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Porous Nicalon–alumina compacts with a bulk density of 2.32 Mg/m3 were oxidized in
Ar-25%O2 gas mixture at 1373–1773 K, and subsequently they were exposed to argon at
1773 K. The mass change of compacts was thermogravimetrically determined during
oxidation and exposure. The oxidized and exposed fibers were characterized through AES
and XRD analysis. As the oxidation temperature increased, the oxide film was successively
transformed into amorphous silica, cristobalite and mullite. The fiber core was only slightly
decomposed during oxidation above 1473 K. The oxidation rate could be described by the
two-dimensional disc-contracting formula: reaction control at earliest stage and diffusion
control at later stage. The oxidation of Nicalon was greatly accelerated by the presence of
alumina. Excess thickening in oxide film caused the thermal decomposition of the fiber
core during exposure in argon: >0.8 µm for cristobalite film and >1.5 µm for mullite film.
C© 2001 Kluwer Academic Publishers

1. Introduction
In order to improve the performance of struc-
tural ceramics for high-temperature applications,
polycarbosilane-derived Si-C-O fiber (Nicalon, Nip-
pon Carbon Co., Tokyo, Japan) is often employed as
a reinforcing material for ceramic-matrix composites.
The oxidation of reinforcing fibers may have seri-
ous influence on the thermal stability of composites.
Therefore, investigations have been made of the oxi-
dation behavior of Nicalon fibers in composites [1–5].
A carbon-rich interfacial layer is formed on oxidation
of Nicalon fibers during hot pressing of glass-ceramic
composites, providing a strong bond between the fibers
and the matrix [1]. When heated in oxidizing environ-
ments, the composites lose their strength and exhibit
brittle failure because of the oxidation of the carbon-
rich interlayer to a silica-rich interlayer. Although the
oxidation rates of Nicalon in composites were not mea-
sured, they were concluded to be limited by the in-
ward diffusion of oxygen in silica layer [2, 3]. The
oxidation of a Nicalon-reinforced magnesium alumi-
nosilicate caused a mass gain, showing the parabolic
behavior against time [4]. Recently, the oxidation of
BN/Nicalon-reinforced alumina-matrix in air was in-
vestigated through microstructure and strength of fibers
[5].

A deeper understanding of the performance of
Nicalon-reinforced ceramic-matrix composites will
be acquired by studying the oxidation kinetics of the
fibers in ceramic-matrix and the interaction between
the fibers and the matrix in oxidizing environments at

high temperatures. The silica film has a suppression
effect on the thermal decomposition of the unoxidized
fiber core in inert atmosphere at elevated temperatures
[6]. Therefore, a knowledge of suppression effect
in composites also is very attractive. In this study,
Nicalon fibers embedded in alumina powder were
oxidized in Ar-25%O2 gas mixtures at the temperature
range from 1373 K to 1773 K and subsequently
exposed in argon at 1773 K to examine the formation
of oxide film, oxidation kinetics and thermal stability
of oxidized fibers. Such information may be of an
aid in the clarification of the oxidation behavior of
Nicalon-reinforced ceramic-matrix composites.

2. Experimental method
The samples used in this study are Si-C-O fiber
(Nicalon 202, Nippon Carbon Co., Japan) and alumina
powder (Taimicron TM-DAR, Taimei Chemicals Co.,
Japan). Nicalon fiber has a mean diameter of 15 µm
and a composition of SiC1.20O0.41. Alumina powder
has an α-type crystal structure, a mean particle size
of 0.21 µm and a purity of 99.99%, and contains the
following impurities: 12 ppm Si, 5 ppm Fe, 3 ppm Na,
1 ppm K, 1 ppm Ca and 1 ppm Mg. In addition, this
powder has excellent sinterability. One gram Nicalon
fibers and 1 g alumina powder were thoroughly mixed
by grinding in an alumina mortar. The Nicalon-
alumina mixture was formed into a tablet of 15 mm in
diameter by compacting under a pressure of 9.8 MPa
at room temperature. The porous compact with a bulk
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density of 2.32 Mg/m3 contained chop-like fibers of
100–200 µm in length.

A platinum crucible, in which the compact was
placed, was connected to an auto-recording balance
with a platinum wire and was suspended in the hot
zone of an SiC resistance furnace regulated at a given
temperature. Ar-25%O2 gas mixture was introduced in
an alumina reaction tube at flow rate of 2.5×10−5 m3/s.
The compact was oxidized at temperature ranging from
1373 to 1773 K and for time ranging from 0.9 to 36 ks.
To investigate the thermal stability of Nicalon fibers in
the compact, the oxidized compact was submitted to the
exposure test at high temperature. Using an SiC resis-
tance furnace, the oxidized Nicalon-alumina compact
was heated in a platinum crucible for 36 ks at 1773 K
in flowing argon gas of 2.5 × 10−5 m3/s.

The mass change of the compact was continuously
monitored during oxidation and exposure. The existing
phases in both the oxidized and exposed compacts were
examined by X-ray diffractometry, using Cu Kα radi-
ation. The surface composition of the oxidized fibers
was determined by Auger spectrometric analyzer.

