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Carbon elimination by heat-treatment in
hydrogen and its effect on thermal stability of
polycarbosilane-derived silicon carbide fibers
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Carbon elimination from EB-cured PCS fibers by H,-treatment and the thermal stability of
resultant SiC fibers were examined through TG, chemical analysis, AES analysis, XRD
analysis, resistivity measurements, SEM observation and tensile tests. The C/Si mole ratio
from 1.50 to 1.05 could be achieved by H,-heat treatmentatt > 4 hand T = 773-1173 K.
There was no difference in XRD patterns, fiber morphology and tensile strength of the
fibers in the as-H,-treated state. H,-treatment at higher temperature caused the reduction in
residue and the increase in resistivity of the fibers. An oxygen-rich layer was formed on the
fiber surface after H,-treatment, resulting in the mass loss, the coarsening of 8-SiC grains
and a marked degradation of fiber strength after exposure to higher temperature.
Prevention of oxygen uptake after Hy-treatment is essential to improve the thermal stability
of SiC fibers. © 2004 Kluwer Academic Publishers

1. Introduction

Most of polycarbosilane-derived silicon carbide fibers
which are commercially available have C/Si mole ra-
tios larger than stoichiometric ratio of SiC. Typically,
the C/Si mole ratio is 1.31 for Si—C—O fibers (Nicalon,
Nippon Carbon) prepared by oxygen-curing method
and it is 1.39 for Si—C fibers (Hi-Nicalon, Nippon
Carbon) prepared by electron-beam irradiation curing
method. Such excess carbon is attributable to the C/Si
ratio of 2 for polycarbosilane precursor as a starting ma-
terial. In order to improve the high-temperature stability
and oxidation resistance of silicon carbide fibers, many
attempts have been made to eliminate excess carbon and
to manufacture the stoichiometric SiC fibers [1-16].
Two types of stoichiometric silicon carbide fibers are
on the market today:

Syrramic fiber (Dow Corning) [1, 9, 10], UF-HM
fiber (3M) [6, 7] and Tyranno SA fiber (Ube Indus-
tries) [15] are prepared by sintering and carbothermic
reduction at 1873 K and higher. On the other hand,
Hi-Nicalon S is (Nippon Carbon) [3, 8] is prepared by
heat-treatment in Ar-H; gas mixture. While excess car-
bon can be eliminated as CO gas by the former method,
it can be eliminated as CHy4 gas by the latter method.

Carbon elimination from polycarbosilane fibers by
the heat-treatment under H, atmosphere has been stud-
ied [11, 12, 16]. Further investigation is thought to be
required to reveal the mechanism of carbon elimination
by H,-treatment. In the present work, electron-beam ir-
radiation cured polycarbosilane (EB-cured PCS) fibers
were heat-treated in flowing H, gas at 623 to 1173 K.
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In particular, a detailed study was made on the effect of
H,-treatment time on the carbon elimination from the
EB-cured PCS fibers. Furthermore, in order to evalu-
ate the thermal stability of the carbon-eliminated fibers,
they were subjected to the exposure testat 1473—-1873 K
in flowing argon. In order to acquire a deeper under-
standing of the effect of carbon elimination, the fibers
in the H-treated state and after high-temperature expo-
sure were characterized through mass change determi-
nation, chemical analysis, Auger electron spectroscopic
analysis, X-ray diffraction examination, scanning elec-
tron microscopic observation, resistivity measurements
and tensile tests.

2. Experimental method

The sample employed in this work is the electron-beam-
irradiation cured polycarbosilane (EB-cured PCS)
fibers manufactured by Nippon Carbon Co. (Tokyo,
Japan). It has a molar composition of SiC; 930 035H3.78
and mean diameter of 23.5 um.

When heated EB-cured PCS fibers in H, gas, car-
bon is probobly eliminated through the generation of
CHy4 gas [11, 16]. EB-cured PCS fibers were heated
in a evacuated alumina tube, and then the gases accu-
mulated in a sample tube were analyzed by gas chro-
matography. Fig. 1 shows the change in pressure ac-
companying the gas evolution during heat-treatment in
a vacuum. For comparison, the pressure change for the
fibers after heat-treatment in H, gas at 1173 K (C/Si =
1.05) also is shown in this figure. The analysis of gases
reveals that a peak at 7 = 800-1200 K is attributable
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Figure 1 Gas evolution during heat-treatment of EB-cured PCS fibers
and Hj-treated fibers.

to the CH4 evolution. From this result, H,-treatment of
the EB-cured PCS fibers was conducted at T = 773—
1173 K.

