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Silicon carbide (SiC) whiskers were synthesized from SiO,-CH;-NasAlFg system. The
whiskers obtained were cylindrical in shape, and they had uniform diameter (0.1-5.0 xm)
and length (50 x£m-10 mm). They were found to have grown by a Vapor-Liquid-Solid (VLS)
mechanism since a catalyst droplet was observed on the tip of most of the whiskers. The
composition of the Al-Si droplets was determined by means of EDAX. As no researchers
have previously reported on Al-Si droplets, we conducted a detailed analysis of them in this
study. © 1999 Kluwer Academic Publishers

1. Introduction whiskers were synthesized as follows: A gas mixture
SiC has a high resistance to oxidation, creep and thelef methane (10 vol %) and argon (90 vol %) was used
mal shock at high temperatures, as well as high rigidityas the reaction gas. Siqpowder and NgAlFg (Wako
and high strength. Therefore, SiC is expected to be apchemical Ltd.) were mixed so the SiDlagAlF ratio
plied as a structural material at high temperatures. Infanged from 2 to 8. The resulting powder, which was
addition, SiC is planned to be used as a material foused as the starting material, was crushed to approxi-
the first wall of a nuclear fusion reactor, since plasmamnately 10um particles using a planetary ball mill. The
contamination associated with SiC is small and SiC isstarting material was set on a graphite boat which was,
not damaged easily by radioactive irradiation due tain turn, placed into a graphite tube. The graphite tube
its low atomic number [1]. Very pure, dense and thickwas placed in the center of an alumina tube, into which
SiC is required to analyze its various characteristicsthe reaction gas was introduced. After the gas in the
SiC compacts can be obtained through several methube was replaced by the reaction gas, the reaction gas
ods including reaction sintering, recrystallization, hotwas supplied at a rate of 180 ml/min, as determined by a
press and CVD method. Among these methods, CVDpreliminary experiment. The temperature within the re-
is the most appropriate for the synthesis of SiC withaction apparatus was raised at a rate of 5 K/min to 1673
high purity and density. K, which was maintained for 10 h. The temperature was
Many researchers have synthesized SiC using CVDthen decreased to 773 K at a rate of 5 K/min, and the
most SiC was synthesized from SiO(g)-CO, §i0or  samples were allowed to cool freely. A mixture gas was
Si0,-C-H, system by the method of reducing silica[2]. supplied continuously until the temperature fell below
CVD has already been used in practical applications. 523 K, to prevent oxidation of the reaction products.
The flux method is effective for growing single crys- The reaction products were identified by X-ray
tals, whereby seed crystals are immersed in a fusediffraction (XRD) patterns, and the shapes were ob-
liguid body to promote crystal growth. There have served by scanning electron microscopy (SEM). A ele-
been very few reports on the growth of whiskers us-mental analysis by EDAX was used for the composition
ing NaAlFs (cryolite) as a flux; only synthesis from analysis of the products.
SiO,-C-Fluoride system by the solid phase method has
been reported [3]. 3. Results
SI0s 2 the Si Source and bAIFs s the lx A large 2. - Deposition state of whiskers
amount ofg-SiC whiskers Wereesynthesized when theFIg' 2 shows the deposition states -Of the whlsker§ af'
molar ratio of SiQ to NaAlFs (SiOy/NasAlFe) ranged ter heat treatment. Table | summarizes th_e deposition
from 2 10 8. The effects of t%e flux on the ghape of thestat_e and the phase of the products identified by XRD.
whiskers aﬁd on the composition of the droplets wer Whlskers were synthesized when the SIxAlFe
discussed erat!o range_:d from _2 to 8. Regardless of the molar
) ratio, obtained whiskers werg-SiC whiskers and
were deposited at three places; on the graphite boat
2. Materials and methods (Fig. 2-No. 1), on the outer surface of the graphite
Fig. 1 shows a schematic drawing of the experimeniube (Fig. 2-No. 2) and on the inner wall of the
tal apparatus, the Lindbergh electrical furnace. SiCalumina tube (Fig. 2-No. 3, hereafter abbreviated as
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(b)

Figure 1 Schematic diagram of the experimental apparatus for SiC whiskers synthesis. (a) whole view, (b) sample holder. A: gas inlet, B: gas outlet,

C: gas exhaust. 1: graphite tube (16 mm I.D.), 2: electric furnace, 3: thermocouple (PR), 4: alumina tube (42 mm I.D.), 5: holed part, 6: graphite boats,
7: sample.
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Figure 2 Deposition state of products. No1 and No2 was formed on graphite boat and tube, respectively. No3 and No4 was formed on alumina tube.

