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Abstract 

In this study, we studied the effects of nano-sized WC addition (0, 1.5 and 3 wt%) on 

microstructure and thermomechanical properties of TiC-based ceramics. WC-doped TiC 

matrix composites were sintered by spark plasma at 1900 ˚C under 40 MPa for 7 min. The 

densification behavior of WC-doped TiC ceramics was characterized and compared with the 

monolithic TiC. Microstructural investigation of the sintered specimens was achieved by 

scanning electron microscopy. X-ray diffraction analysis was carried out to determine the 

phase evolution of the prepared ceramics. In addition, the thermal and mechanical 

characteristics including thermal conductivity, Vickers hardness and flexural strength were 

evaluated and their relationship with the microstructural features was discussed. Thermal 

conductivity increment and the relevant pronounced effects on grain growth inhibition were 

observed for TiC-3 wt% WC. The obtained results demonstrated that the addition of 3 wt% 

WC plays a vital role in sinterability enhancement of TiC by accelerating the densification. 

The highest relative density (99.9 %), Vickers hardness (28.6 GPa) and flexural strength (620 

MPa) were obtained for the TiC ceramic doped with 3 wt% nano-sized WC. 

 

Keywords: Titanium carbide; Spark plasma sintering; Tungsten carbide; Microstructure; 

Thermomechanical characteristics. 
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1. Introduction 

Titanium carbide with special properties has been used for the fabrication of the engineered 

ceramic components because of its excellent wear resistance, high melting temperature (3250 

˚C), high hardness (> 30 GPa), relatively low density and high resistance to thermal 

deformation. These characteristics nominates titanium carbide as an important candidate for 

cutting tools and machining materials [1-6]. However, one of the critical concerns of titanium 

carbide based ceramics in high stress condition is their low fracture toughness (3.2–3.9 MPa 

m1/2) [7-8]. TiC is very difficult to be sintered by conventional methods due to its strong 

covalent bonds and high melting temperature [9]. Therefore, it is required to provide huge 

amount of thermal energy by rising sintering temperature to increase mass transport rate and 

obtain highly dense products [3, 9]. High temperature and longtime heating treatment, 

however, leads to grain growth effecting the properties of the obtained ceramics and sintering 

process [10-12]. To overcome this problem, spark plasma sintering (SPS) has been used to 

reach fine microstructure materials with high relative density [13-17]. Ishigaki et al. could 

prepare TiC–25 vol% Al2O3 by pressureless sintering at 1800 °C having ~80% theoretical 

density [18]. In contrast, Teber and his coworkers showed that the SPS of mechanical alloyed 

TiC powder at 1650 °C under 100 MPa, does not produce ceramics with the density of more 

than 98% [13]. In another study, Cheng et al. [9] processed micro-sized TiC powder by SPS 

technique under conditions of 1600 °C / 50 MPa. Similarly, Cabrero et al. [19] fabricated 

nano-sized TiC powder at 1800 °C under 75 MPa pressure and attained the relative density of 

95.7% and 95.4%, respectively. These investigations confirmed that performing the sintering 

process at higher temperature of 1800 °C and decreasing the particle size of TiC powder 

cannot result in a completely dense structure [9, 19]. Consequently, sintering aids such as 

ZrC, TiB2, SiC and Al2O3 can be used as reinforcement materials for titanium carbide based 

composites lowering the sintering temperature and promoting the densification of TiC 

powder [20-22]. In addition, it is shown that the dispersion of such ceramic reinforcements 

into matrix inhibits the growth of TiC grain and result in superior properties [10]. From this 

point of view, some carbide additives e.g. WC, VC, NbC and TaC can be used to decrease the 

growth rate of TiC grains during sintering and improve mechanical behavior of TiC based 

composites. Among these additives, WC as one of the most widely used carbide materials 

with a high melting point (2870 °C) and high Vickers hardness (~22 GPa) can be considered 

as an appropriate reinforcement material to enhance the sinterability of TiC ceramics [23-32]. 