EB-cured PCS fibers of 100 mm in length were
placed in a quartz crucible and subsequently it was set
in an alumina tube of a vertical SiC resistant furnace.
In H, gas stream of 2 x 10~* m?/min, the EB-cured
PCS fibers were heated at heating rate of 10 K/min,
and were held for + = 0-10 h at each temperature
of T = 773-1173 K. After Hj-treatment, H, gas in
a reaction tube was flushed by flowing Ar at 2 x 10~#
m?/min. Subsequently, the fibers were heated to 1473 K
in Ar and after holding of 1 h, they were slowly cooled
to room-temperature. This successive process is called
H,-treatment in later.

The Hj-treated fibers were subjected to high-
temperature exposure test after standing for 24 h in air.
The fibers were heated at 10 K/min in flowing argon.
Then, they were held for 1 h ata given temperature in the
range of 1473-1873 K and cooled at a rate of 10 K/min.

The fibers were subjected to chemical analysis for
carbon and silicon, and surface analysis by Auger elec-
tron spectroscopy (AES). The existing phases in the
fibers were identified by X-ray diffractometry (XRD),
and the morphologies of fibers were examined by field-
emission scanning electron microscope (FE-SEM). The
SiC crystallite size was calculated from the half-value
width of (111) peak using a Scherrer’s formula. The
specific resistivity measurements were conducted at
room-temperature by applying a direct current to a
single fiber. Room-temperature tensile tests were car-
ried out using a 10 mm gauge length and a constant
crosshead speed of 2 mm/min.

3. Results and discussion

3.1. Heat-treatment of EB-cured PCS fibers
in hydrogen

Fig. 2 shows the change in the C/Si mole ratio of fibers

during heat-treating at each temperature of 7 =773—
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Figure 2 Change in C/Si mole ratio of fibers during heat-treating at
T =773-1173 K in H; gas stream.

1173 K in H;, gas stream. The original EB-cured PCS
fibers have a C/Si mole ratio of 1.97. The C/Si ratio
was reduced to 1.60-1.09 immediately after heating to
T =773-1173 K and further reduction of C/Si ratio
was caused during holding at each temperature. Fig. 1
shows that the H,-treated fibers evolve only CO gas
during vacuum heating. From this result, no hydrogen
is picked up by the fibers during heat-treatment in H,
gas. Therefore, the H,-treatment of PCS fibers causes
the elimination of carbon alone. Hydrogen attack ap-
pears to proceed towards the center of PCS fibers, leav-
ing behind a carbon-eliminated layer. Immediately af-
ter heating to 973 K in flowing H, gas (=0 h), the
limiting C/Si mole ratio of 1.05 seems to be already
achieved at the outermost of the fiber. The C/Si ratio
of the core will be kept at 1.97 without undergoing the
elimination of carbon. Consequently, the chemical anal-
ysis indicates that a mean C/Siratio is 1.42 at # =0 h.
Further reduction in C/Si ratio could not be caused by
H,-treatment at t =4-10 h. Therefore, the C/Si mole
ratio was uniformly 1.05 throughout the cross section
of the fibers after H,-treatment of 4 h. Since carbon
was no longer eliminated at ¢ = 4 h, the duration of H;-
treatment was set at t =4 h. Although the elimination of
carbon was greatly accelerated by raising Hy-treatment
temperature, the C/Si ratio smaller than 1.05 could not
be achieved even at 1173 K.

Fig. 3 shows the C/Si mole ratio of the fibers after
H,-treatment of + = 4 h as a function of H,-treatment
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Figure 3 Relationship between C/Si mole ratio of fibers after Hs-
treatment of = 4 h and Hp-treatment temperature.



temperature. Compared with stoichiometric SiC, the
EB-cured PCS fibers contain a large excess of carbon
(C/Si=1.97). Despite of very high heat-treatment tem-
perature (7" = 1473 K), carbon was insufficiently elim-
inated by the heat-treatment in Ar gas and hence the
C/Si mole ratio was 1.57. On the other hand, the Hj-
treatment resulted in the reduction of C/Si ratio to 1.60
even at 773 K. Although the C/Si mole ratio was re-
duced by increasing the H,-treatment temperature, it
was unchanged by varying the H,-treatment temper-
ature at T = 973 K. This indicates a limit of carbon
elimination by Hj-treatment. Consequently, it was im-
possible to manufacture the SiC fibers with the C/Si
mole ratio smaller than 1.05.

