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A novel synthesis process, developed for producing high purity, submicron,
non-agglomerated and low cost 8-SiC powders. The process is based on carbothermal
reduction reaction of a novel coated precursor. The precursor is derived from a silica gel
and a hydrocarbon gas and provides high contact area between reactants. This yields a
better distribution of carbon within the silica gel and results in a more complete reaction
and a purer product. The powders produced in this process have a low oxygen content
(less than 0.8 wt.%), very fine particle size (0.1-0.3 um), narrow particle size distribution,
non-agglomerated and are low cost. The sintering tests demonstrated that these powders
can be pressureless-sintered to near theoretical density at about 2100°C in an inert
atmosphere. No decarburization and no acid purification process was required before
sintering. © 2001 Kluwer Academic Publishers

1. Introduction purity, narrow particle size distribution, and stoichiom-
SiC is the leading advanced engineering ceramic useeitry for use in making components and composites for
in metal working, electrical, and ceramic industries.structural and electronic applications.
This is due to its high temperature strength retention, A number of processes exist for producing SiC pow-
excellent oxidation resistance, low thermal expansiorders. Among them is a method that exploits the re-
coefficient, high wear resistance, and light weight. Fabaction between the elemental Si metal and carbon [1].
rication of SiC involves a series of process steps thal his method requires 5-10 hours to complete, produces
are designed to produce dense components. Process#ongly agglomerated powders. The product requires
include production of the SiC powder (powder syn-extensive milling to yield fine powders and must be
thesis); mixing and milling (powder preparation for subjected to chemical purification to remove impuri-
consolidation); shaping (consolidation to engineeringties from mill wear. In addition, the high cost of the
shape); sintering (densification/microstructural devel-elemental Si metal source leads to a relatively expen-
opment) steps. Each step has the potential for introsive product. Other methods, such as processes that
ducing a detrimental heterogeneity, which persists orely on reactions between silanes and hydrocarbons
develops a new one during further processing. If reli-do produce high quality powders, (but they) are much
able SiC component is to be fabricated, powder synimore expensive because of the high cost of the starting
thesizing methods must be developed to ensure thamaterial [2].
heterogeneities are eliminated from SiC powders. An inexpensive technique for producing SiC pow-
The ideal powders for fabricating SiC componentsders involves the reaction between silica (gi@nd
should have fine particle size, spherical uniform shapegarbon particles in a controlled atmosphere (argon
high purity, and no agglomeration. In addition, the costgas) at high temperatures (e.g. 17082100C) [3].
of high quality (high purity, high surface area, etc.) Because the reactants exist in separate particles, the
powder should be low. Present methods of synthesizextent of this reaction is limited by the contact area
ing these powders require expensive steps that yieltdetween the reactants and the distribution of the car-
only small quantities of product. It is therefore appar-bon within the silica. These limitations result in a
ent that a need is present for producing SiC powderSiC product that contains unacceptable quantities of
with uniformity, speed and economy. In accord there-unreacted silica and carbon. Reaction time is typi-
with, a primary object of the present work is to provide cally very long (10-20 hours), and powders produced
a process for synthesizing SiC powders possessing higenerally have non-uniform particle sizes (therefore
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requiring subsequent milling) and undesirable inhomefurnace. Total carbon was determined by ignition in

geneities. a LECO induction furnace and analyzing the evolved
The described process is patented and is a two-stepO, coulorimetrically. SEM and TEM were used to

method [4]. In the first step, a hydrocarbon gas is heateteveal the morphology of powders.

in the presence of silica gel. At temperatures about For sintering tests; produced SiC powders with

600°C, the hydrocarbon gas decomposes and deposit5 wt.% Boron, 2 wt.% phonelic resin, 5 wt86SiC,

a carbon coating on the silica particles. In the second.5 wt.% Tamol and 4 wt.% PEG were placed in plastic

step, the composite particles of silica gel and carbon refars with 40 ml of 88% isopropyl alcohol and 12% wa-

act to form SiC powder. There are three advantages der and two 1/4 SiC balls, milled for one hour. These

using silica gel coated with carbon instead of a simplesamples were pan dried in a vacuum oven overnight

mixture of carbon black and silica powder. First, carbonand then dry milled for three hours with four 1/8iC

coated silica gel forms an intimate mixing of the reac-balls. A compaction pressure of 2500 kgfcyielded

tants. Second, it provides high surface contact betweeR.5x 0.5 cm pellets with density of about 55% theo-

silica and carbon. Third, it produces a high-purity SiCretical. These pellets were sintered at 200 an ar-

powder at a comparatively low temperature, becausgon atmosphere for 30 minutes with ten-hour cycle at

the carbon source is a hydrocarbon gas. Consequentigoors Ceramics Company. Bulk densities of composi-

the developed process results in a very complete rea¢ions were measured by the liquid (freon) displacement

tion and yields a high-quality SiC powder that meets thetechnique.

exacting requirements for the manufacture of ceramic

components: the powder has very fine, uniform spheri-

cal particles; contains very few impurities (particularly 3. Results and discussion

oxygen, iron, and free silicon); and it is presurelessThe reaction between carbon and silica provides an in-

sinterable. expensive technique for producing silicon carbide.
This paper concentrates primarily on the carbother-

mal synthesis of submicrgf-SiC powders using car- g;j _ i _

bon coated silica gel and the relations between powderSIOZ(S)+ 3C(s)= SIC(9)+2CO(9) [Teq 1514>((:1])

quality and process variables.

