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To clarify the effects of reduced pressure on the thermal stability of polycarbosilane-derived
SiC fibers (Nicalon, Hi-Nicalon and Hi-Nicalon S), the heat-treatments were conducted at
1623 and 1723 K under total pressures (pt) of 1-10° Pa. The oxidation behavior and thermal
stability of the fibers were investigated through examinations of mass change, grain
growth, specific resistivity, fiber morphology and tensile strength. All the fibers were
definitely oxidized in the active-oxidation regime at pr < 102 Pa and T = 1723 K. Nicalon
and Hi-Nicalon S were subjected to serious degradation of fiber strength. Hi-Nicalon had a
strength of 1.2 GPa even after heat-treatment at pr = 1 Pa.
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1. Introduction

Much attention has recently been paid to the contin-
uous silicon carbide fibers as reinforcing material in
ceramic-matrix composites [1, 2]. Three types of the
polycarbosilane-derived SiC fibers are commercially
available: Nicalon, Hi-Nicalon and Hi-Nicalon S (Nip-
pon Carbon Co., Tokyo, Japan) [3]. Nicalon fibers pre-
pared by the oxidation curing method contain a large
amount of oxygen (12 mass%) as an amorphous sili-
con oxycarbide (SiCxOy) phase in the microstructure.
The SiCxOy phase is thermally decomposed at ele-
vated temperature, resulting in the significant degrada-
tion of fiber strength. It is Hi-Nicalon fibers that suc-
ceeded in lowering the oxygen content to 0.5 mass%
by the electron-beam-irradiation curing method for
the purpose of improving high-temperature thermabil-
ity. Furthermore, nearly stoichiometric SiC fiber (i.e.,
Hi-Nicalon S) could be prepared by removal of carbon
by heat-treatment in hydrogen. Such differences in oxy-
gen content and microstructure may greatly affect the
properties of the fibers exposed to high temperatures in
different environments.

In previous report, the fibers were exposed at tem-
peratures of 1573-1773 K under a reduced pressure of
1.3 Pa [4]. The SiC crystallites in the fiber were sub-
jected to the active-oxidation by retained oxygen gas
at >1673 K, resulting in serious damage to the fiber
structure. While Nicalon and Hi-Nicalon S completely
lost their strength, Hi-Nicalon had appreciable levels
of strength: 1 GPa at 1673 K and 0.5 GPa at 1773 K
[4]. On the other hand, under a reduced pressure of
1073 Pa, only the SiCxOy phase is completely decom-
posed, causing the mass loss value of 26-28% [5, 6]. In
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addition, the heat-treatment under high oxygen partial
pressure causes the passive-oxidation which is char-
acterized by the mass gain and the formation of SiO,
film, leading to the high strength retention of fiber core
[7-10]. Thus, the heat-treatments under different re-
duced pressures produce a definite difference in fiber
properties. However, the effect of reduced pressures
(i.e., total pressures) on the oxidation of the SiC fibers
has not yet been satisfactorily clarified.

In this work, three types of SiC fibers were heat-
treated at 1623 and 1723 K in the pressure range from
1 to 10° Pa. The oxidation behavior and the resultant
thermal stability of SiC fibers were investigated through
mass change determination, X-ray diffraction analy-
sis, resistivity measurement, morphological examina-
tion and room-temperature tensile testing.

2. Experimental method

Three types of polycarbosilane-derived SiC fiber man-
ufactured by Nippon Carbon Co. (Tokyo, Japan):
Si—C—O fiber (Nicalon), SiC fiber (Hi-Nicalon) and
stoichiometric SiC fiber (Hi-Nicalon S). The proper-
ties of fibers are shown in Table I [3].

The heat-treatment of the fibers were performed at
1623 and 1723 K under each total pressure of 1, 10, 102,
103 and 10° Pa in a horizontal SiC resistance furnace.
The total pressure inside an alumina tube was main-
tained by controlling the air leak of vacuum system.
Fibers, 0.5 g in mass and 30 mm in length, were put in
an alumina boat and placed in an alumina tube. After
controlling to a given total pressure, they were heated
at a heating rate of 300 K/h. Then, they were held for
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TABLE 1 Properties of polycarbosilane-derived SiC fibers [3]

Nicalon Hi-Nicalon Hi-Nicalon S

Chemical composition

Si (mass%) 56.6 62.4 68.9

C (mass%) 31.7 37.1 30.9

O (mass%) 11.7 0.5 0.2
Si/C atomic ratio 1.31 1.39 1.05
Fiber diameter (um) 15 14 12
Density (kg/m?) 2550 2740 3100

1 h at the chosen temperature and cooled at a rate of
300 K/h.

