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 Abstract: This paper reports a route to suppress the grain growth in silicon carbide (SiC) 
during its sintering by combining it with polysilazane (PSZ). SiC was mixed with PSZ in 
a 1:1 weight ratio and sintered at 1600, 1700, and 1800 °C in a hot-pressing furnace. A 
satisfactory density was obtained at sintering temperatures > 1600 °C. The grain sizes of 
the SiC/PSZ composites sintered at 1700 and 1800 °C were 112 and 125 nm, respectively. 
The grain shape of the SiC/PSZ composite sintered at 1700 °C was circular and mainly 
similar to the initial shape of the SiC powder. Grain shape accommodation was observed 
at a sintering temperature of 1800 °C. It is suggested that different sample shapes were 
affected by different liquid phase formations. Silicon oxynitride (Si2N2O) was formed and 
played an important role in densification and microstructure generation. 
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■ INTRODUCTION 

Silicon carbide (SiC) is being studied as a non-oxide 
ceramic engineering material. SiC has high thermal 
conductivity, low thermal expansion, resistance to 
oxidation and corrosion, and high hardness. Owing to its 
strong covalent bonding, SiC has excellent properties. In 
particular, given that the hardness of SiC is lower than 
those of diamond and cubic boron nitride, SiC is widely 
used as an abrasive material. However, the sintering of SiC 
is complex, requiring a high temperature and pressure to 
obtain a dense microstructure. For instance, the sintering 
of SiC through solid-state requires temperatures ≥ 1900 °C 
[1-13], whereas liquid-phase sintering requires a 
temperature range of 1750–1900 °C [14-20]. Although a 
dense SiC body can be achieved under such sintering 
conditions, the microstructure of SiC undergoes 

coarsening. According to the Hall–Petch relationship, a 
fine microstructure is proportional to high hardness; 
therefore, there is a need to minimize grain coarsening 
during its high-temperature sintering. 

Typically, there are two approaches for minimizing 
the grain coarsening of the microstructure of SiC 
produced by high-temperature sintering. First, high 
pressure can be applied. For instance, Xie et al. reported 
that nanograin SiC could be successfully obtained at 
1300 °C by applying a pressure of 4.5 GPa [21]. The 
second approach is a two-step sintering process; Lee et 
al. reported that SiC with a grain size of 43 nm could be 
obtained by two-step sintering [22]. However, the first 
approach requires ultra-high pressure, and the second 
one is time-consuming. The other method is the use of 
sintering additives that hinder the grain growth of SiC 
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during sintering. For example, Noviyanto et al. reported 
that a scandium-based additive could help minimize the 
grain growth in SiC [23]. Other reports show that 
polysilazane (PSZ, [-SiR1R2NH-]n) can suppress the grain 
growth of alumina dan hafnia [24-25]. Noviyanto et al. 
examined a SiC/PSZ composite [26]. However, the effect 
of temperature on the SiC/PSZ composite was not 
elucidated. 

In this study, SiC/PSZ composites were sintered 
using a hot-pressing furnace in the temperature range of 
1600–1800 °C for 1 h under an applied pressure of 20 MPa 
in a nitrogen atmosphere. In addition, the effects of 
polysilazane on the densification, phase, and 
microstructure were thoroughly investigated. Finally, a 
mechanism to suppress grain growth with polysilazane 
was proposed in this study. 

■ EXPERIMENTAL SECTION 

Materials 

β-SiC powder (Dm = 52 nm, 4620KE, 97.5% purity, 
NanoAmor Inc., USA), polysilazane (KiON Ceraset 
Polysilazane 20, USA), Al2O3 (99.9% purity, Baikowski, 
Japan) and Y2O3 (99.99% purity, Across Organic, USA) 
were used in this study. 

Instrumentation 

X-ray diffraction (XRD: X'Pert-PRO MPD, 
PANalytical, The Netherlands) and scanning electron 
microscope (SEM: S-4800, Hitachi, Japan) were used in 
this study. 

Procedure 

Prior to mixing with β-SiC powder, polysilazane was 
dissolved in acetone. Subsequently, β-SiC powder was 
added, and the solution was homogenized using an 
ultrasonicator for 45 min. The weight ratio of polysilazane 
to β-SiC powder was 1:1. Next, the homogenized slurry 
was dried and cross-linked on a hot plate at 200 °C for 90 
min to obtain a powder containing β-SiC and 
polysilazane. After grinding and sieving, the powder was 
pyrolyzed in a tube furnace at 1300 °C for 2 h in a nitrogen 
atmosphere to transform the polysilazane into 
amorphous powder. This temperature was chosen 

because the crystallization of amorphous polysilazane 
starts at 1400 °C [27-28]. 

