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Abstract This study aims to improve the wear resistance of mullite ceramics as one of the most critical
engineering ceramics by adding tungsten carbide (WC) particles. For this purpose, mullite-WC composites
without and with adding 5, 10, and 15 % by weight of WC particles produced by Spark Plasma Sintering (SPS)
method. In addition, it investigates the effect of sintering temperature on the wear resistance of mullite-WC
composites applied by the SPS process at 1300 °C, 1350 °C, 1400 °C, and 1450 °C for 4 minutes under the
pressure of 30 MPa. The results pin on the disk testing indicates that upon increasing the weight percentage of
WC particles and increasing the sintering temperature up to 1400 °C, the wear resistance of mullite-WC
composites would increase. However, increasing the sintering temperature up to the range of 1450 °C led to a
decrease in the wear resistance due to the poor mechanical properties and formation of the W,C phase. The
results from Scanning Electron Microscopy (FESEM) analysis are indicative of the formation of abrasive wear
and surface layer structure mechanisms on the surface in mullite ceramics samples with and without WC

reinforcing particles.
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1. INTRODUCTION

Mullite (3A1:03.2S10») is one of the aluminosilicate
phases with promising properties such as high-
temperature stability, excellent thermal shock, creep
resistance, suitable mechanical strength, and low
thermal conductivity. These properties make the mullite
a good option for high-temperature applications [1]. The
tribological properties of ceramic composite materials
are greatly affected by their mechanical properties and
inherent brittleness. Improving the microstructure of the
ceramic matrix composites during the production
process has in turn caused a significant improvement in
the ceramic wear properties [2]. Among various
sintering techniques, Spark Plasma Sintering (SPS),
compared to other conventional sintering techniques,
provides the ceramic sintering with a high melting point
in a short time by applying a combination of uniaxial
pressure and electric current [3]. Recently, Mullite
reinforced by different reinforcement oxide and carbide
materials such as TiC [4], SiC [5], Ta,0Os [6], and ZrO,
[7] sintered by fast sintering techniques showed
significant improvement in the mechanical properties of
monolithic mullite bodies. In our previous works, the
effects of sintering temperature and addition of tungsten
carbide reinforcement phase into the mullite matrix
composite synthesized through the direct reaction of
Alumina and Kaolin were investigated. The findings
suggested that followed by adding the optimum amount

of tungsten carbide to the mullite, the properties of
monolithic mullite can be significantly improved [8, 9].
The current study aims to investigate the tribological
properties of the mullite-tungsten carbide composite
based on the Pin on Disc (PoD) method.

2. MATERIALS AND METHODS

Mullite powder was prepared through a direct reaction
of alumina and kaolin. More details of the preparation
process are reported in the literature [10]. Tungsten
carbide powder with the average particle size of 3
microns provided by Alfa Aesar Co. (Art No. 12070)
was used as the reinforcing phase. Spark plasma
sintering technique was employed to consolidate mullite
matrix composites reinforced with 5, 10, and 15 wt % of
tungsten carbide. The mixture of composite powder was
placed into a graphite die of 30 mm in diameter and then
sintered using an SPS machine (SPS-20T-10, china)
under an initial vacuum atmosphere of 13 Pa and
punching pressure of 30 MPa. The sample heated up at
a constant rate to reach the optimum temperature of
1400 °C [8]. In order to investigate the effect of sintering
temperature on the wear properties of mullite-tungsten
carbide composite, the sample containing 10 wt %
tungsten carbide was sintered at three temperatures of
1350, 1400, and 1450 °C using the SPS technique.

Scanning Electron Microscopy (SEM), (ZEISS)
operating at 15 KV was used to observe and measure the
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width of the wear tracks. X-Ray Diffraction (XRD),
(Philips, Cu Ka 40 KV, 30 mA, Step size: 0.02°) was
used to check the phase analysis of the sample after the
sintering process with SPS.

According to the ASTM-C1327-08 standard, the
Vickers hardness was measured using a microhardness
tester (MVK-H21, Akashi Co.) under an applied load of
1 kg for the specimens that were prepared using the
standard metallographic polishing techniques down to 1
pm. Pin on disc testing (according to ASTM G132-96)
was also done to measure the wear resistance of the
sintered samples. The diameter of the samples was 30
mm. Further, a tungsten carbide counterpart pin with the
hardness of 80 HRA was used.

3. RESULTS AND DISCUSSION

Figure 1 shows the microhardness variation and wear
track width with respect to the content of the tungsten
carbide at the composition. It can be seen that upon
increasing the percentage of the reinforcing tungsten
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carbide phase, the microhardness of the sintered samples
increased that in turn improved the wear resistance of
the composite. The hardness value for monolithic
mullite was first equal to 12.69 GPa which further
reached its maximum value of 15.89 GPa regarding the
composite with 10 wt % WC but later, it slightly
dropped with adding further WC content.

Figure 2 shows the microhardness variation and wear
track width with respect to the sintering temperature of
SPS in the sample containing 10 wt % tungsten carbide.
According to this graph, with an increase in the sinter
temperature, the width of the wear area decreased at
1400 °C and then increased slightly at 1450 °C.
According to the results from the XRD analysis of the
Mullite-10 % WC-1450 sample, some tungsten carbide
is dicarburized and W>C phase is formed. The
mechanical properties of this phase are weaker than
those of tungsten carbide. Therefore, the wear resistance
of the Mullite-10 %WC composition at 1450 °C
decreased while the width of the wear area increased.
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Figure 1. Triple diagram of hardness - wear width - percentage of tungsten carbide in samples sintered at 1400 °C
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Figure 2. Triple diagram of hardness - wear width-sinter temperature for samples containing 10 wt % of tungsten carbide

4. CONCLUSION

In this study, the tribological properties of mullite-
tungsten carbide composite prepared through Spark
Plasma Sintering (SPS) were investigated using the pin

on disc test. The results of the microhardness and pin on
disc test indicated that the higher percentage of tungsten
carbide improved the hardness and wear resistance of
the consolidated composite. In addition, with further
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increase in the sinter temperature, the wear resistance
increased at 1400 °C and then, it slightly decreased at
the 1450 °C. The decrease in the wear resistance resulted
from dicarburization of tungsten carbide and its
transformation into W,C phase in the plasma spark
sintering process.
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