Although several attempts have been done on the processing routes and characterization of 

TiC based composites prepared by SPS, a few investigations have focused on the properties 
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of binderless TiC–WC composites [24, 25]. Cheng et al. fabricated TiC matrix composite 

reinforced with 3.5 wt% WC by SPS at 1450 °C for 5 min under 50 MPa and attained a 

relative density of 98.2%, and by comparing with monolithic TiC which sintered under the 

similar process. The addition of WC as reinforcement reduced the densification temperature 

for ~150 °C [25]. This finding also showed that it is possible to achieve a complete dense 

structure by sintering the TiC–3.5 wt% WC at 1600 °C [25]. Furthermore, compared with 

micro-sized particles, the nano-sized WC powder with higher specific surface areas can be 

used as reinforcement material to ameliorate the properties of the TiC ceramic [23]. Herein, 

the aim of this work is to provide a detailed study of the nano-sized WC particles effect on 

the densification, thermal and mechanical characteristics of TiC matrix composites, combined 

with deep understanding of their microstructural evolution. In this perspective, the analyses 

were performed on monolithic TiC and TiC–WC ceramics fabricated by spark plasma 

sintering, as a modern manufacturing technology [33-50] compared to the other sintering 

routes [51-61], at 1900 °C for 7 min under 40 MPa. The role of WC on density, grain size 

variation, hardness and toughening mechanisms was also investigated.  

 

2. Experimental procedure 

The specimens used in this study were manufactured from commercial powders, including 

TiC (average particle size of ~10 μm) and WC (average particle size of ~200 nm). In this 

study three groups of powder mixtures were designed as shown in Table 1. 

The TiC and WC powders were weighed and mixed according to their composition design. 

Then, the powders were dispersed in ethanol for 20 min using an ultrasonic stirrer. The slurry 

was mixed for 60 min at 90 rpm using zirconia cup/balls as milling tools. The prepared 

slurries were heated in a rotating evaporator at 120 oC to remove the ethanol, crushed and 

sieved through a mesh of 100 to minimize the particles agglomeration and obtain uniform 

granules. The dried powder was poured into a graphite die lined with double layer of flexible 

graphite foils to prevent reaction of the die with the powders. The sintering processes were 

done by a SPS furnace which was carried out at 1900 °C for 7 min under 40 MPa. During the 

sintering process, the temperature of the samples was measured by focusing of an optical 

pyrometer onto the side hole of the graphite die. Finally, the temperature was reduced and the 

samples with the diameter of 30 mm were removed from instrument. 

The surfaces of processed specimens were grinded to remove the graphite foil. The bulk 

density of the obtained samples was measured through the Archimedes principle, and then the 
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relative density was estimated by considering the theoretical of the starting powders. 

Identification of crystalline phases was accomplished by X-ray powder diffraction (XRD, 

Philips PW3710), and field emission scanning electron microscope (FESEM, Tescan S8000) 

equipped with energy-dispersive X-ray (EDS) to determine the microstructural features and 

qualitative chemical composition analyses. The Vickers hardness of the samples was 

determined through applying the load of 49 N on the polished surface of the sintered 

materials. The hardness values were considered as average of five indentation measurements. 

The three-point bending strength was measured at room temperature using a universal testing 

machine (STM-250) on rectangular polished samples with dimensions of 3 mm × 4 mm × 28 

mm and a span length of 15 mm. The thermal conductivity of the sintered samples was 

calculated using a conductivity meter machine (Sahand Co., Iran) which works with accuracy 

of ± 3% [62-64]. The average grain size of fabricated specimens was determined using 

ImageJ software by considering the fracture surface micrographs. 

 

3. Results and discussion 

According to the previously published results investigated by Sabahi et al., it has been shown 

that the highest properties for the relevant ceramics can be obtained at the sintering 

temperature of 1900 ˚C [62]. Hence, in this work the effects of WC additive at the optimal 

SPS conditions have been investigated. We first characterized the as-prepared powders by 

SEM and EDS as shown in Fig. 1. 