Furthermore, the powder containing β-SiC and 
amorphous polysilazane was ground and sieved, 
followed by mixing with sintering additives (Al2O3 and 
Y2O3, with a weight ratio of 60:40). The amount of 
sintering additives was 5 wt.% with respect to the total 
mass of the powder. Ball milling was used to mix the 
powder and sintering additives for 24 h and was made 
from SiC to prevent contamination. The sintering was 
performed in a hot-pressing furnace at various 
temperatures for 1 h under an applied pressure of 20 
MPa in a nitrogen atmosphere. The samples were named 
SiCPSZ1600, SiCPSZ1700, and SiCPSZ1800, 
corresponding to the mixture containing β-SiC powder 
and polysilazane sintered at 1600, 1700, and 1800 °C, 
respectively. For comparison, the sintered SiC without 
adding polysilazane and sintered amorphous 
polysilazane were also prepared at 1750 and 1800 °C, 
respectively, named SiC and PSZ. 

The weight of the sintered samples was measured 
at room temperature and when immersed in distilled 
water. The data were used to estimate the density of the 
sintered samples using the Archimedes principle. 
Furthermore, the sintered samples were characterized by 
room-temperature XRD to observe the crystalline phase 
formed after sintering. The qualitative and quantitative 
analyses of the XRD pattern were performed by XRD 
software analysis to determine the phases and their 
composition. Finally, the sintered samples were crushed, 
and the fractured surface was observed using SEM. The 
average grain size was estimated by calculating 100 
grains from the SEM images and analyzed statistically. 

■ RESULTS AND DISCUSSION 

Fig. 1 shows the XRD patterns of the SiC/PSZ 
composite after sintering. The patterns of β-SiC and α-
SiC can be detected at 1600 °C (Fig. 1(a)). As listed in 
Table 1, the major phases detected in SiCPSZ1600 were 
α-SiC (COD #96-900-0037) and β-SiC (COD #96-101-
0966), accounting for 57.1% and 35.2%, respectively. To 
understand the phase transformation of β- and α-SiC in 
SiCPSZ1600,  we need  to compare  with the  sintering of  
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Fig 1. XRD patterns of the sintered sample (a) 
SiCPSZ1600, (b) SiCPSZ1700, (c) SiCPSZ1800, (d) SiC, 
and (e) PSZ 

SiC and PSZ, as shown in Fig. 1(d) and 1(e), respectively. 
Sintering of the β-SiC powder resulted in a β-SiC phase; 
however, small peaks of α-SiC were detected, as shown in 
Fig. 1(d). The α-SiC phase in sintered SiC is more likely 
from the transformation of β- to α-SiC phase, which 
typically occurs in high-temperature sintering [29]. The 
quantity of α-SiC in the sintered SiC was 20.6% (Table 1). 

In contrast, the sintering of PSZ results in a 
predominant α-SiC phase (55.6%) along with β-SiC and 
Si3N4 (COD #96-100-1245), as shown in Fig. 1(e). Thus, 
the main source of α-SiC in SiCPSZ1600 is more likely 
from polysilazane that tends to form α-SiC instead of β-
SiC. The other phases detected in SiCPSZ1600 were 
Si2N2O (COD #96-901-2533) and SiO2 (COD #96-100-
1245). Polysilazane might form SiC, Si3N4, or SiO2 

depending on the temperature and atmosphere 
condition. This Si2N2O phase is the product of a reaction 
between Si3N4 and SiO2 [30]. Subsequently, the source of 
SiO2 derives from polysilazane itself or SiC that has a 
small thin layer of oxide on the surface. According to the 
Gibbs free energy, the existence of Si3N4 from 
polysilazane is more favorable at < 1500 °C compared 
with SiC. Fig. 1(b) shows that the presence of SiO2 could 
not be detected in SiCPSZ1700. SiO2 completely reacted 
with Si3N4 to form Si2N2O or decomposed at high 
temperatures and nitrogen atmosphere. 