For the heat-treatment in Ar gas, the reduction of
C/Si ratio to 1.57 is attributed to CH4 evolution that is
caused by the decomposition of Si—CHj3 bonds (methyl
branch) [17, 18]. H,-treatment at 7 < 773 K appears to
decompose only the Si—CHj3 bonds, because the C/Si
mole ratio of 1.50 is almost identical to that of the fibers
after-treatment in Ar. At T = 973 K, CH,—Si—CH,
cross-linking between PCS chains is attacked by hy-
drogen and the CH,4 evolution by the decomposition of
C—H bonds leads to further reduction of C/Si ratio.

Under inert gas atmosphere, complete ceramization
of EB-cured PCS fibers yields the ceramic fibers which
are composed of B-SiC and free carbon [19]. During
heat-treatment in flowing H; gas, SiC and/or carbon in
the fibers may react with hydrogen to produce CHy gas:

SiC(s) + 2Ha(g) = Si(s) +- CHa(g) ()
AG°(J/mol) = —17990 + 103.017'[20]
C(s) + 2Hx(g) = CHa(g) 2

AG°(cal/mol) = —91040 + 110.67T[20]

Fig. 4 shows the relationship between the equilibrium
partial pressure of CH4 and temperature. The pcy, val-
ues for SiC is 3 orders of magnitude lower than that for
carbon in the temperature range for the H;-treatment of
EB-cured PCS fibers. Very low pcp, value may lead to
difficulty in hydrogen attack of SiC in the fibers. Pure
silicon carbide is stable in H, gas at T < 1700 K [21].
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Figure 4 Relationship between equilibrium partial pressure of CH4 and
temperature.
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Figure 5 Composition profiles of heat-treated fibers (AES analysis): (A)
heat-treatment in Ar at 1473 K (C/Si = 1.57), (B) H,-treatment at 773 K
(C/Si = 1.50), (C) Hy-treatment at 873 K (C/Si = 1.33), and (D) H,-
treatment at 1073 K (C/Si = 1.05).

Therefore, as can be seen from Figs 2 and 3, the C/Si
mole ratio of the silicon carbide fibers could not be re-
duced to a value of less than unit (stoichiometric ratio
of SiC) by Hp-treatment at T < 1173 K. However, a
C/Si mole ratio of 1.05, which was much lower than
the value for heat-treatment in Ar (C/Si = 1.57), could
be achieved by H,-treatment at 973 K < T < 1173 K.

Fig. 5 shows the composition profiles, determined
by AES analysis, for the fibers heat-treated in flow-
ing argon and hydrogen gases. Although a very thin
carbon-enriched film is present on the surface of the
fibers heat-treated at 1473 K in argon, the distribution
of silicon and carbon is uniform in its core (A). On
the other hand, all the H,-treated fibers contain consid-
erable amounts of oxygen (B, C and D). An oxygen-
enriched and carbon-depleted layer of about 0.3 yum in
thickness is formed, and oxygen penetrates deeply into
the interior of the fibers. However, the C/Si mol ratio is
uniform in the fiber core, and it decreases with increas-
ing temperature. The AES depth profiles also indicate
that that H,-treatment of 4 h caused the uniform elim-
ination of carbon throughout the cross section of the
fibers.

Fig. 6 shows that the morphology of the fibers is
independent on both the temperature and the duration of
H,-treatment. All the fibers had a smooth surface and a
glassy cross section, as well as the fibers heat-treated in
flowing argon. In addition, the H;-treated fibers showed
almost identical X-ray diffraction patterns, irrespective
of the conditions of H,-treatment.

3.2. High-temperature exposure of SiC
fibers

Figs 7 and 8 show the X-ray diffraction patterns for

the SiC fibers in the as Hj-treated state and after ex-

posure to 1473-1873 K in flowing argon. The XRD

pattern of the fiber after heat-treatment at 1473 K in
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Figure 6 SEM photographs of fibers heat-treated in H, gas: (A,B): T =773 K, =0h,(C,D): T =773K,t =5h,(E,F): T =973 K,r=0h
and (G,H): T =973K,r =5h.
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Figure 7 XRD patterns for fibers heat-treated at 1473 K in Ar, heat-treated at 773 K in Hy and exposed to 1573-1873 K in Ar.
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Figure 8 XRD patterns for fibers heat-treated at 1473 K in Ar, heat-treated at 973 K in H, and exposed to 1573-1873 K in Ar.
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Figure 9 Relationship between apparent crystallite size of S-SiC and
exposure temperature.

