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C1-1250-50-1 6.464 0.085 2.95 2.48
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EFFECTS OF PARTICLE SIZE AND POWDER PACKING ON THE SiC FORMING
REACTION OF Si AND C
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Abstract: In this study, SiC was synthesized from the reaction between Si and C powders
at 1350°C in vacuum. The effects of particle size and particle packing of Si powder on the
reaction were observed. The results showed that the complete reaction to form SiC was
obtained from loose powder of all sizes of Si (5-12 m) hence the particle size of Si in the
range of 5-12 m had no effect on the SiC formation. On the other hand in the closed
packed powder system,the complete reaction was found in the large size of Si (12 m)
while the small size Si showed uncomplete reaction.

Keywords : Si-C system; Particle size; Particle packing; SiC formation

Introduction: Silicon carbide (SiC) is one of ceramic materials, which is good for high
temperature applications. It possesses good mechanical, thermal, and electrical properties
at high temperature, such as high strength, high corrosion resistant, high thermal
conductivity, high dielectric strength and high electron saturation velocity. With these
outstanding properties, SiC is widely applied in mechanical parts and in high temperature
and high-power microelectronic devices. It is well known as a highly covalent and
difficult-to-sinter substance. Using fine SiC powder is one of the methods to reduce the
sintering temperature. Among the various methods to synthesize fine SiC powder, the
carbothermal reaction is popular in industrial process.'” Silica and carbon powders are
used as raw material. In this process, the reaction to form SiC can be obtained above
1500°C. Thermodynamic data of SiC forming shows that the reaction of SiO,-C system
becomes viable at temperature higher than the reaction of Si-C system.*’ According to
some information, the method of SiC synthesis (Si-C system) without heating was also
studied by using high energy milling process.® * Although this method can produce SiC at
ambient temperature, the purity of product was not described in the reports. In the present
study, Si and C was used to produce -SiC powder at low temperature. To control the Si
and C reaction, various factors are required to investigate, such as particle size, particle
packing and reaction atmosphere. The morphology and purity of synthesized powder were
examined in relation to particle size and particle packing of Si.

Experimental Procedure: SiC powder was synthesized from the reaction between Si and
C powders. The effects of Si particle size and particle packing on the purity of synthesized
SiC powder were studied. Si powder of 97% purity was ground at three different grinding
time to get three sets of median sizes(5, 8,and 12 m) of Si powder then mixed with C
powder, using Si:C mole ratio of 1:1. Powder mixing was done in dry process and then
prepared in forms of pellet and loose powder. The pellets were formed by using 0.5 tons
pressure to the size of 12 mm diameter and 3.6 mm thickness. After forming the samples
were put in a carbon crucible and fired at temperature of 1350 °C  for 1 hour in vacuum
with a heating rate of 50 °C /min.
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The crystalline phases of samples were investigated by X-ray diffractometry(XRD:
Model XD-610, Shimadzu). Microstructure of powders was observed by Field emission
scanning electron microscope(FESEM: Model JSM-6304F, JEOL). Furthermore, surface
area and particle size of powder were measured by using BET (Model Autosorb-1,
Quantachrome) and sedigraph (Model SA-CP3, Shimadzu) methods respectively.

Results and Discussion: The free energies of Si-C and SiO,-C systems were calculated at
different temperatures and the results were plotted versus temperatures as shown in figure
1. The SiC forming reactions of both systems show significant free energy different. The
reaction of SiO,-C system is possible at temperature above 1500°C while Si-C and the
related reactions occur at much lower temperature. Therefore to synthesize SiC at low
temperature, Si-C system was chosen for the present study.

0 500 1000 1500 2000
— T T[T

— 100

Figure 1. The plots of free energy versus
temperature of SiC forming reactions.
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and fired at 1350°C for 1 h in vacuum
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atmosphere. The surface areas of starting and synthesized powder were measured using
BET method as shown in table 1. It was found that all the synthesized SiC has larger
surface area than that of the starting powder, and the SiC powder synthesized from pellets
gives the larger surface area than that of loose powder. However, in figure 2 the
microstructures of both SiC powders do not show much difference . XRD patterns of
figure 3 and 4 show free Si peaks along with SiC peaks in pellet samples with 5 and 8§ um
Si. On the contrary, free Si was not found in the sample synthesized from the 12 m Si in
pellet form. In loose powder batch, free Si peak was not observed in both samples prepared
from 5 and 12 pum sizes of Si.
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Table 1. Surface area of Si, C and SiC powder synthesized at 1350°C for 1 h in vacuum.