3. Result and discussion
3.1. Oxidation of Nicalon fibers in alumina
Fig. 1 shows TG curves for Nicalon fibers-alumina
powder compacts oxidized in Ar-25%O2 gas mixture
at 1373–1773 K. �W and W0 are the mass gain mea-
sured by TG and the initial mass of fibers in compact,
respectively. Observed mass gains are due to the oxida-
tion of Nicalon fibers which is expressed by the overall
reaction:

SiC1.20O0.41(s) + 1.395O2(g) = SiO2(s) + 1.20CO(g)

(1)

TG curves for the oxidation of Nicalon fibers alone un-
der identical conditions also are shown in Fig. 1 [7]. The
oxidation rates of Nicalon in alumina were large com-
pared to that of Nicalon alone. Particularly, it may be

Figure 1 TG curves for oxidation of Nicalon-alumina compacts.

Figure 2 AES depth profiles of as-received fibers and fibers in compacts
oxidized at 1573 and 1773 K.

noted that the oxidation of Nicalon was greatly accel-
erated by the rise in temperature from 1673 to 1773 K.

Fig. 2. shows the AES depth profiles of as-received
fiber and fibers in the compacts oxidized at 1573 and
1773 K. The fibers oxidized at 1573 K were coated
with an SiO2 film of about 300 nm thickness. The SiO2
film contained a slight amount of aluminum. After oxi-
dation at 1773 K, the SiO2 film became thicker up
to about 1700 nm and contained 5–10 at% Al. There
was a carbon-enriched layer of about 200 nm thick-
ness between the oxide film and the unoxidized core.
For the oxidation of Nicalon alone, such the layer
was observed only under low oxygen partial pressure
(pO2 = 2 × 10 Pa) [8]. Possibly the oxygen partial
pressure was lowered at the oxide-core interface, being
favorable for the occurrence of the following reaction:

SiC1.20O0.41(s) + 0.795O2(g) = SiO2(s) + 1.20C(s)

(2)

X-ray diffraction patterns of the oxidized Nicalon-
alumina compacts are shown in Fig. 3. The SiO2 film
formed around fibers was amorphous below 1473 K,
and it crystallized into cristobalite above 1573 K (see
the sharp peak at 2θ � 23◦). For the fibers oxidized at
1773 K, mullite was produced in addition to cristobalite.
Using Scherrer’s formula, the apparent crystallite size
of β-SiC, DSiC, was calculated from the half-value
width of the diffraction peak at 2θ � 60◦. Fig. 4. shows
the relationship between DSiC and oxidation temper-
ature. Nicalon fibers have a microstructure consisting
of β-SiC crystallites, free carbon and amorphous sili-
con oxycarbide (SiCX OY ) phase. The SiCX OY phase,
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Figure 3 X-ray diffraction patterns of Nicalon-alumina compacts oxidized for 36 ks at different temperature. � cristobalite, �� SiC, � alumina, �

mullite.

which is unstable at elevated temperature, has a ten-
dency to crystallize into β-SiC and generate SiO and
CO gases, resulting in the growth of β-SiC crystallites.
Therefore, in inert gas and above 1473 K, Nicalon fibers
are thermally decomposed by the overall reaction:

SiC1.20O0.41(s) = 0.895SiC(s) + 0.105SiO(g)

+ 0.305CO(g) (3)

The thermal decomposition of Nicalon fibers, as well as
in inert gas, should occur in the oxidizing environment.
This was verified by the gradual increase in the value
Dsic above 1473 K, implying that the thermal decompo-
sition of Nicalon occurred slightly during the oxidation
of compacts.

Figure 4 Relationship between β-SiC crystallite size of Nicalon in com-
pacts oxidized for 36 ks and oxidation temperature.

Mullite is thought to be produced by the reaction of
cristobalite formed around fibers with alumina powder:

3Al2O3(s) + 2SiO2(s) = 3Al2O3 · 2SiO2(s)

�G◦/cal · mol−1 = 2055–4.16T/K [9] (4)

Thermodynamics consideration indicates that reaction
(4) can proceed above 494 K. In addition, the Al2O3-
SiO2 phase diagram shows that the SiO2 and mullite
phases coexist at equilibrium below 1868 K [10]. There-
fore, aluminum as mullite is present in the oxide film.
Obviously, X-ray diffraction indicates that the oxide
film at 1773 K consists of the SiO2 and mullite phases.
On the other hand, no mullite could be detected at
1573 K, though aluminum was contained in the ox-
ide film. This seems to be because the mullite content
in the oxide film is outside the limits of identification
by X-ray diffraction.

To reveal the formation of mullite at 1773 K, Nicalon
fibers were oxidized in alumina in a given time ranging
from 0.9 to 10.8 ks. Fig. 5 shows the X-ray diffrac-
tion patterns of the oxidized samples. While the X-ray
diffraction peaks of cristobalite were already found by
the oxidation of 0.9 ks, those of mullite appeared af-
ter oxidation of 2.7 ks. The peaks of cristobalite and
mullite became sharper by prolonging oxidation time.

