. Afterward, the arranged slurries were heated 
at 120 °C on a hot-plate shaker for 120 min to provide an excellent 
mixing, as well as withdrawing the ethanol. Subsequently, a universal 
oven   was  implemented  to  dehumidify  the  slurries  for  24  hours  at 

Table 1. The as-received materials used in this research as the starting 
powders. 

100 °C. The dried powder specimens were smashed in an agate mortar, 
and then, passed by a sieve (mesh of 100) to attain uniform mixtures. 
The sintering mold was made of graphite, lined by thin graphite sheets 
to lessen the possibility of reactions between it and the powder 
mixtures during the sintering process. After loading each prepared 
powder sample into the abovementioned graphite die, individually, the 
sintering process was performed for 10 min under 40 MPa at 1900 °C 
using an SPS machine. The as-sintered samples were gradually cooled 
down to the room temperature in the SPS chamber, and thereafter, they 
were ground to have the graphite line removed. 

2.2. Characterization 

The rule of mixture and Archimedes principle were exploited to 
calculate/measure the theoretical and bulk densities, respectively. The 
ratio of the latter to the former kind of density was mentioned as the 
relative density of each ceramic. The phase study on the SPSed 
samples was carried out by an XRD device, respectively. Besides, an 
FESEM used in this examination to assess the microstructures. The 
Image software (Ver. 1.52a) was utilized to estimate average grain size, 
and thermodynamic evaluations were fulfilled using the HSC program 
(Ver. 6). Vickers hardness of every sample was quantified by indenting 
a weight of 100 g on the polished sections (six indentations on 
average). Also, a universal testing machine was used to meter the three-
point flexural strength of as-prepared ceramics. Finally, the thermal 
conductivity of samples was determined using a conductivity meter. 

Table 2. The composition of produced specimens, together with the 
relevant coding system. 

Starting powders Purity Material size 

TiC 98.5% < 12 µm 

Graphite nano-flakes 99% < 100 nm 

Graphene nano-platelets 

 

99% 

Less than 32 layers 

diameter < 12 μm 

thickness < 18 nm 

Carbon black 98.5% < 30 nm 

Carbon nanotubes 
(CNTs) 

 

98% 

Tube length: ~50 μm 

inner diameter: 3–5 nm 

outer diameter: 5–15 nm 

Nano-diamond 98.3% < 10 nm 

Code Composition 

T TiC 

TCGt TiC-5 wt% graphite 

TCGn TiC-5 wt% graphene 

TCB TiC-5 wt% carbon black 

TCNTs TiC-5 wt% carbon nanotubes 

TCDiamond TiC-5 wt% nano-diamonds 
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 Results and discussion 3.

3.1. Phase assessment and sinterability 

According to the TiC powder (not shown here), it can be seen that only 
peaks attributed to the TiC compound could be detected, indicating the 
low content of possible unwanted phases. According to the literature, it 
is a fact that the surface of the TiC particles can easily be oxidized 
thanks to the high reactivity of titanium element with the oxygen 
accessible within the atmosphere. Such oxide not only prevents a 
powerful bonding between two adjacent TiC particles but also may 
result in grain coarsening during the sintering. Therefore, if a sintering 
aid can remove this surface oxide, an improvement would happen in 
the relative density of TiC. Carbonaceous phases can play such a role 
in the TiC system. As the morphology and crystalline structure of the 
various carbon forms used in this examination were different, their 
impacts on the sinterability and characteristics of the final ceramics can 
be varied. In the following paragraphs, each specimen will be studied 
in terms of relative density and sintering behavior.  
Fig. 1 shows the effect of various carbonaceous phases on the relative 
density of titanium carbide. As is clear, the monolithic TiC arrived at a 
relative density of > 95%, which was an acceptable value for a 
sintering aid-free TiC ceramic. Amongst the different carbon forms 
examined in this research, the influence of carbon black was the most 
significant, obtaining a relative density of 100%. Although graphene 
nanoplatelets had no noticeable influence on the relative density of 
TiC, graphite nanoflakes could enhance this value by around 1.5%, 
standing next to 97%. However, both carbon nanotubes (CNTs) and 
diamond worsened the relative density of TiC, resulted in relative 
density values of 92.1% and 90.3%, respectively. 
Fig. 2 differentiates the XRD spectra of the as-produced samples. 
Looking at the XRD model of the T specimen, three different phases 
could be detected: TiC, Ti6C3.75, and graphite. So, it can be concluded 
that some carbon atoms departed the TiC structure, precipitating within 
the TiC matrix. Non-stoichiometric TiCx is considered as a challenging 
material, which its mechanical and electrical properties are governed 

