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The dense SiC ceramics were prepared by the physical vapour transport (PVT) method using three types of SiC powder 
with different grain size, including a kind of SiC powder with a mean diameter of 500 nm. The effects of the grain size of the 
raw materials on the bulk density, bending strength and hardness of the SiC ceramics were studied. It was found that with a 
decreasing grain size, the bulk density and the bending strength of the fabricated SiC ceramics increased, while the Vickers 
hardness decreased. the effects of the grain size of the raw materials on the nucleation density and the growth rate of the 
SiC were analysed, and the growth characteristic of the SiC ceramics was systematically explored. The results indicated 
that the crystal type, the nucleation density and the growth rate were obviously affected by the soaking temperature. When 
the temperature was higher or lower than 2200 °C, the fabricated ceramics was composed of a 6H–SiC polycrystalline or 
the mixture of a 6H–SiC and 3C–SiC polycrystalline. Meanwhile, with an increasing temperature, the nucleation density 
decreased and the growth rate increased. Obviously, by optimising the fabrication process, highly dense 6H–SiC ceramics 
with a bulk density of 3.07 g∙cm-3 and a bending strength of 335.6 ± 10 MPa could be rapidly fabricated by the PVT method 
using the sub-micron SiC powder.

INTRODUCTION

	 Dense silicon carbide (SiC) ceramics have been 
one of the most widely used high-performance structural 
components, owing to their high temperature strength, 
corrosion resistance, good thermal conductivity, oxida-
tion resistance, and relatively low thermal expansion 
coefficient [1, 2]. However, its large-scale industrial appli-
cation was always hindered due to the lack of highly-
performance density SiC ceramics [3-6]. Recently, a ran- 
ge of synthesis methods (such as the reaction sintering 
method, the hot-pressing sintering process, and the 
liquid-phase sintering technique) were reported for the 
fabrication of dense SiC ceramics by the sintering of 
SiC powders with the help of functional additives [8-9]. 
These traditional methods have the advantages of colder 
sintering temperatures (~1400  ℃), high yield and low 
cost, and can be applied in an industrial production 
setting. Unfortunately, the remnants (sintering additives) 
might remain in the final products, which has a “weak” 
secondary phase, seriously degrading the excellent pro-
perties of the high-density SiC ceramics. 
	 Additionally, it is very difficult to obtain high-den-
sity SiC ceramics without sintering additives, due to the 
covalent nature of the Si–C bonding and the low self-
diffusion coefficient [15, 16]. Lately, Dai’s group reported 
a novel physical vapour deposition (PVT) method for 

the preparation of pure SiC ceramics. However, many 
problems remain to be solved. In the previous work, 
high-purity and high-density SiC ceramics were success-
fully fabricated by the PVT method [17]. The growth 
rate and the orientation of the SiC ceramics, the effects of 
the growth time and temperature on the grain size were 
explored.
	 However, the SiC ceramics only exhibited a bending 
strength of 290 ± 34 MPa because of the larger grain size 
(an average grain size of 2 mm). According to the fine 
grain strengthening mechanism, by decreasing the grain 
size it might be a potential way to increase the bending 
strength of the high-density SiC. On the basis of the 
theories of crystal growth, the primary reason for being 
responsible for the large crystal size was the low super-
saturation which is beneficial to form the low-density 
nucleus of the SiC. On the contrary, large super-saturation 
in the growth chamber of high-density SiC facilitates the 
formation of a high-density nucleus which is good for 
obtaining the smaller grain size SiC by restricting the 
lateral growth of each nucleus. The latest research in the 
literature demonstrated that the smaller grain size of the 
raw materials could increase the super-saturation in the 
growth chamber. Therefore, in this study, with the aim of 
increasing the mechanical property of the high-density 
SiC ceramics, nano SiC powders (500 nm) were used as 
the raw material to fabricate high-density SiC by PVT, 
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and the effects of the nano SiC powder on the growth of 
SiC ceramics have been studied. It was found that the 
nucleation habits of high-density SiC have been refined, 
and its bending strength increased with the grain size of 
the raw materials decreasing as well.