outside-whisker). At the bottom of the graphite boat, a PR
glossy melt remained with the product phase which was A OamsIC

identified as NgSi>Os. A white coating was formed on A A Aa-ALO;
the inner wall of the alumina tube near the gas out- M
let (Fig. 2-No. 4), which was identified as pElFg by

XRD. 2
Whiskers synthesized on the outer surface of the § i .
graphite tube and on the inner wall of the alumina = (b)
tube were wool-like, while whiskers synthesized on the o .
graphite boat were needle-like. The whiskers synthe- .
sized on the graphite boat were greenish white and thos M . L (©
on the outer surface of the graphite tube and on the inne oy, T T ————
wall of the alumina tube were greenish white or gray. 20 30 40 50 60 70 80
Fig. 3 shows X-ray diffraction patterns of the prod- 26/°

ucts obtained when the SiNagAlFg ratio was 5. At

this molar ratio. the greatest amount of pI’OdUCt wadrigure 3 X-ray diffraction patterns of products obtained in the SiO
NagAlF ratio=5. (a) on the alumina tube, (b) on the graphite tube,

(c) on the graphite boat.
TABLE | Deposition states and phases of products

Places Deposition states Phases of productsgynthesized. In the diffraction pattern of the product ob-
Graphite boat WR W: 3C-SiC tained on thg inner wall of the alumlnatube (), apattern
OH-SIC corresponding ta-Al,03 was detected. Since whiskers
R: N&Si;Os were deposited on the inner wall of the alumina tube,
Graphite tube w 3C-siC it was considered to be mixed whiskers withAl ,03
_ 2H-SiC when the products were picked out outside-whiskers.
Alumina tube wHC g\{:scks”u:c As seenin Fig. 3, 3C-phase was observed in the diffrac-
ene tion pattern of the products collected from the three
W: whiskers, R: residue, C: coating. deposited places. The larger the distance between the

2190



synthesis place and the place where the temperature waswever, N gas was not used; therefore, the reason for
set at 1673 K, the smaller the relative peak intensitythis may be that F atoms in Sig) (gaseous species)
This is because only the central part of the alumina tubevere not completely replaced by C atoms, and F atoms
(150 mm) was set at 1673 K, therefore, the degree of

supersaturation may vary depending on the depositior
place.

3.2. Shape and composition of SiC whiskers -
Fig. 4 shows SEM photographs of SiC whiskers. ™
Since whiskers synthesized on the outer surface of the
graphite tube, on the graphite boat and on the innerg>
wall of the alumina tube have circular cross sections
and droplets on the tips, we assumed the whiskers wert
grown by a VLS mechanism. With respect to whiskers
synthesized on the outer surface of the graphite tube ani
on the graphite boat, the diameters of the whiskers were
smaller than those of the droplets. The diameter of the B
whiskers synthesized on the inner wall of the alumina -
tube was the same as those of the droplets, and some @)
of the droplets linked together in a bead-like manner.
The diameter of the whiskers did not differ much, with
a small range from 0.1 to 5/0m. Whiskers, other than
SiC whiskers, which grow by a VLS mechanism have
Fe-Si droplets on their tips; the well-known composi-
tion of these droplets is Fe/Sil — 0.5. However, the
droplets obtained in this study were composed of Al-Si
and this composition has not yet been reported. There-
fore, we conducted a detailed analysis of the droplets
by EDAX and summarized the results in Table II.

Concerning whiskers synthesized on the outer sur-
face of the graphite tube, as the SiNagAlFg ratio
increased, the ratio of Al to Si (Al/Si) decreased; specif-
ically, the amount of silicon increased. A similar ten-
dency was observed for whiskers synthesized on the'
graphite boat and on the inner wall of the alumina

tube. However, the Al/Si ratio tends to increase as the—\\-
.

SiO,/NagAlF¢ ratio increased when the SiDlagAlF¢ =
S

ratio is 5 or larger. The ratio of Al to Si for the droplets
obtained from the graphite boat, on the outer surface™s_ .

of the graphite tube and on the inner wall of alumina Q‘:- v

tube ranged from 0.014 to 0.100, from 0.025 to 5.00 -‘s\\§‘v
g \

and from 0.018 to 0.100, respectively. According to the
binary system phase diagram of Al-Si [4], Al-Si forms
a liquid phase if the Al/Si value falls in the range stated
above. With respect to the color of the whiskers, as the
SiO,/NagAlF¢ ratio increased, the amount of silicon in-
creased, therefore, the whiskers were a grayish color,
Some of the whiskers were greenish white. Accord-
ing to G. Urretavizcaya et al. [5], SiC whiskers were
green when Si@is thermally treated on the graphite
substrate in a mixed gas flow which has a composi- ©

tionof Hy: CHa:N2: CO=280:1:9 :10 (vol %)since Figure 4 SEM photographs of SiC whiskers. (a) on the graphite tube,
N atoms penetrate into the C sublattice. In this study(b) on the graphite boat, and (c) on the alumina tube.