Si Size(um) | Si (m’/g) |C-CN330 (m’/g)|SiC, pellet(m’/g)|SiC, loose (m*/g)
12 1.62 7.61 20.37 14.36
5 3.63 7.61 27.87 19.14

30,000

100nm WD10m

Figure 2 FESEM images of SiC powder synthesized as a) loose powder and b)

pellet.
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It has been known that the better reaction can be obtained from the smaller particle
size, due to its large surface areca. However, the opposite result was obtained in the
experiment with closed packing powder as previously mentioned (Fig. 3 and 4). Therefore
the surface area of Si particles may not be the only major factor of reaction. On the
contrary, particle packing is investigated to be more effective than particle size in the SiC
formation since the loose powder yields better reaction than the closed packing powder and
the reaction in loose powder system was independent on the Si size in the study range.

Conclusions: According to the free energy values, the synthesis of SiC following the
reaction of Si-C system could be performed at temperature lower than that of Si0,-C
system. In closed pack powder system, the reaction was affected by the size of Si particles
in the way that larger size of Si resulted in a better reaction. On the contrary, SiC forming
reaction in loosed powder system was independent on the size of Si, and more effective
than the closed pack system.
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Abstract

The uniform nano-sized beta-silicon carbide (B-SiC) powder was synthesized from the reaction of silicon
(Si) and carbon-black (C). Four reaction parameters of temperature, heating rate, soaking time and atmosphere were
studied. The mixed Si and C-black powder was pressed into pellets and fired at 1250-1350 °C, heating rate 20-50
°C/min, and soaking time 1-3 hr. in vacuum and argon atmosphere. Low Si content was observed in SiC powder
synthesized at high temperature, high heating rate or long soaking time in vacuum. Temperature was the most
significant parameters affect on Si content of SiC powder. Si-C reaction performed better in vacuum than in Ar
atmosphere. Furthermore, two reactions of gas-solid (SiO-C) and solid-solid (Si-C) were used to describe SiC

formation in this study.

1. Introduction

Silicon carbide (SiC) is a material used in advanced ceramic applications due to its many superior
properties of strength, hardness, corrosion resistance, low thermal expansion coefficient and high thermal
conductivity. However, SiC has covalent bond and is difficult to be sintered without sintering aids of additives
or pressure [1-2]. Using high pure and fine starting powder, the well-sintered SiC bodies can be produced with
limited additive and pressure. SiC powder can be produced through many approaches. Most of the SiC powder
produced today is manufactured by Acheson process [3]. This process is carbothermic reaction of SiO, by
carbon powder at temperature around 2200-2400 °C for several hours. Powders from this process have large
particle size and mostly alpha-phase SiC because of high reaction temperatures and long reaction times. The fine
SiC powder can be synthesized through pyrolysis of organosilicon polymer [4-5] and gas-phase reaction
methods [6-7]. Polymers such as trichloromethylsilane or polycarbosilane are decomposed at temperature 1000-
1500 °C to get SiC. For gas-phase synthesis, Silane or chlorosilane is used to react with hydrocarbons to produce
SiC. Although the methods of polymer pyrolysis and gas-phase synthesis produce high purity and fine particles,

these processes give low yield of SiC and generate hazardous gas products such as HCI or CH, .



According to economy and efficiency, the carbothermal reduction is the best choice for SiC production.
Because the inexpensive silica and carbon are used as starting materials. Many techniques of carbothermal
reduction process have been studied to reduce the reaction temperature. For example, using high energy reaction
milling can synthesize nanosized SiC powder without heating [8-10]. Microwave heating is another technique to
produce fine and uniformity of SiC powder at lower temperature and shorter time than the conventional process
[11-12]. However, thermodynamic data [9,13] show that SiC can be prepared from the reaction of silicon (Si)
and carbon (C) at room temperature due to a negative free energy of formation of reaction. In contrast, Silica
(Si0O,) and carbon (C) reaction has a large positive free energy of SiC formation at room temperature [14-15].
This means SiC forming from the reaction of Si-C system require lower temperature than the reaction of SiO,-C
system.

In this research, B-SiC was synthesized from the reaction of Si and C. The reaction parameters of
temperature, soaking time, heating rate and atmosphere were studied for Si and C reaction. The residues of free
Si and C after reaction were measured and reaction mechanisms were described in relation to these residue

contents. The morphology and surface area of SiC powder were also examined.

2. Experimental Procedure

97 % purity of Si powder (Riedel-DeHaén) was mixed with carbon black in a polyethylene bottle by using
alumina balls and ethly alcohol as medium. The chemical composition and physical properties of Si and carbon
black powder are shown in table 1. The Si and C mole ratio of 1:1 was prepared for the mixed powder. After
mixing the slurry was dried in the oven and formed into pellets. The pellets were formed by using 0.5 tons
pressure to the size of 12 mm. diameter and 3.6 mm. thickness. Pellet samples were placed in the covered
carbon crucibles and fired in the controlled atmosphere furnace using temperature range of 1250 to1350 °C and
soaking time of 1 and 3 hours. Two heating rates of 20 and 50 °C/min were operated and the reaction was
carried under vacuum and argon atmosphere. The controlled pressure in vacuum and argon atmosphere were 4
Pa and 1.01x 10° Pa respectively. After reaction the pellets were measure weight loss and ground to pass 325
mesh of sieves for characterization.