 

Fig. 1. SEM micrographs and EDS spectra of starting materials: (a) TiC and (b) WC. 

 

The relative density dependence of the TiC-WC composites on WC content is shown in Fig. 

2. According to the obtained results, the monolithic TiC reached 99.23% densification of the 

theoretical density. However, the maximum relative density of 99.85% was attained at WC 

content of 3 wt%. In contrast, the addition of 1.5 wt% WC to TiC leads to lower densification 

(93.05% relative density). This results indicate that a higher quantity of WC (3 wt%) exhibits 

a better effect on densification, which can be attributed to the dissolution and precipitation of 

WC on TiC grains and formation of (Ti,W)C phase in microstructure of titanium carbide 

matrix [27-29] facilitating transgranular diffusion causing high rate of the material transfer 

during sintering. In addition, one of the reasons for the high densification during SPS is the 
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combined impacts of joule heating, applied pressure and simultaneously local plastic 

deformation of grains. As can be seen in the FESEM images (Fig. 7), it seems that 

incorporating 1.5 wt% WC in titanium carbide matrix has a significant effect on the 

fragmentation of TiC particles and inhibition of grain growth. However, due to the 

inadequate amount of WC reinforcement, short sintering time, and lack of sufficient time for 

the elimination of remained porosity, a full condensation of the sample cannot be achieved. 

Whereas, reinforcing TiC by 1.5 wt% WC and subsequently formation of sufficient amount 

of solid solution (Ti,W)C contributes to the increased densification percentage and formation 

of relatively dense material. 

 

Fig. 2. Relative density of TiC containing different amounts of nano-sized WC. 

 

To understand the role of WC reinforcement on densification, consolidation of the specimens 

was analyzed according to upper punch displacement throughout sintering process, i.e. from 

shrinkage profiles. Fig. 3 illustrates the temperature variation and punch displacement as a 

function of heating time during SPS. The displacement was affected by the pressure and the 

temperature. The temperature is gradually increased from 20 to 1900 °C, and the initial 

pressure of 20 MPa was applied for 8 min and then raised to 50 MPa. In fact, during the first 

45 min, the displacement is insignificant and then increases to 1.5, 1.3 and 3.2 mm for TW0, 

TW1.5 and TW3, respectively, by reaching the temperature to 1800 °C. Therefore, the 

applied temperature less than 1800 °C is too low to have remarkable effect on densification 

of monolithic TiC powder. The increase of displacement at temperatures higher than 1800 °C 

is attributed to various factors such as particle rearrangement, thermal softening of formed 

grains, and matter flow in the intergranular space. It seems that, the reason for the highest 

shrinkage value (punch displacement) of TiC-3 wt% WC, compared to the TW0 and TW1.5 

compact powders, is the dissolution of tungsten carbide in titanium carbide [23-31] and 

increasing amount of mass transfer which results in the increased plasticity of the formed 

grains and elimination of the remained pores in microstructure. 

 

Fig. 3. Variations of displacement and temperature versus dwell time during SPS of TiC-(0, 1.5, 3 

wt%) WC ceramics. 
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Vickers hardness tests were carried out on polished surfaces of sintered samples and the 

obtained values were displayed as a function of the WC content as shown in Fig. 4. It is 

observed that the hardness changes in a similar trend to the densification. The hardness of 

monolithic TiC reduced by incorporating 1.5 wt% WC, but enhanced with increasing the 

content of WC from 1.5 to 3 wt%. The former is due to the porosity increases in 

microstructure and the latter is attributed to the formation of (Ti,W)C solid solution [24-28] 

with higher hardness and the higher relative density. The hardness of these samples is a 

complex function of composition, relative density and grain size. Therefore, TW3 sample 

with fine grain size possesses higher hardness than TW0 and TW1.5, which is caused by 

Hall-Petch hardening effect. As a comparison, Xie et al. reported a Vickers hardness of 29 

GPa for the monolithic TiC which SPSed under the condition of 1600 ˚C / 5 min / 50 MPa 

[1]. As it is shown in Fig. 5, the flexural strength of pure TiC was deteriorated from 545 to 

418 MPa with 1.5 wt% of WC addition. With further addition of WC content from 1.5 to 3 

wt%, the porosity of the sintered sample drastically decreased, accompanied by grain 

refinement leading to flexural strength improvement from 418 to 620 MPa. Cheng et al. 

reported that TiC based composites containing 3.5 wt% tungsten carbide SPSed at 1600 ◦C 

could possess densification percentage of 98.4% and flexural strength of 600 MPa [25].  

