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Abstract : Zirconium carbide (ZrC) samples were prepared by spark plasma sintering (SPS), at temperatures of 

1700 °C, 1900 °C and 2100 °C, all at pressure of 50 megapascal (MPa). The density of ZrC ceramic pellets was 

measured using a Micromeritics AccuPyc II 1340 Helium Pycnometer. The density of ZrC ceramic pellets was found 

to increase from (6.51 ± 0.032) g/cm3 to (6.66 ± 0.039) g/cm3 and (6.70 ± 0.017) g/cm3 when the temperature 

of the SPS was increased from 1700 oC to 1900 oC and 2100 oC respectively. Moreover, the hardness of ZrC ceramic 

pellets were measured using Rockwell hardness test. The hardness of ZrC ceramic pellets increased from (7.4 ± 

0.83) to (17.0 ± 0.073) and (18.4± 0.05) gigapascals (GPa) at temperatures of 1700 oC, 1900 oC and 2100 oC 

respectively. X-ray diffraction shows the absence of spurious phases or impurity. XRD results showed that, all 

prepared ZrC samples has the same preferred orientation of the planes (i.e., 200). Furthermore, the average grain 

size of ZrC was calculated using Sherrers’s equation. The average grain size of the pure ZrC powder increased from 

67.46 nm to 72 nm, 79 nm and 83 nm when the ZrC powder was sinteried at temperatures of 1700 oC, 1900 oC 

and 2100 oC respectively. The differences in the average grain size between the prepared samples leads to show 

different surface morphologies that monitored by scanning electron microscopy (SEM).  
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Introduction 

ZrC is refectory ceramic material, it has attracted considerable 

attention due to its high melting point (3541 oC), low density 

(6.73 g/cm3), high hardness (25.5 GPa), high electrical 

conductivity (78× 10-6 Ω cm), high modulus of elasticity (350 

- 440 MPa), good thermal shock resistance and solid-state 

phase stability [1-3]. Due to its excellent properties, ZrC 

material is a promising candidate for many applications such 

as coating of nuclear particles fuels and ultra-high 

temperature applications [4, 5]. ZrC ceramic pellets can be 

prepared by the chemical vapor deposition or spark plasma 

sintering. SPS is a sintering technique utilizing uniaxial force 

and a pulsed direct electrical current under low atmospheric 

pressure to perform high speed consolidation of the powder 

[6]. It provides rapid densification for different types of 

materials such as ZrC and hafnium carbide (HfC) [7]. This 

direct way of heating allows the application of very high 

heating and cooling rates, enhancing densification over grain 

growth promoting diffusion mechanisms allowing maintaining 

of the intrinsic properties of nano-powders in their fully dense 

products [8-10]. SPS systems offer many advantages over 

conventional systems using hot press sintering, hot isostatic 

pressing or atmospheric furnaces. Including ease of operation 

and accurate control of sintering energy as well as high 

sintering speed, high reproducibility, safety and reliability [8, 

11]. While similar in some aspects to hot press, the SPS 

process is characterized by the application of the electric 

current through a power supply, leading to very rapid and 

efficient heating [8].  In SPS, densifications and sinter ability 

of ZrC can improved by metallic additive such as Ni, Mo, and 

their alloy [12, 13]. However, this can degrade the high 

temperature properties and corrosion resistance of ZrC [12-

14]. For this reason, no additives were added in the ZrC 

samples sintered. Spark plasma sintering technique is a 

promising approach to improve the densification of ZrC at high 

temperature [6]. Previous study reported that, pressure 

assisted sintering at high sintering temperature to obtained 

dense ZrC ceramic [7]. In this work, the ZrC powder was 

compressed using SPS at pressure of 50 MPa and at different 

temperatures (i.e., 1700 oC, 1900 oC and 2100 oC). In this 

paper, the effect of sintering temperature on the 

microstructures, density, and hardness of the obtained ZrC 

ceramics was investigated. 