The crystalline phases of synthesized powder were identified by X-ray diffractometer (XRD : Model

XRD-6000, Shimadzu). Free Si and C contents were measured by using the standard method JIS R1616



and multiphase carbon and moisture determinator (Model RC-412), respectively. The shape and size of
the powder were observed by using field emission scanning electron microscopy (FE-SEM : Model JSM-
6304F,JEOL). The specific surface area of powder was measured by using nitrogen adsorption based on

the Braunauer-Emmett-Teller (BET) theory ( Model Autosorb-1, Quantachome).

Table I. Chemical composition and physical properties of Si and C powder.

Powder Element (%) Total Surface Average Average
oxygen area size Density
Si Fe Ca Al Ti Sn C S %) (¥ %) (m) R g/cm“)
Silicon 9735 0.44 042 12 0.11 0.49 - - 2.54 1.62 11.68 242
Carbon-black 0.13 - - - - - 98.53 1.34 7.57 80 - 2.05
3. Results

1) SiC powder synthesized in vacuum and Ar atmosphere

The pellets of mixed Si and C-black powders were fired at 1300 and 1350 °C soaking for 1 hour with
heating rate 50 °C/min. The results of SiC powder synthesized in vacuum and argon atmosphere were
compared. Table II shows free Si and C contents and weight loss of SiC pellet synthesized in vacuum
and argon. At 1300 °C, samples reacted in the vacuum atmosphere gave higher weight loss than
samples reacted in Ar atmosphere and samples were broken at temperature 1350 °C in both atmosphere
due to the high amount of product gas. The free Si contents in SiC powders synthesized in vacuum were
lower than those synthesized in Ar. While the free C contents in SiC powders synthesized in both
atmosphere did not show much different. The XRD peaks in figure 1 show Si peaks along with the
B-SiC peaks. The high intensity of Si peaks was observed for samples synthesized in Ar but it shows

lower intensity for samples synthesized in vacuum, which support the free Si contents in table II.



Table I1. Free Si and C contents, weight loss and specific surface area of synthesized 3-SiC powders.

Heating temperature-Rate-Time Atmosphere Free Si Free C Weight loss Specific surface area
(%) (%) (%) (m’/g)
1250-50-1 Vac 6.464 0.085 2.48 -
1250-50-1 Ar 12.935 0.078 0.057 -
1300-50-1 Vac 1.235 0.108 2.710 2236
1300-50-1 Ar 5.190 0.086 0.998 29.32
1350-50-1 Vac 0.106 0.141 Broken Pellet 19.75
1350-50-1 Ar 0.347 0.075 Broken Pellet 25.06

Moreover, figure 2 shows equiaxed morphology and uniform size of synthesized powder in both
reaction atmosphere. However, the specific surface area in table II shows that powder synthesized in Ar
has little higher specific surface area than powder synthesized in vacuum at the same temperature,

soaking time and heating rate.
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Figure 1. XRD results of SiC powder synthesized with heating rate 50 °C/min for 1 hr at

a) 1300 °C in vacuum b) 1300 °C in Ar ¢) 1350 °C in vacuum d) 1350 °C in Ar



Figure 2. FE-SEM micrographs of SiC powder synthesized at 1350 °C, heating rate 50 °C/min

for 1 hrin : a) Vacuum b) Ar

2) SiC powder synthesized at various reaction temperatures, heating rates and soaking times

The XRD results of powder synthesized at various temperatures, heating rates and soaking times are
shown in figures 3 and 4, respectively. The peaks of B-SiC and Si were observed at the temperature
range of 1250-1300 °C, but only B-SiC peak was observed at higher temperature (1350 °C). At the
same heating rate, soaking time and reaction atmosphere, the higher reaction temperature resulted in
smaller amount of free Si. From the first part results, reaction in vacuum gave smaller amount of free Si
than reaction in Ar. However, figure 5 shows that as temperature increases the difference of free Si
content in both atmosphere decrease until temperature reachs the point of equal free Si content. The
effect of heating rate on the synthesized powders shows in figure 4 and 6. Using high heating rate 50
°C/min resulted in more complete reaction (smaller amount of free Si) than slow heating rate (20
°C/min). At low reaction temperature (1250 °C), the synthesized powders from two heating rate had
large different amount of free Si while they had almost the same amount at high reaction temperature
(1350 °C). Soaking time is also one of the parameters that affect the reaction of Si and C as the results
shown in table III. Increasing soaking time increased the weight loss but this decreased the free Si
content of synthesized powder. In figure 7, the morphology does not show significant difference of -
SiC powders synthesized at various reaction parameters. All synthesized powder had equiaxed

morphology and fine particle size of 10-100 nm.
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Figure 3. XRD results of synthesized powder produced at 1250-1350 °C for 1 hr, heating rate