Because the reactants exist in separate particles, the
2. Experimental procedure extent of this reaction is limited by the contact area
Rotating coating apparatus, consisting of a 10 cnxID  between the reactants and the distribution of the carbon
35 cm long stainless steel vessel was used for preparingithin the silica. These limitations result in a silicon
low density, pyrolitic carbon coated silica gel utilizing carbide product that contains unacceptable quantities
propylene (GHe) as the coating gas at 6aD. The sil- ~ Of unreacted silica and carbon. .
ica gel about 100 gram (W. R. Grace, Sylox 2) were Although the reaction (1) involves both reactants in
placed in the vessel and it was evacuated. Then thgolid form, the carbothermal reduction of silica con-
propylene (GHg) gas was filled into the vessel to ini- Sists of gas-solid reactions. The reduction of silica by
tiate the deposition of a low density pyrolytic carbon carbon may take place through the following gas-solid
coating. The vessel was heated to BDQvhile it was ~ reactions:
rotating. Thermal cracking of propylene increased the

internal vessel pressure upon initiation of the carbon SiOy(s)+ CO(g)= SiO(9)+ CO(9)  (2)
coating. A gas pressure sensor with digital readout al- C C —2CO 3
lowed monitoring of the internal vessel pressure. The _(S)+ 2(9) _ ©) 3)
coating step was continued until the desired amount of SiO(g)+ 2C(g) = SiC+ CO(9) 4)

carbon was deposited. The coating time was varied as
a function of amount of silica gel and its surface area,The solid-solid reduction takes place before any other
deposition temperature and propylene pressure. reaction does in the system and this reaction provides
The amount of carbon deposition in the coated silicathe initial CO gas for solid-gas reactions. Once the re-
gel was determined by using thermogravimetric analaction is initiated, carbon regenerates CO gas through
ysis (TGA). The samples with about 38 wt.% carbonreaction (3). In these reactions, carbon is either a CO
were subjected to second step. SiC powders were praetter or a CO generator, which keeps the;(@D ra-
duced by promoting a reaction within the carbon coatedio low enough to make the reduction of SiPossible
silica gel at temperatures of 140D to 1650C for by gas phase CO. Therefore, the intimate contact of
2 hours in flowing argon gas (1LPM). This step wascarbon with SiQ, SiO and CQ is essential during the
performed in an atmosphere controlled tube furnaceeduction reactions for complete conversion of SiO
with ID 70 mm. into SiC. Full conversion using a stoichiometric ratio
The characterization of the produced powders in-of SiO,/C requires an additional contact between C and
volved determination of free and total carbon and oxy-SiO, particles as the intimate contacts of carbon with
gen, X-ray diffraction to identify the crystalline phases SiO and CQ can be easily achieved in the process.
and determination of BET surface area. Oxygen and to- The new process provides intimate contact of car-
tal carbon determination was conducted at Coors Anbon with SiQ, SiO and CQ, which is essential for
alytical Laboratory at Golden, CO. Oxygen was ana-complete conversion of Sinto SiC. The starting raw
lyzed by infrared detection on a LECO N/O induction materials were silica gel (Sylox 2) and hydrocarbon
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gas (propylene, §Hg). Silica gel (Sylox 2) is mainly TABLE Il The percentweightloss and oxygen contentinthe resulting
used as an absorbent for the chemical industry. Propys-ic as a function of temperature (theoretical weight e $8.284 wt.%;
leneisa commodity chemical and polymerized to makéesidence time is 1 hour in flowing argon; precursor contains 37.9 wt.%

. . T of carbon)
rubber for tires. It easily decomposes and it is eas-
ily stored and transported. These properties of starting Oxygen content in
materials make this process economically very attracReaction _ the resulting SiC
tive. Received Sylox 2 was subjected to BET surfacd®™Peraure’) Weight loss (%) powder (wt.%)
area measurements and it was measured to be 280 m 14, 21 _
as compared to the 225°fg reported by the supplier. 1450 38 8.1
This silica gel was loaded into the rotating coating re-1500 59 3.8
actor and carbon deposition was performed at'@00 1600 gg i-gl

for about 7 hours. The BET surface area of the carbort®>°
coated silica gel precursor was directly determined by

multi point BET analysis and found to be 56g. This ] .
result confirmed that the carbon coating on silica geRN 0Xygen content of 0.64 wt.%, butit contained exces-
instead of the formation of individual carbon particles Sive free carbon. Further increase in the carbon content
was taking place in the coating process. Fig. 1 showd the precursor did not lead to a substantial decrease in

the X-ray diffraction pattern of the precursor, which the oxygen contentin SiC powder, while the content of
consists of amorphous silica gel and carbon. free carbon increased. The optimal amount of carbon