by the value of x, varying within the range of 0.5–1 [29]. Based on this 
fact, the non-stoichiometric TiCx could show different morphology, 
bulk modulus, hardness, densification behavior, and grain size 
depending on the C/Ti ratio [30]. The crystalline lattice of TiCx is 
NaCl-type (B1) and carbon atoms have placed at the octahedral 
positions, while the face-centered spots are occupied by the titanium 
atoms. When some of the carbon atoms leave their locations, the 
resulted disordered phase is called non-stoichiometric TiCx [31]. 
Therefore, it seems that the harsh conditions under the spark plasma 
sintering have forced some carbon atoms to precipitate within the TiC 
matrix. This phenomenon can be regarded as a beneficial occurrence 
for the TiC system in terms of sinterability. As noted earlier, TiC 
particles are covered by a surface oxide of TiO2, which may impede 
proper sintering amongst the TiC particles. The presence of the 
deposited carbon can locally play as a sintering aid, participating in 
TiO2 oxide eradication. This can happen through a reaction (Eq. 1) 
between the precipitated carbon and the TiO2 surface oxide. This 
equivalence with ΔGº1900 °C of almost -200 kJ can easily progress under 
the present SPS circumstances. Therefore, it can be stated that the 
roughly high relative density of the monolithic TiC sintered at 1900 °C 
may be associated with this occurrence over the sintering route. 

Fig. 1. Relative densities of the T, TCGt, TCGn, TCB, TCNTs, and 
TCDiamond specimens. 

Fig. 2. The XRD spectra of the T, TCGt, TCGn, TCB, TCNTs, and 
TCDiamond specimens. 
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TiO2 + 3C = TiC + 2CO(g)      (1) 
The XRD patterns of the composite samples are approximately similar 
to that of the monolithic titanium carbide (Fig. 2); despite that, as is 
clear, a new peak of carbon is emerged at 2θ of ~27 ° in the ceramics 
doped with graphite, graphene, diamond, and carbon black. Contrary to 
this similarity in the XRD spectra, and possibly, the role of these 
carbonaceous phases in TiO2 oxide removal, they had different 
performance in densifying the composite ceramics. One possible cause 
might be related to the morphology and particle size. Ignoring the 
nano-diamond additive, carbon black with particles size of less than 30 
nm was the most efficient additive. This compound could easily play 
the role of a lubricant over the particle rearrangement stage, and after 
that, it possibly could occupy the free spaces between the larger TiC 
particles. Moreover, carbon black is highly active due to its amorphous 
form, so it could be more efficient in the annihilation of the TiO2 oxide. 
As a result, the TiC-carbon black composite could reach its full density.  
Comparing the graphite and graphene additives, it seems that the role 
of morphology and size was predominant, too. For instance, the 
possibility of agglomeration could be more severe for the carbon 
nanotubes compared to other carbonaceous additives, thanks to its 
morphology. The lower relative density of TiC-CNTs ceramic 
compared to both TiC-graphite and TiC-graphene could be an 
endorsement for this assumption. In other words, a uniform distribution 
of the added carbonaceous phase can be an effective factor, too. When 
a carbon phase places in the vicinity of a TiC particle, the Eq. 1 can 
process easily and at low sintering temperatures (over 1288 °C). At 
such low temperature, the released CO gas can readily leave the bulk. 
Otherwise, the remaining TiO2 melts at 1843 °C, facilitating its transfer 
to the areas in which carbonaceous additive is available. The 
difference, in this case, is the governing densification mechanism at 
such high temperatures, namely plastic deformation, and as a result, the 
released gas may be entrapped within the sample, declining the relative 
density of the composite. 
Considering the XRD spectrum of the TiC-diamond sample (Fig. 2), no 
cubic form of carbon could be identified therein, suggesting a complete 