As listed in Table 1, the proportion of Si2N2O in 
SiCPSZ1700 increases. Furthermore, Si2N2O phase 
decreased in SiCPSZ1800. Si2N2O is thermally unstable 
and starts to decompose at a high temperature of 1850 
°C [30]. A similar phenomenon has been reported for 
LaTiO2N, which decomposed during high-temperature 
sintering to La2O3 and TiN [31]. The final composition 
of the phases in SiCPSZ1800 are α-SiC, β-SiC, and 
Si2N2O, with the major phase being α-SiC, as listed in 
Table 1. On the other hand, the sintering of PSZ led to 
the formation of a SiC/Si3N4 composite, as shown in Fig. 
1(e). No trace of Si2N2O could be detected in the 
sintering of SiC and PSZ. The absence of SiO2 phase in 
PSZ and Si3N4 phase in SiC makes the formation of 
Si2N2O unattainable. 

Table 1 shows the quantitative analysis of the 
sintered samples' XRD, density, and relative density. The 
density increased with increasing temperature. However, 
the densification of the SiC/PSZ composite requires 
temperatures >1600 °C. The density of SiCPSZ1600 was 
2.48 g/cm3, corresponding to 77.2% of the relative density. 
Although the sintered  sample was mixed  with 5 wt.% of  

Table 1. Quantitative analysis of the XRD patterns, density, and relative density of sintered samples 
Sample Phase composition (wt.%) Density 

(g/cm3) 
Relative 

density (%)* β-SiC α-SiC Si2N2O SiO2 Si3N4 
SiCPSZ1600 35.2 57.1 7.2 0.3 - 2.48 ± 0.18 78.1 
SiCPSZ1700 31.4 56.3 12.3 - - 3.02 ± 0.01 95.5 
SiCPSZ1800 27.8 69.4 2.8 - - 3.05 ± 0.07 95.5 
SiC 79.4 20.6 - - - 3.19 ± 0.01 99.3 
PSZ 11.8 55.6 - - 32.6 3.17 ± 0.04 98.7 

*Relative density was calculated by comparing the density of samples with their theoretical density, according to the 
rule of mixture 
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additives, it seems that the temperature was too low for 
liquid-phase formation; therefore, the density of 
SiCPSZ1600 did not increase. In contrast, the density of 
the samples sintered at temperatures > 1600 °C 
significantly increased, as listed in Table 1. The density 
and relative density of SiCPSZ1700 were 3.02 g/cm3 and 
94.1%, respectively. No significant increase in the density 
of the samples sintered at 1800 °C was observed, i.e., the 
density of SiCPSZ1800 was 3.05 g/cm3. Therefore, a 
liquid-phase formation is believed to have occurred in 
SiCPSZ1700 and SiCPSZ1800, causing densification. 

The source of the liquid phase is generally the 
sintering additives. The sintering additives, i.e., Al2O3–
Y2O3, form a liquid phase at 1760 °C [32]. Therefore, the 

densification of SiCPSZ1700 is more likely due to 
another liquid phase, not Al2O3–Y2O3. As reported, the 
formation of Si2N2O occurs through a liquid phase 
[30,33-36]; hence, the liquid phase enhances the 
densification in SiCPSZ1700. 

Fig. 2 shows the SEM images of the sintered 
SiC/PSZ composites at various temperatures. Clearly, 
pores were observed in the composite SiCPSZ1600 (Fig. 
2(a)), which showed a low sintered solid body. On the 
other hand, dense sintered bodies were obtained from 
SiCPSZ1700 and SiCPSZ1800. Remarkably, the average 
grain sizes of SiCPSZ1700 and SiCPSZ1800 were 112 ± 
40 and 125 ± 62 nm, respectively, which increased by a 
factor  of two  from the initial  particle  size of  the  β-SiC  