By reaction of the carbon coated silica ge] at ]_40an the precursor was determined to be 37.9 wt.% which

1650°'C, 8-SiC powder was produced. Depending onWas slightly higher than stoichiometric amount (37.5
the carbon content in the coated silica gel precursoiVt-%). In the subsequent experiments, SiC synthesis
SiC powder was produced with a different amount ofWas conducted with the precursor containing 37.9 wt.%
oxygen and free carbon. Table | shows the influence ofarbon. _ .

the initial carbon content on the oxygen and free carbon From Equation 1, the percentage weight loss for the
content in resulting SiC powders. At a stoichiometric Stoichiometric reaction is calculated to be 58.284%. A
ratio of carbon and silica corresponding to the reactiorfVeight loss less than this amount indicates an incom-
SiO, + 3C=SiC+2CO, the SiC obtained contained Pl€te reaction, whereas greater weight loss indicates
0.71 wt.% of oxygen (temperature of synthesis wa<ither the presence of volatile species in the silica gel
1650°C, holding time was 2 hours in flowing argon of ©r 0ss of silicon in the form of SiO(g). Weight loss
1LPM). With increase in the silica content in the coatedcalculations were made to determine the completion of
precursor, a significant increase in the concentration ofh€ conversion and the yield. Table Il shows the percent
oxygen in resulting SiC powder was observed. From &'eight loss and oxygen content in resulting SiC pow-
coated precursor with a10% excess of carbon, com- der as a function of reaction temperature for residence

pared with the standard ratio, SiC was produced witdime 1 hour in flowing argon atmosphere (1LPM). The
weight loss determinations indicated that the formation

TABLE | The influence of the initial carbon content on the oxygen of SiC st_arted at _temperature3<01500>C,_ only par_tlal

and free carbon in the SiC powder produced at 265fbr 2 hours in conversion to SiC occurred, the remainder bemg un-
flowing argon converted Si@ and C. Complete conversion occurred
at temperatures above 15@ The oxygen content in
Oxygen contentin  Free carboninthe  the nroduced SiC powder as a function of reaction tem-

;fg?:cﬁfgéfmn% ) thwrjsf |(1\:,I\2.g‘%S)IC ;ﬁmgr%vi';) perature was also includeq i_n Table Il. The SiC powder

from the precursor containing 37.9 wt.% carbon had
36.9 4.42 25 1.01 wt.% oxygen and 3 wt.% free carbon when they
37.9 0.71 3.2 were reacted at 165Q for 1 hour in flowing argon
39.3 0.64 6.8 atmosphere (1LPM).

The holding time at the synthesis temperature had
also influence on the oxygen and free carbon content.
Increase in the duration of the holding time to two
hours at the synthesis temperature of T&@esulted
in the formation of SiC powders with oxygen content
0.71 wt.% and free carbon less than 2 wt.%. The results
showed that the produced SiC powder does not require
a decarburization by oxidation and an acid treatment to
remove oxygen for sintering.

The X-ray diffraction patterns in Fig. 2 shows the for-
mation of the SiC powder as a function of reaction tem-
perature (the holding time at reaction temperature was
1 hour in flowing 1LPM argon gas). At 1500 silica
o phase disappeared and single ph#siC formed. The
I amount of the unreacted silica and carbon decreased

el e with the reaction temperature. At 16 g-SiC
Figure 1 X-ray diffraction pattern of carbon coated silica gel precursor. With traces ofa-SiC was obtained with no presence
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Figure 3 TEM bright field image and electron diffraction pattern from

a group of SiC patrticles.
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thesized at 165 for 4 hours in flowing argon gas. As
it can be seen from Fig. 3, the produced SiC powder
has fine particle size (0,2m), narrow particle size dis-
tribution, and are loosely agglomerated. Study of the
200 electron diffraction pattern was conclusive to crystal

structure of the produced powder, show&iC with

o traces ofx-SiC.

- In order to evaluate the sinterability of the synthe-
sized powders, the density after sintering was measured

- to be about 90% of theoretical density. Fig. 4 is a mi-
crograph of SiC powder sintered at 20@0in an ar-

gon atmosphere for 30 minutes with 10 hours of cycle.
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2 Theta () This micrograph has a typical microstructure of sintered
Figure 2 X-ray diffraction patterns of the reaction products as a function B-SiC, Wh|Ch COHSISIS_ of fine gral_n_s ar_1d a few pores.
of temperature. (a) 140@, (b) 1450C, (c) 1500C, (d) 1600C. These initial investigations of densification showed that

the produced SiC powder was highly sinterable.
of unreacted carbon and silica. The degree of crys-
tallinity of the g-SiC powder also increased with re-
action temperature. 4. Conclusion
Fig. 3 shows a TEM bright field image and electron 8-SiC powders were synthesized by using a carbon
diffraction pattern from a group of SiC particles syn- coated silica gel precursors. The SiC powders produced
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