graphitization during the SPS process. Diamond, in fact, is a metastable 
allotrope of carbon that its instability is because of a kinetic issue in 
rebuilding the structural lattice of diamond. This happening can be 
diminished remarkably at elevated temperatures [32]. According to the 
literature, the diamond graphitization can happen at two different 
temperature ranges of < 1627 °C, E = 200 KJ/mol, and > 1627 °C,       
E = 1300 KJ/mol [33]. Additionally, it was reported that although 
diamond surface graphitization takes place at almost 700–1400 °C, the 
intense graphitization will happen at temperatures higher than 1800 °C 
[32]. It is true that the diamond particles were the finest powder 
amongst the used additives; however, it could not contribute to oxide 
removal before the graphitization phenomenon. So, not only a 
proportion of the SPS energy was consumed for the diamond 
graphitization, but also the main part of the oxide removal possibly 
occurred at temperatures where the produced gas could hardly leave the 
system.  

3.2. Microstructure assessment 

Fig. 3 compares the polished sections of the titanium carbide-based 
ceramics produced in this research work. According to the EDS results 
[28], the microstructure of the undoped TiC (Fig. 3a) is composed of a 
TiC/TiCx matrix in which graphite is deposited. This observation 
endorses the earlier result obtained by the XRD analysis. The presence 
of the roughly big areas of graphite within the TiC matrix suggests this 
possibility that carbon atoms have intended to deposit where a graphite 
phase was initially nucleated. In short, although the presence of the 
precipitated graphite is probable at all TiC grain boundaries, the 
majority of carbon atoms have preferred to deposit on the initially 
formed carbon islands. 
The microstructures of the samples doped with graphite, graphene, and 
carbon black (Fig. 3b-d) are approximately similar to that of the T 
sample (see [26–28] for EDS results). However, it seems that the 
introduction of a carbonaceous additive has hindered the carbon 
precipitation from the TiC matrix to some extent. Considering the 

Fig. 3. The FESEM micrographs of a) T, b) TCGt, c) TCGn, d) TCB, e) TCNTs, and f) TCDiamond specimens captured on the polished surfaces. 
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micrograph of the TiC-carbon black (Fig. 3d), the graphitization of 
carbon black is apparent, which was in agreement with the relevant 
XRD pattern in which only crystalline graphite was detected. 
No distinct graphite compound could be observed within the 
microstructure of the ceramic doped with CNTs. Accordingly, it sounds 
that the areas in which CNTs were agglomerated could provide 
preferable places for carbon to precipitate therein. Moreover, as noted 
earlier, the agglomeration of CNTs can be a main factor participating in 
decreasing the relative density of the TiC-CNTs composite. As carbon 
nanotubes have preserved their initial forms, and no bonding has taken 
place between the tubes, lots of free spaces were entrapped within the 
agglomerated areas.  
Looking at Fig. 3f, it can be seen that the added nano-diamond has 
been distributed uniformly at the grain boundaries and graphitized 
therein. As a result, grain boundaries turned to preferable places for 
carbon atoms to deposit. This explanation justifies why no large area of 
graphite was formed in this composite.  
Fig. 4 exhibits the fractographs of the monolithic titanium carbide and 
other TiC-based ceramics incorporated by various carbonaceous 
phases. As can be seen in Fig. 4a, only monolithic TiC contains a 
considerable amount of residual TiO2. Based on the discussion above, 
carbon atoms were not uniformly precipitated at the grain boundaries, 
and consequently, a big proportion of TiO2 content could not be placed 
in the vicinity of deposited graphite and be reduced to the in-situ TiC. 
However, the presence of added carbonaceous phase provided this 
opportunity for this surface oxide to participate in a chemical reaction 
with the introduced carbon (Eq. 1). Regarding the fracture mode, it 
seems that all specimens were fractured in a mixed-mode; however, the 
transgranular fracture had been more dominant in the samples doped 
with graphite, graphene, and carbon black. 
Fig. 5a compares the mean grain size of the T ceramic and other TiC-
based composites. As can be seen, all carbonaceous additives could 
refine the TiC matrix to some extent. However, carbon black was the 
most effective additive in grain refining of TiC so that it could roughly 
halve the average grain size. On the other side, CNTs were the worst 

additive in grain refining, decreasing the mean grain size of TiC, just 
around 15%. The agglomeration of this additive, and consequently, the 
non-uniform distribution of it within the matrix can be the reason for 
such a result. 