 

Experimental procedure 

Copy The raw materials used were zirconium carbide powder 

(mean particle size of 67.46 nm and purity >99 %) from Sigma-

Aldrich. The ZrC powder was weighed using an electronic mass 

balance, so that equal amounts of the ZrC powder were used for 

the spark plasma sintering (SPS) process. The powders were 

prepared in a 20 mm inner diameter graphite die. Graphite foil 

with a thickness of 0.2 mm was placed between the die and 

powder for easy removal and to ensure that the cooling of the 

sintered ZrC samples was homogeneous. The outside of the 

graphite die was covered with an insulating felt to reduce 

radiation loss [15]. After the powder was placed in the graphite 

die, it was first cold pressed using a hydraulic press to 

consolidate the powder together and then spark plasma sintered 

(SPS). The ZrC ceramic pellets were sintered by SPS using the 

HHPD-25 from FCT System GmbH Germany at Tshwane 

University of Technology (see Fig. 1) [16]. The SPS process was 

conducted at temperatures of 1700 °C, 1900 °C and 2100 °C at 

a heating rate of 100 °C/min in vacuum (0.05 bar) until the 

desired temperature was attained. The holding time and 

pressure for sintering were 10 minutes and 50 MPa respectively. 

At the end of the sintering cycle, the specimens were rapidly 

cooled to room temperature. The samples of 20 mm diameter 

and approximately 5 mm thickness were attained. The samples 

were then cut into smaller pieces by a diamond saw, thereafter, 

polished using a Saphir 550 Semi-Automatic Grinder/Polisher. 

The samples were then cleaned in an ultrasonic bath using 

demineralized water and then ethanol for 5 min each. Then, the 

samples were dried in an oven at 100 oC for 30 min. Fig. 2 shows 

variation in pressure, displacement and temperature versus time 

regime during the sintering process at 1700 ˚C, 1900 ˚C and 

2100 ˚C – see Fig. 2 (a), (b) and (c) respectively. At the end of 

the sintering cycle, the specimens were rapidly cooled to room 

temperature. The bulk densities of the as-sintered ZrC samples 

were measured by Archimedes‟ technique (using a Micromeritics 

Accupyc II 1340 fully automated pycnometer at University of 

Pretoria), this was done after removing the outer layer by 

polishing. The Vickers hardness was measured on a hardness 

tester (Rockwell Hardness testing machine at University of 

Pretoria) with an indentation load of 10 kg and a dwell time of 

10 s. 

The phase composition of the sintered ZrC samples was 

analyzed by X-ray diffraction (using Bruker XRD D8 Advance) 

with a CuKα radiation source (λ = 1.54056 Å) within the 

recording range of 15 to 125° and a step size of 0.04o. The grain 

sizes of samples were measured from the XRD patterns using 

Sherrers’s equation as given by equation (1) below [17]. 

Furthermore, the preferred orientation of the planes of the 

sintered ZrC samples was determined from the texture 

coefficient of the planes as given by equation (2) [18]. 
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where D is the average grain size, β is the full width at half 

maximum (FWHM) of the diffraction peak, θ is the Bragg angle 
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is equals 1.54056 Å for CuKα radiation source. 
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where TC (hkl) is the texture coefficient of the hkl plane, I(hkl) 

is the measured relative intensity of a plane taken from the 

raw data of XRD, I0(hkl) is the standard intensity of the plane 

taken from the International Centre for Diffraction Data 

(ICDD) database, N is the number of planes considered. The 

morphology of the ZrC surface layer were observed by 

scanning electron microscopy (SEM) (Zeiss Ultra Plus) with 

operating voltage of 1 kV. 

 

Fig. 1. Schematic diagram of spark-plasma 

sintering (SPS). 

 

Results and discussion 

1.  Density and Vickers hardness measurements 

The relative density of ZrC increased with the sintering 

temperature from 96.6 % at 1700 °C and reached a maximum 

of 99.5 % at 2100 °C. The relative density of the ZrC ceramics 

from Sciti et al. [19] after sintering at 2100 °C was about 99 

%. They used ZrC powders with mean particle size of 3.8 µm 

and their sample was sintered for only 3 min but at a higher 

pressure of 65 MPa. Sun et al. [20] performed reactive spark 

plasma sintering (RSPS) using zirconium oxide (ZrO2) and 

carbon black to obtain ZrC whose relative density increased with 

the sintering temperature and reached 96.1% at 1900 °C. 

Therefore, as seen from the results in Table 1 and the results 

from other studies [19,20], it can observed that higher 

densification of ZrC carbide is obtained as the sintering 

temperature increased. The relative density increases with 

temperature from 1700 to 2100 °C, and the grains coalesce to 

form denser clusters. The density did not reach the theoretical 

density of ZrC which is about 6.73 g/cm3, due presence of 

minute amounts of free carbon. Sun et al. [20] and Sciti et al. 