The amount of gas evolved was determined from
the difference in the fiber mass before and after heat-
treatment. The crystal phases of the fibers were iden-
tified with an X-ray diffractometer (Rigaku Co., Type
RINT 1100, Tokyo, Japan) using Cu K, radiation, and
the apparent size of B8-SiC crystallite (Dsjc) was cal-
culated from the half-value width of (111) peak using
Scherrer’s formula. The fiber morphologies after heat-
treatment were examined using a field emission scan-
ning electron microscope (Hitachi Ltd., Type S5400,
Tokyo, Japan). The specific resistivity of the fibers was
determined at room-temperature by applying a direct
current. Electroconductive resin was applied to both
ends of a fiber to attach them to copper electrode plates
that were 0.8 mm apart. The average of ten measure-
ments was used as the specific resistivity for each heat-
treatment condition. The room-temperature strength of
a fiber of 10 mm in length was measured with a ten-
sile tester (Model TENSILON UTM-20, Orientec Co.,
Tokyo, Japan), using aload cell of 100 g and a crosshead
speed of 2 mm/min. The mean value of twenty tensile
strengths was used for each fiber.

3. Results

3.1. Mass change

Fig. 1 shows the mass change of SiC fibers heat-treated
at 1623 and 1723 K under different total-pressures. The
heat-treatment at total pressure ( pr) of 10° Pa(i.e., at at-
mospheric pressure of air) yielded a small mass gain in

[\
(=]

ok NP S Y W
-20
-40 —— Nicalon -1
---- Hi-Nicalon
-60 -+ Hi-Nicalon S|

Mass change (%)

801 1623 K
-100 ) I I I ]
20
1]
20+
401
-60 -

e TN elomposition |

—— Nicalon -1
---- Hi-Nicalon ]
- Hi-Nicalon §
-80 1723 K 7
-100 1 I ( 1 1 1
100 100 100 10 10° 10 10° 10°
Total pressure, P/Pa

Mass change (%)

Figure 1 Mass change from SiC fibers heat-treated for 1 h at 1623 and
1723 K under different total pressures. “100% decomposition” lines
show mass losses due to complete decomposition of SiCxOy phase
in fibers.
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all types of fibers, exhibiting the occurrence of passive-
oxidation. At pt < 103 Pa, the mass loss was observed.
This is attributable to the decomposition of an amor-
phous SiCxOy phase in fibers and the generation of
both SiO and CO gases. The 100% decomposition of
SiCxOy phase in the fibers under argon atmosphere
gives the following mass loss: 100-AW /W, =26% for
Nicalon, 3% for Hi-Nicalon and 1% for Hi-Nicalon
S, respectively [3]. Here, Wy and AW are the initial
mass of fibers and the mass change caused by heat-
treatment, respectively. The largest mass loss was pro-
duced in Nicalon fibers, but it was kept within 26%
at 1623 K. For Hi-Nicalon and Hi-Nicalon S fibers,
the mass loss at pr < 10> Pa was above 3 and 1%
at 1623 K, respectively. On the other hand, after the
heat-treatment at 1723 K and at pr < 10 Pa, Nicalon
fibers showed the mass loss greater than 100% decom-
position value, i.e., 100-A W/ Wy =26%. In particular,
the heat-treatment at py = 1 Pa caused great mass
loss; 100-AW /Wy = 87.5% for Nicalon, 47.3% for
Hi-Nicalon and 62.7% for Hi-Nicalon S, respectively.
Such significant gas generation shows that the thermal
decomposition of SiCxOy phase was followed by the
active-oxidation of SiC crystallites [4].

3.2. X-ray diffraction

Fig. 2 shows the X-ray diffraction patterns of the fibers
heat-treated at 1723 K. At pt < 103 Pa, cristobalite peak
at26 = 22° was not detected and only 8-SiC peaks were
observed in all the fibers. The effect of total pressure,
pr on the B-SiC grain growth for the fibers heat-treated
at 1623 and 1723 K is shown in Fig. 3. Nicalon, in
the as-received state, has a microcrystalline structure
with a grain size of 3 nm. When Nicalon was heat-
treated under lower total pressures, a significant coars-
ening of B-SiC crystal was observed. Hi-Nicalon ex-
hibited slight crystal growth after heat-treatment and
the SiC crystal size was almost constant with the pr
value; the mean sizes were 6 nm at 1623 K and 8 nm
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Figure 2 X-ray diffraction patterns for SiC fibers heat-treated for 1 h at
1723 K under different total pressures.