 
Fig 2. SEM images of SiC/PSZ composites sintered at temperatures of (a) 1600, (b) 1700, and (c) 1800 °C 
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powder. Although the densities of SiCPSZ1700 and 
SiCPSZ1800 were similar, the microstructures of the 
prepared samples were considerably different. The grain 
shape of SiCPSZ1700 (Fig. 2(b)) was close to the initial 
shape of SiC, i.e., round, whereas an equiaxed grain was 
observed in SiCPSZ1800 (Fig. 2(c)). The difference in the 
microstructures is more likely induced by the liquid phase 
that forms during sintering. As explained previously, the 
liquid phase of Si2N2O appears at a lower temperature 
than the liquid phase of Al2O3–Y2O3. Hence, the 
microstructure in SiCPSZ1700 is more likely influenced 
by the presence of liquid-phase Si2N2O. Meanwhile, 
equiaxed grain in SiCPSZ1800 is affected by the presence 
of liquid-phase Al2O3–Y2O3. A similar microstructure 
with SiCPSZ1800 is also observed for SiC and PSZ, as 
shown in Fig. 3(b) and 3(c), respectively. Therefore, it 
seems that the densification process of SiCPSZ1700 
occurs because of the rearrangement stage without 
proceeding to the shape accommodation stage. 

In contrast, SiCPSZ1800 reaches the shape 
accommodation stage, even though it seems to be at the 
beginning of the stage, owing to which the relative density 
slightly improves compared with SiCPSZ1700. 
Densification via the rearrangement stage is possible 
because of the high capillary force for a small particle size 

system [37]. Fig. 3(b) shows a typical SiC microstructure 
with the addition of Al2O3–Y2O3 sintered at 1750 °C. 
Grain coarsening can be observed in the sintering of SiC. 
A finer microstructure was obtained when sintering with 
PSZ (Fig. 3(c)). However, the SiC and PSZ 
microstructures are larger than that of SiCPSZ1800, as 
shown in Fig. 3(a). Since the difference in these samples 
is the presence of Si2N2O, Si2N2O plays an important role 
in inhibiting excessive grain growth, as in SiC without 
polysilazane. The densities of SiC and PSZ were 3.19 and 
3.17 g/cm3, respectively, higher than that of the SiC/PSZ 
composite. Subsequently, the liquid phase of Al2O3–
Y2O3 is more effective in enhancing densification than 
liquid Si2N2O. The liquid formation is not the only factor 
affecting densification. Other factors, such as the low 
contact angle, low dihedral angle, volume fraction of 
liquid, the high solubility of solid in liquid, homogenous 
packing of the particulate solid, homogenous 
distribution of the liquid phase, and fairly fine particle 
size are also important for densification [38]. 

Fig. 4 shows a schematic of the densification of the 
SiC/PSZ composite at different temperatures. Under the 
initial condition, the β-SiC powder is covered by a thin 
layer of SiO2 on the SiC surface. Furthermore, after 
mixing with dissolved polysilazane, it is assumed that an  

 
Fig 3. SEM images of sintered (a) SiCPSZ1800, (b) SiC, and (c) PSZ 
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Fig 4. Schematic of the densification of SiC/PSZ composite at different temperatures 

 
amorphous layer of polysilazane also completely covers 
the β-SiC powder. Si2N2O is detected at 1600 °C, with a 
small amount of SiO2 still detected. Although the liquid 
phase of Si2N2O is already formed at this temperature, the 
amount of Si2N2O is insufficient to aid the densification, 
resulting in a low relative density. The relative density 
considerably increased to 94.1% at 1700 °C owing to the 
sufficient amount of Si2N2O. In this state, densification 
occurs without any change in the initial shape of SiC. The 
sintering additives, i.e., Al2O3–Y2O3, maintain their shape 
since the melting point of these additives is 1760 °C. Shape 
accommodation occurs at 1800 °C, and the role of 
sintering additives appears at this temperature. 

■ CONCLUSION 

SiC/PSZ composites were successfully sintered at 
various temperatures. A density higher than 90% could 
be achieved at temperatures > 1600 °C. Phase generation 
during sintering played a significant role in the 
densification process. The formation of liquid-phase 
Si2N2O was responsible for enhancing the densification 
of the SiC/PSZ composite at temperatures as low as 1700 
°C. Moreover, densification at 1700 °C helped minimize 
grain growth. The grain size of the SiC/PSZ composite at 
1700 °C only increased by a factor of two from the initial 
particle size of the SiC powder. Sintering at higher 
temperatures increased the density as well as the grain  
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growth. However, the grain size was considerably finer 
compared with that obtained after the sintering of SiC or 
PSZ. Therefore, SiC/polysilazane is suitable to obtain the 
dense body and fine microstructure ceramic compared to 
monolithic SiC sinter at 1750 °C with coarse 
microstructure. Indeed, the fine microstructure is essential 
to enhance the mechanical properties of ceramics. 
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