EXPERIMENTAL

Raw materials

	 Commercial SiC powders of 175  µm (purity, 
99.90  %; specific surface area, too small to test; Zao-
zhuang Liyuan SiC Co. Ltd., Zaozhuang, China), 50 µm 
(purity, 99.90  %; specific surface area, 0.018  m2∙g-1; 
Zaozhuang Liyuan SiC Co. Ltd., Zaozhuang, China) 
and 500  nm SiC powders (purity, 99.81  %, specific 
surface area, 20.012  m2∙g-1, Shanghai ST-nano science 
and technology Co. Ltd., China) were used as the raw 
materials, which were homogeneously mixed. The par-
ticle size of the different raw materials was measured by 
a Laser Particle Size analyser (Winner3003). Figure 1 
shows that three particle size distributions of the raw 
material measurements, the particle size of the sub-mic-
ron materials has a probability distribution average at 
500 nm. The same quality of the three types of silicon 
carbide raw materials were placed into the same graphite 
crucible at 2200 °C for 30 min. The results utilisation is 
shown in Table 1, it is the ratio of the graphite deposition 
on the substrate and the original weight. It can be seen 
that the utilisation increased with a decrease in the size 
of the raw materials, the utilisation of the sub-micron 
powders is 0.387 maximum. With the same sintering 
temperature, because of the large specific surface area of 
the sub-micron powder, the saturation vapour pressure, 
rapid evaporation rate and large growth rate can be seen. 
In the action, it is more economical to choose the sub-
micron silicon carbide as the raw material.

Fabrication process

	 The density of the 6H–SiC SiC ceramics was pre-
pared by the physical vapour transport (PVT) method 
at different temperatures (1900  °C, 2000  °C, 2100  °C, 
2200  °C, 2300  °C) using 175 µm, 50 µm and 500 nm 
SiC powders as the raw materials, respectively. The 
effects of the temperature and holding time on the grain 
size, growth rate, thickness and orientation of the silicon 
carbide were explored, and the concentration gradient, 
the random nuclei of the SiC on the polycrystalline phase 

Table 1.  The results of the utilisation.

	 Raw weight	 Residual	 Deposition on lid	 Loss	 Utilisation
	 (g)	 (g)	 (g)	 (g)	 (%)

500 nm	 3	 0.85	 1.16	 0.99	 38.7
75 μm	 3	 1.80	 1.09	 0.11	 36.3
175 μm	 3	 1.03	 1.01	 0.96	 33.7
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Figure 1.  The measurements of the three particle size distri-
bution of the raw powders.
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growth during the SiC PVT growth were studied. The 
growth process consisted of the following steps: At first, 
the furnace was heated to 1273 K and held for 10 min at 
a pressure of about 10-3 Pa to volatilise the contaminated 
gas species. Then, argon with a pressure of 50 kPa was 
charged into the furnace and then the temperature was 
gradually increased to the growth temperature. The 
temperature of the bottom of the crucible was increased 
to 2200 ± 10 °C. Finally, the temperature at the bottom of 
the crucible was kept at the growth temperature and the 
system pressure of the argon gas was kept at 5×104 Pa. 
After growth, the polycrystalline SiC specimen with 
100  mm in diameter and 8  mm in thickness could be 
prepared, and green SiCw could be obtained in the heat 
radiation holes of the upper carbon fibre felt.

Characterisation techniques

	 The phase formation of the specimens was analy-
sed by X-ray diffraction using Cu Ka radiation. The 
microstructure was observed using a scanning electron 
microscopy system (JEOL JSM-6460). The average grain 
size was estimated by the Image-Pro Plus quantitative 
image analysis software (Version 7.0, Media Cybernetics, 
USA). The densities of the specimens were determined 
by the Archimedes method. The bending strengths of 
the specimens were tested via a three-point bending test 
(Model WDT-10) with a support distance of 20 mm, a 
crosshead speed of 0.5 mm min-1 and the test including 
three samples, respectively. The Vickers hardness was 
tested with a load of 9.8 N using the OmniMet 88-7000 
fully automated micro-indentation. 

RESULTS AND DISCUSSION

The effects of the grain size of the raw
materials on the mechanical properties

of the SiC ceramics

	 The mechanical properties of the SiC ceramics are 
listed in Table 2. The specimens exhibited very high bulk 
density and hardness. The bulk density of the sample 
using the 500 nm powders is 3.197 g∙cm-3, which is very 
close to the theoretical density of the SiC (3.211 g∙cm-3) 
and much higher than the density of the samples using 
50 μm and 175 μm. While the bending strength is about 
335.6  MPa, which is higher than the bending strength 
of using the 50 µm and 175 μm SiC powders. It is well 
known that the bending strength of the ceramic materials 

Table 2.  The mechanical properties of the samples prepared at 2200 ℃ for 120 min.