30 T T T
) 1623 K I
- ... Hi-Nicalon §
g 20 | jirece B @ O e L g )
\‘,g; L
£ 10
=
30 T T T T T —
B 13k e,
<« .. Hi-Nicalon §
,5 20r cceived @
2 0] -
O I S e . N -

as-recerved

0 T 1 1 - 1 -
10t 10° 10! 100 100 10% 108 10°
Total pressure, P/Pa

Figure 3 SiC crystallite size (Dsic) of SiC fibers heat-treated for 1 h at
1623 and 1723 K under different total pressures.
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Figure 4 Specific resistivity (p) of SiC fibers heat-treated for 1 hat 1623
and 1723 K under different total pressures.

at 1723 K respectively, compared with 4.5 nm in the
as-received fiber. On the other hand, Hi-Nicalon S hav-
ing a coarse-grained structure in the as-received state
did not cause at all the grain growth of SiC after the
heat-treatment.

3.3. Specific resistivity

Fig. 4 shows the specific resistivity for the fibers heat-
treated at 1623 and 1723 K as a function of the pr
value. It may be noted that the decreased pr value
led to significant increase in the resistivities of Nicalon
and Hi-Nicalon. This tendency was enhanced at lower
pressure and higher temperature. The heat-treatment at
pr = 1 Pa and 1723 K caused a increase in resistiv-
ity over five orders of magnitude for Nicalon and three
orders of magnitude for Hi-Nicalon. The resistivity of
Hi-Nicalon S after heat-treatment varied within one or-
der of magnitude compared to the as-received value,
regardless of the pr value.

3.4. Fiber morphology

Fig. 5 shows the morphologies of Nicalon fibers heat-
treated at 1723 K. The fiber heat-treated at py = 10° Pa
(B) had a smooth and pore-free appearance as well as
the as-received fiber (A). The heat-treatment at py =
10? and 1 Pa produced a porous and coarse-grained

structure throughout the entire area of the fiber surface
(C and D). In addition, the reduction of fiber diame-
ter was found for the fibers heat-treated at py = 1 Pa.
Fig. 6 shows the morphologies of Hi-Nicalon fibers
heat-treated at 1723 K. Even after heat-treatment at
pr = 107 Pa, Hi-Nicalon retained a relatively smooth
and fine-grained structure (C). Hi-Nicalon ultimately
exhibited an increase in grain size and porosity only
at the fiber surface after heat-treatment at pt = 1 Pa
(D). Morphologies of Hi-Nicalon S fibers heat-treated
at 1723 K is shown in Fig. 7. In the as-received state,
fine grains are deposited on the smooth surface (A).
The deposited grains disappeared after heat-treatment.
Particularly noteworthy is the formation of large pits on
the coarse-grained surface of Hi-Nicalon S fiber heat-
treated at pr = 10% Pa (C), Further reduction of the pr
value resulted in significantly increased cavity (D).

3.5. Tensile strength

Room-temperature tensile strength of the fibers heat-
treated at different total pressures is shown in Fig. 8.
While the heat-treatment at pp = 10° Pa (atmospheric
exposure) slightly degraded the strength of Hi-Nicalon
and Hi-Nicalon S, it significantly degraded that of
Nicalon. A decrease in pr value produced a very large
decrease in the strength of Nicalon and Hi-Nicalon S.
In particular, the strength of Nicalon was completely
lost after the heat-treatment at pp < 10? Pa. On the
other hand, even after heat-treatment at 1723 K and
pr = 1 Pa, Hi-Nicalon had a relatively high strength:
1.2 GPa, i.e., 43% of as-received strength.