3.3. Mechanical and thermal properties 

Fig. 4b indicates the values of hardness of as-sintered ceramics. Based 
on this graph, the Vickers hardness of the monolithic titanium carbide 
was 3128 HV0.1 kg that only the introduction of nano carbon black could 
improve this value, securing a Vickers hardness of 3233 HV0.1 kg. 
Anyway, other carbonaceous phases decreased this value, amongst 
which the graphene nanoflakes had the worst impact, reaching a 
hardness of around 2071 HV0.1 kg. Considering the effective factors in 
determining the hardness value in a ceramic-based material, i.e., 
composition, relative density, and grain size [34], it seems that a 
combination of the noted items was responsible for these numbers. 
Since both TiC-graphite and TiC-graphene composites reached the 
lower hardness values in comparison with the TiC-CNTs and TiC-
diamond with lower relative densities, it seems that the role of 
composition was predominant. In other words, the presence of graphite 
and graphene additives within the TiC matrix possibly led to more 
precipitation of carbon, and as a result, lowered hardness values. 
Fig. 5c compares the flexural strength of SPSed ceramics. According to 
the values presented in this bar chart, the flexural strength of the 
monolithic TiC was just higher than 500 MPa. The addition of graphite, 
graphene, and carbon black additives was advantageous in 
strengthening TiC, while the CNTs and nano-diamonds incorporation 
noticeably lessened bending strength. As the trend of the flexural 
strength of specimens is completely in harmony with that of the relative 
density, it sounds that the residual pores performed the key parameter 
in controlling the strength of the SPSed specimens. Nevertheless, the 
effect of the composition should not be overlooked. For instance, as 
noted above, it is possible that more carbon content was deposited 
within the TiC matrix in TiC-graphite and TiC-graphene composites; 

Fig. 4. The FESEM fractographs of a) T, b) TCGt, c) TCGn, d) TCB, e) TCNTs, and f) TCDiamond. 



S. Jafargholinejad & S. Soleymani                                                                    SYNTHESIS AND SINTERING 1 (2021) 62–68                                                                                                                                              67 
 

therefore, the toughening/strengthening mechanisms like crack 
branching, crack deflection, crack bridging, etc. had been more likely 
to be activated in these samples.  
Finally, the thermal conductivity of the ceramics is compared in       
Fig. 5d. All additives could improve the thermal conductivity of TiC 
apart from CNTs. Amongst these carbonaceous phases, the influence of 
carbon black was the most significant, resulted in thermal conductivity 
of 25.1 W/mK, followed by the TiC-graphene and TiC-diamond 
samples with the thermal conductivity of almost 23 W/mK. Based on 
the literature, thermal conductivity in composites is mostly controlled 
by residual pores, grain boundaries, secondary phases, and point 
defects [35]. The TiC-diamond had the lowest relative density value 
compared to other ceramics, but as explained earlier, the homogenous 
distribution of it at the grain boundary of the TiC matrix, and 
graphitization of it therein, led to the development of a continuous 
network of graphite within the whole sample. As the graphite phase has 
a considerably larger thermal conductivity than the titanium carbide 
[27], this net of graphite at the grain boundaries could contribute to 
improving the overall thermal conductivity. 

 Conclusions 4.

The influence of various carbonaceous phases on the microstructural 
evolution, mechanical-physical properties, and sinterability of TiC was 
examined in this research. All ceramics were SPSed at the same 
sintering circumstances at 1900 °C under 40 MPa for 600 s. A relative 
density of 100% was gained when carbon black was used as the 
sintering aid. On the contrary, the nano-diamonds had the worst impact 
on the relative density of TiC, resulting in around 10% residual 
porosity. Although the microstructure of all samples comprised of the 
TiC and carbonaceous phases, some of these forms of carbon impeded 
the carbon precipitation to some extent. Additionally, the introduced 
additives got the preferable beds for the carbon atoms to deposit 
therein. Amongst the examined carbon additives, carbon black 

contributed the most to grain refining of titanium carbide. Finally, the 
highest values of hardness (3233 HV0.1 kg), bending strength (658 MPa), 
and thermal conductivity (25.1 W/mK) were promised for the ceramic 
doped with 5 wt% carbon black. 
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