50 °C/min in vacuum.
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Figure 4. XRD results of synthesized powder produced at 1250 °C for 1-3 hr, heating rate

20-50 °C/min in vacuum.
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Figure 5. Free Si content in 3-SiC powders synthesized at 1250-1350 °C for 1 hr, heating rate

50 °C/min in vacuum and Ar atmosphere.
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50 and 20 °C/min in vacuum.
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Figure 7. FE-SEM micrographs of $-SiC powder synthesized in vacuum at :
a) 1350 °C, 50 °C/min, 1 hr b) 1250 °C, 50 °C/min, 1 hr

¢) 1250 °C, 20 °C/min, 1 hr d) 1250 °C, 20 °C/min, 3 hr

Table ITI. Free Si and C contents and weight loss of synthesized B-SiC powders.

Heating temperature-Rate-Time Free Si (%) Free C (%) Weight loss (%)
1250-20-1 11.180 0.070 1.66
1250-20-3 3.835 0.073 2.54
1300-20-1 1.719 0.077 2.54
1300-20-3 1.1 0.104 3.62




4. Discussion
Normally, SiC powder is produced by the reaction of SiO, and C. It is well known that the reaction
mechanism in the carbothermal reduction of SiO, process proceeds through the intermediate gaseous

silicon monoxide (SiO) according to the following reactions [14-16]:

Si0p +2C = SiC + CO(g) )
() +Q): Si0, + 3C = SiC + 2C0y, n(3)

The Gibbs free energy change of SiO,-C system (reaction 3) at temperature range from 1200°C to
1400 °C is positive (AG ~ 104 to 37 kJ) [13,17]. In contrast, the Gibbs free energy change of Si-C
system (reaction 4) at the same temperature range is negative (AG = -61 kJ). Therefore, SiC formation
from the reaction of Si and C can occur at lower temperature than that of SiO, and C system. In this
experimental results, Si and C gave the better reaction in vacuum than in Ar atmosphere. In vacuum, the
lower content of free Si and higher weight loss were investigated from the synthesized SiC powder. At
temperature up to 1350 °C the pellets were broken, which is due to large amount of gas products in the
reaction. According to the experimental result, SiC was not reacted directly from Si-C reaction but
gaseous phase of SiO and CO were generated as the intermediate products in the reaction. Initially, Si
and C reacted with the limited amount of oxygen on the surface of Si and C particles to form SiO and
CO respectively (reaction 5,6). Consequently, SiO reacted with C as gas-solid reaction and Si reacted
with C as solid-solid reaction simultaneously (reaction 7). The Si and C reactions are shown as the

following :

Si + C = SiC )
Si + 10, = Sio (5)
C + %0, = Co ....(6)

Si +3C + SiO = 28iC + CO )



At temperature range of 1200-1400 °C, the Gibbs free energy change of reaction 7 is —140 kJ which is
lower than that of reaction 4 (AG = -61 kJ). Therefore, reaction 7 can perform better than reaction 4 at
the same temperature range. In vacuum system the SiO and CO gas generated at the surface of Si and C
particles were removed out from their surface. This will result in more complete reaction due to high
contact area of SiO to C and Si to C, which perform gas-solid and solid-solid reactions respectively
(Figure 8). In contrast, reaction in Ar atmosphere will result in less contact area due to slowly moving
out of SiO and CO from particle surface which will decrease the ability of SiC forming reaction.
Moreover, Si and C reaction at high reaction temperature, heating rate and soaking time in vacuum gave

better reaction than at lower value of these heating parameters.
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Figure 8. SiC synthesis reaction mechanism for the system of using Si and C as reactants with some

oxygen in the reaction system



5. Conclusions

1) The reaction of Si and C-black powder can produce uniform nano-sized B-SiC powder in both
vacuum and Ar atmosphere.

2) B-SiC powder synthesized in vacuum had lower free Si content than that synthesized in Ar
atmosphere.

3) Using high reaction temperature, heating rate or long soaking time for reaction of Si and C in
vacuum system can produce lower free Si content of B-SiC powder.

4) Free C content in synthesized B-SiC powder showed non-significant difference on reaction
parameters of temperature, heating rate, soaking time and atmosphere.

5) At low temperature, the effect of heating rate, soaking time and atmosphere on the Si-C reaction
was more dominant than that at high temperature.

6) Si-C reaction with some amount of oxygen in the system produced SiC through gas-solid (SiO-
C) and solid-solid (Si-C) reaction simultaneously.
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