Ar (C/Si = 1.57) is nearly identical to that of the fibers
the fibers after H,-treated at 773 and 973 K (C/Si =
1.50 and 1.05). This is because the H,-treated fibers
were subsequently heat-treated at 1473 K in Ar gas.
The sharpness of B-SiC peaks increased with rising
exposure temperature. It may be noted that the 8-SiC
peaks for the fiber with low C/Si mole ratio was sharp
after high-temperature exposure. Fig 9 shows the rela-
tionship between the apparent crystallite size of 8-SiC,
Ds;ic and exposure temperature, Tg. At Tg < 1773 K,
the Dg;c value was almost independent on the C/Si ra-
tio of the fibers. It is noteworthy that the reduction of
the C/Si ratio caused a marked grain growth of §-SiC
at Tg = 1873 K. Excess carbon is present as free car-
bon surrounding B-SiC grains, resulting in preventing
the coalescence of 8-SiC grains. Thus, for the fibers
with high C/Si ratio, the grain growth is thought to be
retarded during exposure to 1873 K in Ar gas.

Fig. 10 shows the mass loss of the fibers dur-
ing exposure at 1473-1873 K. The mass loss was
determind from the difference of the fiber mass before
and after high-temperature exposure. The fibers with
C/Si = 1.50 shows a small mass loss (about 16%), in-
dependently to exposure temperature. For the fiber with
C/Si=1.33, the mass loss increased with increasing ex-
posure temperature; from 16% at Tg = 1473 K to 25%
at Tg = 1873 K. Large mass loss (25-28%) was caused
for the fibers with C/Si = 1.05. The mass loss during
exposing to high temperatures is responsible for oxy-
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Figure 10 Relationship between mass loss of fibers and exposure tem-
perature.

gen picked up after H,-treatment (Fig. 5). Oxygen in
the fibers is present as amorphous silicon oxycarbide
(SiCxOy) phase. At high temperatures, SiCxOy phase
is crystallizes into 8-SiC, accompanying the generation
of SiO and CO gases.
SiCxOy — B-SiC(s) + SiO(g) 4+ CO(g) 3)
Fig. 11 shows the specific resistivity of the fibers in
the heat-treated state and after exposure at 7 = 1473—

1773 K in Ar. The fibers exposed to 1873 K were
too fragile to be submitted to resistivity measurements.
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Figure 11 Relationship between specific resistivity and C/Si mole ratio
of fibers after exposure at 7 = 1473-1773 K in Ar.
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Figure 12 SEM photographs of fibers (C/Si = 1.50) heat-treated for 4 h at 773 K in H, gas and subsequently exposed for 1 h at 1573 K (A, B),

1673 K (C, D), 1773 K (E, F) and 1873 K (G, H) in Ar gas.

The specific resistivity is quite sensible to the micro-
structural change of the fibers, particularly to the re-
moval of free carbon and the crystal growth of §-SiC.
The high-temperature exposure caused a drop of 3—4
orders magnitude for the resistivities of the fibers with
C/Si = 1.05-1.59. This is attributable to the crystal-
lization of amorphous SiCxOy phase into 8-SiC and
the organization of free carbon during high-temperature
exposure [22]. Naturally, carbon elimination by Hj-
treatment resulted in a marked increase of resistivity.
There is about 3 orders magnitude increase between
C/SiC = 1.57 (heat-treatment in Ar at 1473 K) and
1.05 (heat-treatment in H; at 973 K).

Fig. 12 shows the SEM photographs for the fibers
heat-treated for 4 h in H, gas at 773 K (C/Si = 1.50)
and subsequently exposed to 1573-1873 K in Ar gas.
The surface of the fibers exposed at 7' < 1673 K
shows a smooth appearance (A-D). When exposed at
T = 1773 K, coarsened B-SiC grains are sparsely dis-

6248

tributed on the fiber surface (E-H). Such grain growth
of SiC is thought to be produced by the gaseous re-
action between the decomposition gases, SiO and CO
[23].

Si0(g) + 3CO(g) = SiC(s) + 2C0Ox(g) “4)

Fig. 13 shows the morphologies of the fibers heat-
treated for 4 h in H, gas at 973 K (C/Si = 1.05) and
subsequently exposed to 1573-1873 K in Ar gas. The
fibers exposed at 7 < 1673 K hold a smooth surface, as
well as the fibers with C/Si = 1.50 (A-D). The exposure
to 1773 K renders the surface porous, while it does not
cause the coarsening of 8-SiC crystals (E, F). A marked
coarsening of 8-SiC crystals was observed after expo-
sure to 1873 K (G, H). Thus, the morphologies of fiber
surface after exposure above 1773 K are greatly differ-
ent between the fibers with C/Si = 1.50 and those with
C/Si = 1.05. The coarsened SiC grains is responsible
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Figure 13 SEM photographs of fibers (C/Si = 1.05) heat-treated for 4 h at 773 K in H, gas and subsequently exposed for 1 h at 1573 K (A, B),