[19] obtained Vickers hardness values of 16.3 and 17.9 GPa 

from ZrC sintered at 1900 °C and 2100 °C respectively. The 

hardness values obtained in this study were 17.0 and 18.4 GPa 

after sintering ZrC at 1900 °C and 2100 °C respectively. These 

hardness values are slightly higher compared to those obtained 

by Sun et al. and Sciti et al. This is due to the longer sintering 

duration of 10 min at a lower pressure of 50 MPa at 2100 °C 

compared to 3 min and 65 MPa used by Sciti et al. [19]. It can 

be observed that longer sintering durations can lead to lower 

porosity therefore high density and high hardness values. The 

number of pores of the ZrC sintered at different temperatures 

were observed by scanning electron microscopy (SEM) and the 

results are discussed in section 3.3.  

 

Fig. 2. The graphs of pressure, displacement and 

temperature versus time regime during the 

sintering process at (a) 1700 oC (b)1900 oC (c) 

2100 oC. 

 

2. XRD analysis 

The phase composition of the bulk as-sintered ZrC samples was 

analysed by X-ray diffraction analysis (with an X-ray exposure 

time of 2 seconds for each step). The XRD patterns of ZrC 

samples sintered at 1700 °C, 1900 °C and 2100 °C are shown 

in Fig. 3. The diffraction peaks indicate the polycrystalline 

structure of the SPS synthesised ZrC. The all samples had similar 

peaks, and their intensities were observed to vary slightly. The 

XRD patterns of the prepared ZrC samples by SPS showed that 

all peaks are belong to the ZrC crystalline peaks. There did not 

appear to be any extra peaks, indicating there were no 

impurities present. Since the starting materials were pure ZrC 

powders, the XRD results was expected.  
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Table 1: Relative density and hardness of ZrC prepared 

by SPS at 1700 ˚C, 1900 ˚C and 2100 ˚C and compared 

with the data from previous studies [19, 20]. 

 

Material

s 

Sintering 

conditions 

(oC/min/MP

a) 

 

Mean 

grain 

size 

(µm) 

Relat

ive 

Dens

ity 

(℅) 

Vickers 

hardne

ss 

(GPa) 

 

Refere

nce 

ZrC 1700/10/5

0 

0.07

2 

96.5 7.4 ± 

0.83 

This 

study 

ZrC 1900/10/5

0 

0.07

9 

98.9 17.0±0

.073 

This 

study 

ZrC 2100/10/5

0 

0.08

3 

99.5 18.4 

±0.05 

This 

study 

ZrC 1850/10/6

0 

Arou

nd 2 

85.3 9.1± 

1.40 

[20] 

ZrC 1900/10/6

0 

<10 96.1 16.3 ± 

1.60 

[20] 

ZrC 2100/3/65 13±1 99.0 17.9 ± 

0.60 

[19] 

 

The ZrC peaks became slightly sharper at 2100 °C but the 

peak intensities were slightly lower than those obtained at 

1700 °C and 1900 °C. The change in the peak intensity might 

be due to the change in the ZrC grain size, which will be 

discussed in more details in the next paragraph. The preferred 

orientation determined from the texture coefficient of the 

planes (given by equation (2) above) of the ZrC prepared by 

SPS at 1700 °C, 1900 °C and 2100 °C was found to be (200). 

The grain sizes of the ZrC samples were calculated using 

Sherrers’s equation (i.e., equation (1)). The calculated grain 

size of the pure ZrC powder (manufactured by Sigma-Aldrich 

with 99.9% purity) was found to be 67.46 nm. The average 

grain size was observed to increase from 71.88 ± 3.6 to 83.59 

± 3.9 nm after sintering from 1700 °C to 2100 °C, at 50 MPa 

for 10 min, respectively. Increasing the sintering temperature 

will increase the mobility of ZrC atoms led to the increase in 

average grain size, in line with crystal growth theory [21,22]. 

In comparison to previous studies by Sciti et al. [19, 23] who 

investigated the sinter ability of commercial ZrC powders with 

mean particle size of 3.8 µm (they did not report the grain or 

crystallite size), however, they measured the grain size for the 

obtained dense ZrC ceramics. They found that the grain size 

increased from 5.8±1 to 13±1 µm after sintering at 

temperatures from 1900 to 2100 °C, pressure of 65 MPa and 

time of 3 min. This indicated that the starting materials, 

sintering conditions and the application of very high heating 

and cooling rates led to form larger grain sizes at higher 

temperatures which enhanced higher densification. Sciti et al. 