 

Fig. 4. Vickers hardness of TiC-based ceramics versus the amount of nano-sized WC reinforcement. 

 

Fig. 5. Flexural strength of TiC-based ceramics versus the amount of nano-sized WC reinforcement. 

 

The evolutions of thermal conductivity in the samples reinforced with different amounts of 

WC are presented in Fig. 6. It is noteworthy that, with the introduction of WC, contradictory 

effect on thermal conductivity is observed. The finer grain size of TW3 with greater amount 

of grain boundaries than TW0 should result in lower thermal conductivity. Therefore, it can 

be assumed that in TW3 sample the effect of chemical composition on thermal properties is 

greater than the effect of microstructural properties on it. However, as WC has a higher 

thermal conductivity than TiC at room temperature, the introduction of 3 wt% WC causes 

increment of thermal conductivity from 17.7 W/m K (for TW0) to 21.13 W/m K (for TW3). 

But, the thermal conductivity of TW1.5 is 14.22 W/m K, which is 20% lower than the 

thermal conductivity of TW0. This decrement indicates minor thermal distribution in TW1.5 

which is occurred as a result of 7% porosity in this sample. 
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Fig. 6. Thermal conductivity of TiC-based ceramics versus the amount of nano-sized WC addition. 

 

The FESEM images of the polished and fracture surfaces of the processed specimens are 

presented in Fig. 7. As can be observed in Fig 7a, the sintering phenomena proceeds by 

adhesion and bond formation between TiC particles. As compared with raw TiC particle size, 

a slight grain growth was happened during sintering of monolithic TiC, which means that 

such sintering condition leads to a small growth of TiC grain size. According to Fig. 7a, it is 

possible to fabricate an approximately fully dense TiC ceramic with no addition of WC 

reinforcement in the starting powder. However, slight densification development can be 

occurred after adding 3 wt% WC. The porosity content increased to ~7% by addition of 1.5 

wt% WC to TiC as clearly observable in Fig 7b. According to the microstructure of TW3 

sample shown in Fig. 7c, almost no porosity remained in this sample which is in agreement 

with the obtained result of 99.85% relative density for TW3. In addition, precise observation 

of FESEM images reveals multiple mode of fractures in the monolithic TiC. However, on the 

reinforcement with 3 wt% WC, the fracture behavior changes from a primarily transgranular 

for TW0 sample to a predominantly intergranular mode for TW3 sample.  

 

Fig. 7. FESEM images of the polished and fracture surfaces of nano-sized WC-doped TiC ceramics: 
(a) TW0, (b) TW1.5 and (c) TW3. 

 

By considering the fracture surface micrographs through the imaging analysis technique, the 

average grain size for sintered materials was obtained (Fig. 8), which indicates reduction in 

the grain size by adding WC. The grain size of TiC matrix in TW3 sintered sample is ~7.3 

μm as compared to the mean grain size of additive-free sample (~14.9 μm) indicating the 

restriction in grain growth of TiC. Such a phenomenon is related to the effect of WC addition 

as a grain growth inhibitor in TiC-based ceramics. The grain size reduction in the sintered 

composites could be resulted from the pinning effects of reinforcement on grain boundaries 

mobility due to the existence of WC. Indeed, during the sintering of TW0, the motion of 

grain boundaries was not hindered which contributes to grain growth. However, in WC 

reinforced TiC samples, the additive particles exert a pinning force on the matrix grain 

boundaries and causes the decrease in grain size of TW1.5 and TW3 samples. According to 

the Zener pinning effect [65, 66], the introduction of 3 wt% WC reinforcement in TiC 
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provides strong pinning effects on matrix grains and prevents the mobility of the grain 

boundaries at high temperatures. Moreover, Sun et al. [65, 66] has presented another equation 

for Zener factor (Z) related to the second phase particles surface area as following, in which 

the surface area of reinforcement particles is denoted by Sv. 