TABLE Il The composition of droplet and color of whiskers

SiOa/NagAlFg 2 3 4 5 6 7 8

AlSi Graphite boat  0.100 Wg 0.038 Wg 0.038 Wg 0.014Wg 0.018M% 0.019Wg+G 0.030 Wg
Graphitetube 500WgG 0.125Wg-G 0.047Wg+G 0.033G  0.032G 0.032G 0.025G
Alumina tube  0.100 W 0.040 Wg 0.039 Wg 0.020Wg 0.018 WG 0.020Wg+G  0.031Wg

Al/Si: Ratio of atomic percent, W: white, Wg: white-green, G: gray.
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remained in the C sublattice. This result agrees withwhiskers grew depending on the substrate, this reac-
the fact that the radius of N and F atoms is similar, agion was shown as follows:
reported by G. Urretavizcaya et al. [5].

2SiF(g) + CHa(g) + C(s)
4. Discussion — 2SiC(s)+ 4F2(9) + 2H2(9) )
There have been many reports on SiC synthesis us- AG = —38375kJ/mol

ing graphite as the synthesis substrate anc &&lthe

starting material. In this study, the same starting maitis considered thatthis reaction is accelerated when the

terial and substrate as those reported in the referenceiggree of supersaturation is high, and then SiC whiskers

were used. Based on the substrate-dependence of theew very well. Moreover, when the free energies of

whiskers, the following reactions could have occurred Equation 7 are considered, this reaction is possible ac-
First, methane is decomposed when the temperatureording to the equilibrium theory.

is 1273 K or higher.

CHa(g) — C(g) + 2Hx(g9) (1) 5. Conclusions
SiC whiskers were synthesized using 43 the start-
Next, SiQ(s) generates SiO(g) in the presence ofing material and NgAIFg as the flux. The following
graphite. conclusions have been reached:

SiOy(s) + C(s) — SiO(g)+ CO(q) (2) 1. Whiskers were synthesized when the 8iO
NagAlFg ratio ranged from 2 to 8. Regardless of the

The obtained CO(g) is then reduced by(&). molar ratio, the obtained whiskers were maighsiC
and the whiskers were deposited at three places; on the
CO(g)+ Ha(g) — C(s)+ H20(g) (3) graphite boat, on the outer surface of the graphite tube,

and on the inner wall of the alumina tube.
The gas phase chemicals produced by the decomposi-z. SiC whiskers were formed through the reaction in
tion of methane react with SiO(g). which SiRk(g) reacted with C atom generated by the
decomposition of Ck{g). It was concluded that this

SiO(g)+ C(g) + 2Ha(g) — SiC(s)+ 2H,0O(g) (4)  Process is expressed by the following equation.

Based on the equations from (1) to (4), the following 2SiF4(9) + CHa(9) + C(s)
equation is obtained. — 2SiC(s)+ 4F(9) + 2H2(9)

SiOx(s) + CHa(9) — SIC(s)+2H,0(g) () 3. Since whiskers synthesized on the outer surface of
, ) the graphite tube, on the graphite boat, and on the inner
However, if the Gibbs free energyAG=16019 g of the alumina tube have circular cross sections
kJ/mol) of Equation 5 is considered, this reaction isang droplets on the tips, they are considered to have
unlikely to occur. This agrees with the fact that no grown by a VLS mechanism.
whiskers were synthesized and that a melt remaineg 4. Al/Si for the droplets obtained from the graphite
on the graphite boat when the starting material withouppat, on the outer surface of the graphite tube and on
cryolite was thermally treated. the inner wall of the alumina tube ranged from 0.014

From the results stated above, cryolite is consideredgq (.100, from 0.025 to 5.00 and from 0.018 to 0.100,
not only to act as a catalyst, but also to participate ifegpectively.

the reaction. Saito et al. [6] reported thatIS#0s(1)
was produced through a reaction between NaF(l) and
SiOy(s), and, moreover, when the content of §€)in References
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