4. Discussion

The microstructure of polycarbosilane-derived SiC
fibers is composed of B-SiC crystallites, free carbon
and amorphous silicon oxycarbide (SiCyx Oy ) phase. At
high temperatures, the SiCyOy phase crystallizes into
B-SiC and generates both SiO and CO gases:

SiCxOy(s) — B-SiC(s) + SiO(g) + CO(g) (1)

The complete decomposition of the SiCxOy phase
leads to the mass losses of about 26% for Nicalon, 3%
for Hi-Nicalon and 1% for Hi-Nicalon S. The thermal
decomposition of the SiCxOy phase have a tendency
to occur even in oxidizing environments. When the SiC
fibers are exposed to the atmospheres with sufficiently
high oxygen partial pressure, the SiO, film is formed
on the fiber surface by the passive-oxidation of B-SiC
crystallites

SiC(s) + O2(g) = Si02(s) + C(s) 2)

SIiC(s) + 3/205(2) = SiOa(s) + CO()  (3)
SiC(s) 4+ 20,(g) = SiOx(s) + CO2(g)  (4)

The exposure to air (pr = 10 Pa) caused the for-
mation of SiO, film on the fiber surface, resulting in
the mass gain (Fig. 1). The SiO;, film suppressed the
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Figure 5 Morphologies of Nicalon fibers in as-received state (A) and after heat-treatment for 1 h at 1723 K under total pressures of 10% Pa (B), 10> Pa
(C) and 1 Pa (D).
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Figure 6 Morphologies of Hi-Nicalon fibers in as-received state (A) and after heat-treatment for 1 h at 1723 K under total pressures of 103 Pa (B),
102 Pa (C) and 1 Pa (D).
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Figure 7 Morphologies of Hi-Nicalon S fibers in as-received state (A) and after heat-treatment for 1 h at 1723 K under total pressures of 10> Pa (B),

102 Pa (C) and 1 Pa (D).
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Figure 8§ Room-temperature tensile strength (o) of SiC fibers heat-
treated for 1 h at 1623 and 1723 K under different total pressures.

decomposition of the SiCy Oy phase through inhibiting
the escape of decomposed gases, SiO and CO [7-10].
On the other hand, the heat-treatment at pt < 103 Pa
produced the mass loss and SiC crystal growth (Figs 1
and 3). In addition, X-ray diffraction and SEM observa-
tion showed no formation of SiO, film on the surface of
all the fibers (Figs 2, 5, 6 and 7). These results suggest
the occurrence of the decomposition reaction (1). The
retained gas in an alumina tube is air (79%N;-21%0;).
The low pt value is favorable for the generation of de-
composed gases and the low oxygen partial pressures
(poy <2.1 x 10? Pa) retards the passive-oxidation of
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Figure 9 Relationship between SiC crystallite size and mass loss for
SiC fibers heat-treated for 1 h at 1623 and 1723 K under different
total pressures. “100% decomposition” lines show mass losses due to
complete decomposition of SiCxOy phase in fibers.

SiC crystals in the fibers. Thus, only the thermal de-
composition of the SiCxOy phase seems to occur at
Po2 < 103 Pa. At further lower po, value and particu-
larly at 1723 K, the masses loss exceeded the value de-
rived from the complete decomposition of the SiCxOy
phase: 26% for Nicalon, 3% for Hi-Nicalon and 1%
for Hi-Nicalon S (Fig. 1). This result demonstrates the
occurrence of reactions other than the thermal decom-
position of the SiCyOy phase. At elevated tempera-
ture and low oxygen pressures, SiC is oxidized in the
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active-oxidation regime by the following reactions:

SiC(s) + 1/205(g) = SiO(g) + C(s) 5)
SiC(s) + Oa(g) = SiO(g) + CO(®)  (6)
SiC(s) + 3/20(g) = SiO(2) + COx(g)  (7)