[23], measured the grain sizes of their SPS prepared ZrC 

samples through image analysis on SEM micrographs using 

the Image Pro Plus Software. However, in this study, the 

crystallite size was calculated from XRD spectra using 

Sherrers’s equation (i.e., equation (1)). Therefore, these are 

fundamentally different results and not comparable with our 

results, since a particle often has more than one grain. The 

overall trend is an increase in grain size of ZrC with increasing 

temperature. It is well known that the average grain size of a 

film increases with increasing temperature as reported by 

Thompson et al. [24]. This is due to the increasing mobility of 

the atoms at higher temperature. 

 

 

Fig. 3. XRD patterns of ZrC ceramics produced by 

SPS in 1700 oC, 1900 oC and 2100 oC. 

 

3. SEM analysis 

The SEM images (obtained by secondary electron mode) from 

the surface of the ZrC samples sintered to different final 

temperatures allowed the investigation of the microstructure 

evolution during the SPS. However, the contrast in these images 

is not appropriate to make grain size comparison easy. This could 

be due to the large pores that can trap the secondary electrons 

generated. The surface of ZrC sintered at 1700 °C is given in 

Fig. 4 (a) and the surface can be observed to be inhomogeneous 

and coarse. This is due to agglomeration and coalescing of the 

fine ZrC particles to form larger ones during sintering. This led 

to a highly porous structure at this sintering temperature. The 

presence of these pores in the surface of ZrC samples sintered 

at 1700 °C can explain the lower relative density of the sample 
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obtained (96.5 %) – see Table 1. Furthermore, the structural 

changes due to sintering at different temperatures can be 

deduced from the SEM micrographs as seen in Fig. 4 (a), (b) 

and (c). The surface of ZrC sample sintered at 1900 °C (Fig. 

4 (b)) is still inhomogeneous, it is denser with a lower number 

of pores compared to the sample sintered at 1700 °C. The 

inhomogeneous surface consists of particles of different sizes. 

The reduced pore size and density accounts for the increase 

in relative density of this sample to 98.9% and increase in 

particle size after sintering at 1900 °C – see Fig 4 (b) and 

Table. 1. As mentioned above, increasing the sintering 

temperature can decrease the number of pores due to growth 

of the crystallites at higher temperatures. The surface of the 

sample sintered at 2100 °C has fewer and smaller pores (with 

relative density of 99.5 %) compared to the sample prepared 

at 1900 °C which had larger and more pores. The surface 

looks smoother compared to the 1700 °C and 1900 °C 

prepared samples and the grains are lying flat on a surface. 

The SEM micrographs of ZrC sintered at 1700 and 2100 °C 

illustrate how the ZrC surface morphology changed with the 

relative density. These changes led to an increase in relative 

density and hardness from 96.5% and 7.4 GPa at 1700 to 

99.5% and 18.4 GPa at 2100 °C, respectively. In Fig. 4(c), 

more consolidated surface structure appears in the 

specimens. Therefore, from Fig. 4 and Table 1, the sintering 

temperature determines the level of densification of ZrC as 

well as the crystallite size growth. The progress of enhanced 

densification and crystallization phenomena with increase in 

the sintering temperature might be due to accelerated surface 

diffusion and grain boundary diffusion at the higher 

temperatures [25]. 

 

Fig. 4. SEM micrographs of (a) ZrC ceramic 

sintered at 1700 °C, (b) at 1900 °C and (c) at 

2100 °C by SPS. 

Conclusion 

ZrC was synthesised by SPS at various temperatures. The phase 

and microstructure evolution after the ZrC sintering process at 

1700 ˚C, 1900 ˚C and 2100 ˚C was investigated by SEM. The 

relative density of ZrC prepared by SPS was seen to increase as 

sintering temperature increased. This is due to the increase in 

the grain size of ZrC as the sintering temperature increased. The 

growth of the grain will lead to the closure of the pores. Thus, 

the reduction in the pore size will led to the increase in relative 

density high temperatures sintered samples. Moreover, the 

reduction in the pore number and size causes the hardness of 

ZrC to be increased. The preferred orientation of the ZrC 

sintered at 1700 °C to 2100 °C was found to be the (200) plane. 

The surface of the as-sintered samples was observed to vary 

with sintering temperatures. The ZrC surface was generally 

uneven, heterogeneous and had agglomerated granules with the 

number and size of pores decreasing with increasing the 

sintering temperature. 
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