1673 K (C, D), 1773 K (E, F) and 1873 K (G, H) in Ar gas.

for the thermal decomposition of SiCx Oy phase, Equa-
tion 3. Figs 12 and 13 exhibit that the cross-sections of
all the fibers display a glassy appearance. The grain
coarsening is restricted to the surface of fibers even
after exposure to 1873 K (Fig. 13(H)). This is because
SiCx Oy phase is present at the surface of the H;-treated
fibers (Fig. 5).

Fig. 14 shows the room-temperature tensile strength
of the fibers with C/Si = 1.05-1.57 as a function of
exposure temperature (7g). The tensile strength of the
fibers in the as-Hj-treated state and after high temper-
ature exposure was almost independent upon the C/Si
mole ratio. A degradation of fiber strength was little
caused by the exposure at Tz < 1673 K. On the other
hand, marked degradation was observed after exposure
to Tz = 1773 K. By comparing Fig. 14 with Figs 12 and
13, it is clear that the change in strength accompanying
the exposure test is attributable to the variation in the
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Figure 14 Relationship between room-temperature tensile strength of
fibers with C/Si = 1.05-1.57 and exposure temperature.
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Figure 15 SEM photographs of fiber exposed for 1 h at 1873 K in Ar gas after Hy-treatment for 4 h at 973 K and standing for 5 min (A, B), 15 min

(C,D), 1 h (E, F) and 24 h (G, H) at room-temperature in air.

morphologies of the fibers during exposing at high-
temperatures.

A marked uptake of oxygen at the surface of the fibers
caused significant coarsening of B-SiC grains during
high-temperature exposure, resulting in serious degra-
dation of room-temperature strength of the fibers. The
uptake of oxygen appears to occur while the Hj-treated

6250

fibers are allowed to stand for 24 h in air before high-
temperature exposure test. To confirm this estimation,
the fibers heat-treated at 973 K in H, gas were submit-
ted to exposure test (at 7 = 1873 K and ¢ = 1 h) after
standing for # = 5 min—24 h in air. Fig. 15 shows the
SEM photographs of the fibers after exposure test. No
grain growth of SiC was observed for the fiber after



standing for 5 min in air (A, B). The fiber surface was
smooth as well as the fibers in the as-H,-treated state
(Fig. 6). For the fiber after standing of 15 min in air, the
coarsened SiC grains were sparsely distributed on the
surface of the fibers (C, D). Further elongation of the
standing time resulted in the development of coarsened
grains throughout entire surface of the fibers (E-H).
This result implies that the as-H,-treated fibers picked
up oxygen during standing in air. In addition, the coarse-
grained film of B-SiC is verified by the result that the
uptake of oxygen was limited solely to the surface of
the fibers, being consistent with AES results (Fig. 5).
The attack of hydrogen against CH,—Si—CH, cross-
linking between PCS chains appears to cause the CHy
evolution and the formation of Si radicals. Since the Si
radicals are highly reactive to oxygen, the as-H,-treated
fibers could pick up a large amount of oxygen during
standing in air. Therefore, the inactivation of Si radicals
is required in order to improve the thermal stability of
the H,-treated SiC fibers.

4. Conclusion

Excess carbon in EB-cured PCS fibers is thought to be
eliminated as CHy4 gas by reacting with H, gas. After
Hj-treatment of 4 h, the homogenity of C/Si ratio was
well established throughout the cross-section of fibers.
Hj-treatment at 7 = 773 K, 873 K and 973-1173 K
could achieved the C/Si mole ratios of 1.50, 1.33 and
1.50, respectively. While the SiC crystal size, morphol-
ogy and strength of the fibers were not independent on
Hj-treatment temperature, the reduction in residue and
increase in resistivity of the fibers were caused by the
rise in Hj-treatment temperature. The surface layer of
H,-treated fibers took up a large amount of oxygen dur-
ing standing in air. The fibers with smaller C/Si ratio
showed larger mass loss and coarsened SiC grains after
high-temperature exposure. As a consequence of ther-
mal decomposition of SiCxOy phase, marked degra-
dation of room-temperature strength was to be avoided
after exposure in Ar gas at T = 1773 K. Prevention of
the oxygen pick-up after H,-treatment is essential to
effectuate the reduction of C/Si ratio of the fibers.
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