Size
	 Bending	 Vickers hardness	 Density

	 (MPa)	 (GPa)	 (g∙cm-3)

175 μm	 290.0 ± 7	 29.7 ± 0.04	 3.10 ± 0.005
50 μm	 311.1 ± 5	 28.9 ± 0.08	 3.08 ± 0.006
500 nm	 335.6 ± 5	 28.5 ± 0.08	 3.07 ± 0.005

a) 500 nm

b) 50 μm

c) 175 μm

Figure 2.  The SEM of the sample using the different size 
powders for growing 2 h: a) 500 nm; b) 50 μm; c) 175 μm.
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depends largely on the grain size and it decreased with 
an increase in the grain size, as explained by Carniglia 
using the Hall–Petch-type relationship [18-19]. In this 
study, the SiC grain size is mainly the reason which 
causes the low bending strength. Therefore, reducing 
the grain size is an important issue for improving the 
strength of the polycrystalline ceramics, and this will be 
investigated in the future. However, the Vickers hardness 
of the sample using 500 nm is lower than the samples 
using the 50 and 175 μm SiC powders. The reason for the 
lower Vickers hardness is that the size of the indentation 
is 100 μm (as shown in Figure 2), the basic grain size 
of the sample using 175 μm is greater than 500 um, the 
indentation on the crack in the same grain; and the grain 
size of samples using 500 nm are less than 100 µm, with 
the grain boundary crack expanded, the indentation is 
very easy to extend.

The effects of the grain size on
the nucleation density and growth

rate of the SiC ceramics

	 Figure 3 shows the grain size of the SiC nuclei 
using the different raw materials for 2 min at 2200 °C. 
It can be seen that the grain formed by the sub-micron 
powders is more uniform and smaller than that prepared 
by the other two raw materials. At the same time, the 
grain distribution of the sub-micron powders is more 
compact than that formed by the other two materials. 
However, the nucleation of the powder with the 75 μm 
and 175  μm particle sizes is dispersed and relatively 
larger, and the nucleation number is relatively smaller 
than that using the sub-micron powders as the raw 
material. The average grain size of the prepared material 
by using the sub-micron powders as the raw material 
is 33.13 ± 0.008 µm (Figure 3a), and the average grain 
size of the prepared material by using the other two 
raw materials is 40.79  ±  0.006  µm (Figure 3b) and 
58.43 ± 0.005 µm (Figure 3c), respectively. Because the 
sub-micron powders size is smaller, the surface area of 
the particles is larger, so the growth rate is faster than 
that prepared by the other two raw materials. Therefore, 
the compensates are the difference between the particle 
sizes of the raw materials, so that the grain size of the 
corresponding raw materials is so large, and the contact 
between the growth grains will be closer.
	 The principal stages during the PVT process were 
investigated based on the dissociative sublimation of the 
source material, the mass transport of the Si and C species 
to the substrate, and the deposition by condensation. The 
solid SiC was decomposed and could be interpreted by 
the following reactions:

SiC (solid) →SiC (gas)                      (1)
SiC (solid) →Si (gas) + C (solid)              (2)

2SiC (solid) →SiC2 (gas) + Si (gas)             (3)
2SiC (solid) → C (solid) + Si2C (gas)            (4)

	 When the Si (gas) and SiC2 (gas) diffuses to the 
edge of the substrate, it was easy to react with the car-
bon atoms on the graphite crucible lid and forms the 
SiC nuclei. Equations 1 ~ 4 are the sublimation and 
decomposition reactions of the SiC powders in the cru-
cible at the high temperature. The predominant species 

a) 500 nm

b) 50 μm

c) 175 μm

Figure 3.  The SEM of the grain using the different size powders 
for growing 2 min: a) 500 nm; b) 50 μm; c) 175 μm.
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in the sublimated vapour were: Si, SiC2 and Si2C [20]. 
The equilibrium partial pressures of Si, Si2C and SiC2 
were calculated at the different temperatures using [21]:

(5)

(6)

(7)

	 Figure 4 displays equilibrium vapour pressure of 
the gas phases (Si, SiC2 and Si2C) between 1950  °C 
and 2350  °C. It can be seen that the pressure of three 
gases increased when the temperature increased, while 
the Si partial pressure increases at 1900 - 2200 °C, and 
decreases above 2200 °C. the gas mixture of the Si–C in 
the Ar system, the mass transport was mostly driven by 
the temperature gradients, which lead to a difference in 
the vapour pressure between the source and the substrate 
[22]. The supersaturation of the vapour species is the 
driving force for the deposition of the vapour species 
at the growth front. The reaction between the Si or 
Si2C atoms in the vapour phase with the carbon atoms 
on the graphite crucible lid forms the SiC nuclei. The 
condensation and deposition of the Si partial pressure on 
the SiC in the crucible facilitates the growth of the SiC 
grains.
	 In addition, the relationship between the equilibrium 
vapour pressure and the grain size could be expressed as:

(8)

where P refers to the equilibrium vapour pressure of 
the source material with a diameter of d, P0 is the bulk 
material equilibrium vapour pressure, M is the material 
mole mass, and γ is the surface energy and R is the gas 
constant. According to Equation 8, when the grain size 
of the source material decreases, the equilibrium vapour 

pressure would increase. Correspondingly, the difference 
in the partial vapour pressure among the vapour species 
would increase exponentially, which not only increases 
the absolute amount of the C component but also 
increases the Si–C ratio. It may be responsible for the 
larger decreasing ratio of the sublimation rates and the 
higher recrystallisation rates for the smaller grain size 
of the source material. The calculated results proved 
that the grain size of the source material could affect the 
effective heat-transfer coefficient of the source material, 
the supersaturation, and the ratio of the Si:C in the 
growth process of the SiC bulk single crystal by the PVT. 
Therefore, optimising the grain size of source material 
is an effective and convenient way to grow high-quality 
SiC bulk material in our experiment [23].
	 Figure 5 shows the grain size of SiC nuclei using 
the different raw materials at the different temperatures. 
The result shows the grain size of the SiC nuclei in-
creased with the growth temperature lower than 2200 °C, 
and decreased with the growth temperature higher than 
2200 °C. While the grain size of the SiC nuclei increased 
with the increased size of the raw material, the grain 
size of the used sub-micron powder is more uniform 
than using the other raw material and has an average 
size between 11 µm ~ 40 µm. However, the grain size 
of 50 µm grade powder is between the 13 µm ~ 80 µm 
range larger and causes scattered nucleation, the grain 
size of the 175 µm grade powder is in the range of 
43 µm ~110 µm. It is also reported that the proper tem-
perature and the raw material were two key factors in 
the SiC growth region, the temperature guaranteed the 
evaporation of the raw materials to form the catalyst and 
promoted the nucleation and growth of 6H–SiC, while 
the raw vapour obtained by the heat radiation holes in 
the carbon fibre felt facilitated the transportation and 
transition of the vapour specials [19]. In addition, it can 
also be found in the figure that the size of the grain size 
is associated with the particle size of the raw materials at 
the same temperature.
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	 Figure 6 shows the growth rate of the SiC using 
the different raw materials for 30 min at the different 
temperatures, where the growth rate is the ratio of the 
thickness and the growth time by preparing a thick 
sheet to be measured, reducing the raw material silicon 
carbide. At different temperatures, the growth rate of the 
same powders was firstly increased and then decreased 
when the growth temperature was above 2200  °C. 
This phenomenon is different from the report by Dai 
[17], where they found the growth rate increases with 
the increasing temperature and temperature gradient. 
They thought the main factors influencing the growth 
rate of the SiC ceramics were the temperature and the 
temperature gradient. But in our experiment, there no 
temperature gradient exists, the vapour transmission path 
in the powders may play an important role in the growth 
process, as when the temperature increases the Si atoms 
on the substrate surface reacts to the evaporation, the Si 

atoms over the substrate surface vapour and the pressure 
decreases, so the growth rate gradually decreases. The 
growth rate of the 500  nm powder was the quickest. 
With the increasing temperature from 2100  °C to 
2250  °C, the maximum value of the growth rate using 
the 500 nm powder was 0.17 mm∙min-1 at 2200 °C, this is 
larger than using the 50 µm and 175 µm powder, whose 
maximum value is 0.075 mm∙min-1 and 0.075 mm∙min-1, 
respectively. On the other hand, it is difficult to exactly 
test the density of the sample obtained at a time less than 
30 min. In the initial stage, the crystal growth is mainly 
in nucleation, the bulk SiC materials were difficult to 
obtain for short times. On the other hand, the purpose of 
this paper is to investigate the densification process of 
the polycrystalline SiC by the PVT method, the sample 
is not compact when the time is less than 30 min, and 
the main work is focused on the nucleation process 
emphatically at the period.