Since the oxidation product, SiO, is volatile material,
the active-oxidation of SiC leads to a significant mass
loss and no formation of oxide film. The mass loss
data prove that the fibers were actively oxidized by
the retained oxygen gas in an alumina tube (Fig. 1).
Unquestionably the active-oxidation may take place at
1723 K and pr < 102 Pa (poy <2.1 x 10 Pa). Thus, the
thermal decomposition of the SiCx Oy phase is thought
to be followed by the active-oxidation of SiC crystal-
lites. The thermal decomposition can be interpreted to
be the active oxidation of SiC crystallites by oxygen
contained in the fibers. Therefore, the active-oxidation
of SiC crystallites by retained oxygen gas is thought
to begin after consumption of the oxygen in the fibers.
As seen from SEM observations, the active-oxidation
caused the increase in porosity and the formation of pits
(Figs 5, 6 and 7). For Nicalon and Hi-Nicalon S, the se-
rious damage to the fiber structure is thought to cause
the breakdown of the circuit and the reduction of the
effective cross-sectional area for the electric conduc-
tion, resulting in a marked increase in the resistivity of
the fibers (Fig. 4). In addition, the active-oxidation pro-
duced a significant degradation of fiber strength; par-
ticularly the strength of Nicalon was completely lost at
1723 K and pt < 10? Pa (Fig. 8). On the other hand,
for Hi-Nicalon fiber, the fractured surface was relatively
smooth after active-oxidation, implying a small dam-
age to core structure. As a result, the resistivity was al-
most unchanged and appreciable strength was retained;
o =1.2 GPaeven at 1723 K and pr = 1 Pa. The AES
analysis shows that Hi-Nicalon is coated with a thin car-
bon layer [11] . The presence of the carbon layer seems
to be effective for the retardation of the active-oxidation
under reduced pressures. This is consistent with the re-
sult that the carbon-coating of Nicalon NL200 by CVD
method (Nicalon NL600, Nippon Carbon Co., Tokyo,
Japan) was capable of retarding the active-oxidation.
For example, the mass loss after heat-treatment for 1 hat
1723 K and pt = 1 Pa were 31.2% for Nicalon NL600
and 88.2% for Nicalon NL200, respectively. It is not
possible at present to predict the reason why the active-
oxidation was hindered by the presence of carbon layer.
Thus, the fiber were oxidized in the active-oxidation
regime at pr < 10 Pa. However, a further reduction in
pr value causes no longer the active-oxidation. When
exposed at T = 1673 K and pr = 1073 Pa, Nicalon
is merely subjected to the complete decomposition in-
volving the mass loss of 26-28% [5, 6].

The thermal decomposition of the SiCxOy phase
results in the grain growth of 5-SiC and gas genera-
tion. Therefore, B-SiC crystallite size (Dsic) appears
to be related to the mass loss of the heat-treated fibers
(100-AW/ Wy). Fig. 9 shows the relationship between
Ds;ic and 100-AW/W,. The crystal growth of SiC be-
fore complete decomposition is primarily responsible
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Figure 10 Oxygen partial pressure for active-to-passive oxidation
transition of silicon carbide as function of temperature.

for thermal decomposition of the SiCx Oy phase. There-
fore, Nicalon with high oxygen content (12%0QO) was
markedly subjected to grain growth compared to Hi-
Nicalon with low oxygen content (0.5%0). For Hi-
Nicalon S having a nearly stoichiometric composition,
SiC grain was coarse in the as-received state (about
20 nm) and it grew only slightly after thermal decompo-
sition (100-AW/W; < 1). When the mass loss exceeds
the value after complete decomposition of the SiCxOy
phase, no further increase in SiC crystallite size was ob-
served in all the fibers. This result shows that no growth
of SiC grain is caused by the active-oxidation.

Fig. 10 shows the oxygen partial pressure of the
active-to-passive oxidation transition (po,) for SiC.
The active-to-passive oxidation transition is greatly af-
fect by the types of SiC [12, 13] . In present work, all
types of SiC fibers were actively oxidized at 1723 K and
poy = 2.1 x 10 Pa. Schneider’s data shows that this
po; value is in the active-to-passive oxidation region.
According to the oxidation at one atmospheric pressure
of Ar-O, gas mixtures and 1773 K, the po, values were
102 Pa for Nicalon, 10 Pa for Hi-Nicalon and 1 Pa for
Hi-Nicalon S, respectively [14, 15] . It is possible that
Nicalon alone is actively oxidized at po, = 2.1 x 10 Pa
and 1723 K. However, mass change data, resistivity val-
ues and SEM observation show that Hi-Nicalon and
Hi-Nicalon S were oxidized in the active-oxidation
regime. The active-oxidation occurred at higher po,
value under reduced pressures than one atmospheric
pressure.

5. Conclusions

The heat-treatment at total pressures pp <103 Pa
caused the thermal decomposition of SiCxOy phase
for three types of polycarbosilane-derived SiC fibers:
Nicalon, Hi-Nicalon and Hi-Nicalon S. At 1723 K and
pr < 102 Pa, the thermal decomposition of SiCxOy
phase was followed by the active-oxidation of SiC crys-
tallites in the fibers. The grain growth of SiC was caused
by the former, rather than the latter. The specific resis-
tivities of Nicalon and Hi-Nicalon S were significantly
raised by the active-oxidation. The active-oxidation of



Nicalon and Hi-Nicalon S rendered the fiber struc-
ture porous, resulting in the significant degradation of
strength. The core of Hi-Nicalon remained dense af-
ter the active-oxidation and a strength of 1.2 GPa was
retained even at py = 1 Pa.
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