Z =
S�

4
 

 It is obvious that the nano-sized powder has higher surface to volume ratio; thus, it can be 

deduced that nano-sized WC particles create greater pinning pressure (Z) and results in 

exerting higher hindrance force against TiC grain growth. 

 

Fig. 8. Average TiC grain size in the as-sintered samples versus the amount of nano-sized WC 

addition. 

 

Qu et al. showed that WC addition into Ti(C, N)-matrix promotes the sinterability of TiC and 

limits the grain coarsening [67]. Guindal et al. investigated solid solubility of WC in TiC and 

determined that TiC dissolves WC at high temperatures via the substitution of Ti atoms by W 

atoms [29]. As shown in Fig. 9, two regions were observed by consideration of TiC-WC 

phase diagram, which indicates that when the TiC content is more than 73 wt% at 

temperatures lower than 2000 ˚C, two phases appear as (Ti,W)C and WC [29]. However, 

when the amount of WC is less than 73 wt%, only (Ti,W)C is formed which indicates that the 

dissolution and reprecipitation of WC on TiC grains can be occurred during the sintering of 

TiC-WC compacts at 1900 ˚C.   

 

Fig. 9. TiC–WC phase diagram. 

  

To identify the distribution of elements in the microstructure of sintered WC reinforced TiC 

matrix composite, EDS mapping analysis was performed on the TW3 sample (Fig. 10). The 

higher concentration of tungsten in the grain boundary areas verifies the generation of 

(Ti,W)C solid solution during sintering stage. The XRD analysis result for TW3 sample is 

presented in Fig. 11. No obvious WC peak is detected in the XRD pattern, which is due to the 
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small amount of WC. The generation of (Ti,W)C solid-solution is also responsible for 

disappearance of WC peak in the XRD patterns. It seems that the XRD peaks of TiC phase 

slightly move to high angels that can be attributed to dissolution of WC in matrix. 

 

Fig. 10. FESEM micrograph of polished surface of TW3 ceramic and corresponding EDS elemental 

mapping. 

 

Fig. 11. XRD pattern of the as-sintered TiC-based ceramic containing 3wt% nano-sized WC. 

 

4. Conclusions 

In this study, TiC-(0, 1.5, 3 wt%) WC ceramics were fabricated by spark plasma sintering at 

1900 °C under 40 MPa pressure. The microstructural evolution and thermal-mechanical 

properties e.g. thermal conductivity, hardness and flexural strength of the prepared ceramics 

were investigated. The addition of 1.5wt% nano-sized WC reinforcement in TiC matrix 

apparently increases the porosity, while, the utilization of 3wt% nano-sized WC powder 

enhances the sintering driving force and leads to achieve the maximum compaction of TiC 

during sintering. X-ray powder diffraction and energy-dispersive X-ray analyses results 

showed that there is not any reaction between WC and TiC, but high solubility of WC in TiC 

leads to generation of (Ti,W)C solid solution at high temperatures throughout sintering 

process. The results also indicated that the grain growth in TiC–3wt% WC was inhibited due 

to the existence of WC reinforcement and formation of (Ti,W)C solid solution that exerts 

pinning pressure on TiC grain boundaries. Enhanced hardness and flexural strength of TiC 

ceramics were obtained with the addition of 3wt% WC, which could be attributed to 

densification improvement and fine grain size. In addition, it has been concluded that when 

WC content is 1.5 wt%, the sintered composite exhibits lower thermal conductivity while 

with the rise of WC content to 3 wt%, the thermal conductivity decreases. 
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Table 1. The design of compositions for TiC-WC samples. 

Sample name WC (wt%) 

TW0 0 

TW1.5 1.5 

TW3 3 
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