The effects of the sintering temperature
on the crystal type and growth morphology of 

the SiC ceramic using the 500 nm powder

	 Figure 7 shows that the XRD patterns of the SiC ce-
ramic grows 60 min at the different sintering temperatu- 
re using the sub-micron SiC powder as a raw material. 
When the growth temperature is at 1900 °C, the silicon 
carbide crystal is mainly 3C–SiC, with the growth tem-
perature increased at 2100 °C, the characteristic diffraction 
peaks of the sample is 3C–SiC and 6H–SiC. The phase 
can be identified as pure α-SiC (6H) above 2200  °C. 
The peaks at 2 h = 35.6° and 75.4°, corresponding to the 
6H–SiC (0 0 0 6) and (0 0 0 12) planes were observed 
in all the samples. Additionally, with an increasing 
temperature, the relative intensities of the peaks corres-
ponding to the (0  0  0  l) planes significantly increased 
from 9000 to 28000, whereas the relative intensities of 
the other peaks gradually weakened.
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	 Figure 8 shows the SEM of the SiC grains obtained 
using the 500 nm powders grown at the different tem-
peratures (1900  °C, 2000  °C, 2100  °C, 2200  °C) for 
2 min. It can be seen that the number of the SiC grain size 
is relatively small in the samples grown at 1900 ℃ and 
the graphite substrates can also be seen. With the growth 
temperature increasing, the size of the grains increases 
gradually, and the graphite substrates disappear. It can 
be found that the morphology of the silicon carbide 
grains has developed to be hexagonal over 2100 °C, the 
regular columnar silicon carbide grains with the typical 
characteristics of α-SiC grains can be clearly seen. 
Because the nucleation rate of the silicon carbide raw 
material is higher and the growth rate is lower at lower 
temperatures, thus the number of grains observed is more 
and the size is smaller. With the increasing temperature, 
the nucleation rate decreases and the growth rate 
increases, so the number of grains observed decreases 
and the size increases.

	 Figure 9 show the SEM of the sample using the 
500  nm powders growing at different times: 2  min; 
8 min; 32 min; 60 min. It can be seen that the grain size is 
much smaller, and the large number of grains at 2200 °C 
for 2 min, the grains were arranged having a stacked 
manner existence and were relatively dense. With the 
holding time being increased, the grain size is relatively 
large, and the number of grains decreased, along with 
the growth of the grain orientation, the growth is about 
to begin, generating voids which appeared between the 
grains. When growth time is over 32  min, the crystal 
along the (0 0 0 l) surface orientation grows, the voids 
between the grains gradually increase, mainly due to 
the directional growth process, the other plane growth 
is slower, with the growth process of the crystal growth, 
the grain boundary diffusion gap between the grain 
boundaries decreases, and densified sintering at 60 min. 
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CONCLUSIONS

	 Dense SiC was prepared by a high-temperature phy-
sical vapour transport (PVT) method using sub-micron 
SiC powders (500 nm) as a raw material. The effects of 
the temperature and holding time on the grain size, growth 
rate, thickness and orientation of the silicon carbide were 

explored, and the concentration gradient, random nuclei 
of the SiC on the polycrystalline phase growth during the 
SiC PVT growth were studied. The growth mechanism 
was explained from the thermodynamics and kinetics 
perspective. The result shows the grain size of the SiC 
nuclei increased with a growth temperature lower than 
2200 °C, and decreased with a growth temperature higher 

c) 2100 °C

c) 32 min

a) 2 min

d) 2200 °C

d) 6 min

b) 8 min

Figure 8.  The SEM of the SiC grains growth obtained at the different temperatures: c) 2100 °C, d) 2200 °C.

Figure 9.  The SEM of the samples using 500 nm powders for the different growing time: a) 2 min; b) 8 min; c) 32 min; d) 60 min.



Fabrication of highly dense pure 6H–SiC ceramics via the PVT method using sub-micron SiC powders

Ceramics – Silikáty  64 (2) 135-144 (2020)	 143

than 2200 °C. The XRD analysis shows the majority of 
the silicon carbide crystal β-SiC (3C–SiC) with a growth 
temperature lower at 2000 °C, and it is 6H–SiC above 
2200 °C. From the 2000 to 2200 °C temperature range, 
the 3C–SiC decreases, but the 6H–SiC increases, while 
in this temperature range, the transition was from the 
3C–SiC to the 6H–SiC phase. The microstructure shows 
that the growth of the silicon carbide has hexagonal 
columnar silicon carbide grains above 2200 °C, the ave-
rage grain size of the SiC material is 100 µm, while the 
characteristics of the α-SiC grains is obvious. The silicon 
carbide ceramics exhibited a bending strength of only 
335.6 MPa, a bulk density of 3.07 g∙cm-3 and a Vickers 
hardness of 28.5 ± 0.6 GPa.
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