Fig. 6 shows the relationship between the value DSiC
and oxidation time. Although β-SiC crystallite size in-
creased slightly within about 5 ks, it remained almost
unchanged by prolonging the oxidation time. This re-
sult indicates that thickening in the oxide film is nec-
essary for suppressing the thermal decomposition of
fibers during oxidation.

3.2. Oxidation kinetics of Nicalon in alumina
The initial oxidation rate of SiC fibers was controlled
by the reaction at the fiber surface, being described
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Figure 5 X-ray diffraction patterns of Nicalon-alumina compacts oxidized for different times at 1773 K. � cristobalite, �� SiC, � alumina, � mullite.

by the following two-dimensional disc-contracting rate
equation [7, 11]:

1 − (1 − X )1/2 = kr t (5)

When the fibers were completely coated with oxide
film, the oxidation rate was described by the two-
dimensional contracting disc formula for diffusion con-
trol [7, 11]:

(1 − X ) ln(1 − X ) + X = kd t (6)

where kr and kd are the rate constants. From the sto-
ichiometry of reaction (1), the oxidized fraction of

Figure 6 Relationship between β-SiC crystallite size of Nicalon in com-
pacts oxidized at 1773 K and oxidation time.

fibers, X is given by Equation 7:

X = 4.435 · �W/W0 (7)

Figs 7 and 8 show the application of rate equation (5)
and (6) to TG data shown in Fig. 1. The linear re-
lationship between 1 − (1 − X )1/2 and time, t , held
within about 1 ks (that is, in the earliest stage of ox-
idation). After about 5 ks of oxidation, the plots of
(1 − X ) ln(1 − X ) + X versus t gave a linear rela-
tionship at 1173–1673 K. For this temperature range,
the oxide film was amorphous silica and cristobalite. At
1773 K, no linear relationship found to hold between
(1 − X ) ln(1 − X ) + X and t . This seems to be because
the permeability of the oxide film to oxygen may be

Figure 7 Application of two-dimensional contracting-disc formula for
reaction control to rate data shown in Fig. 1.
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Figure 8 Application of two-dimensional contracting-disc formula for
diffusion control to rate data shown in Fig. 1.

altered significantly by the transition from cristobalite
to mullite with the period of the oxidation time.

The temperature dependences of the rate constants,
kr and kd, are shown in Fig. 9 by the Arrhenius plots.
The activation energies were estimated to be 43 kJ/mol
for reaction control and 96 kJ/mol for diffusion control,
respectively. The Arrhenius plots of kr and kd also are
shown in Fig. 9 for the oxidation of Nicalon fibers
alone [7]. The activation energies of 45 kJ/mol for
reaction control and 102 kJ/mol for diffusion control
are comparable to those for the oxidation of Nicalon
in alumina. Therefore, the oxidation rate of Nicalon in
alumina, as well as that of Nicalon alone, is determined
by the same oxidation mechanism. In particular, the
diffusion species through the oxide film are oxygen
molecules [7].

The values of kr and kd are larger for the Nicalon in
alumina than for Nicalon alone; about 2 times for kr in

Figure 9 Arrhenius plots for rate constants, kr and kd.

the temperature range of 1373–1673 K, about 5 times
for kr at 1773 K and 3–4 times for kd. As described
below, this seems to be because alumina itself, and
potassium and sodium in it accelerate the oxidation
of Nicalon fibers as well as that of SiC ceramics
[12–15].

The oxidation behavior of SiC ceramics is deter-
mined predominantly by the nature and concentration
of the hot-pressing additives (alumina) and the impu-
rity elements rather than by the intrinsic oxidation of
SiC to SiO2 [12]. Alumina diffuses into the SiO2 film
to form alumino-silicates. The alumino-silicates have
higher oxygen permeability than pure silica, presum-
ably leading to higher oxidation rate [13]. In addition,
low levels of sodium and potassium (∼ppm) can open
up the silica network and allow faster transport of oxy-
gen molecules. Oxidation rates of SiC ceramics are in-
creased by up to an order of magnitude in such envi-
ronments [14]. AES depth profiles for Nicalon fibers
oxidized in alumina powder indicate the formation of
mullite. In addition, alumina powder employed in this
study contains 3 ppm sodium and 1 ppm potassium.
Therefore, both the effects on improvement for perme-
ability of oxygen molecules to silica film led to the in-
crease in the rate constant for diffusion control, kd. The
impurities and additives leads to different microstruc-
tures of silica films, resulting in different rate constants
for reaction control, kr, in the oxidation of SiC ceram-
ics [15]. There is the possibility that the value kr for the
oxidation of Nicalon fibers increased by the presence
of alumina, sodium and potassium.

3.3. Exposure of oxidized fibers in argon
When Nicalon fibers were exposed in inert gas at ele-
vated temperature, the oxide film had the suppression
effect for the thermal decomposition of fiber core [6].
Whether the oxide film formed in alumina powder has
the same effect or not was investigated. The oxidized

Figure 10 TG curves of Nicalon-alumina compacts exposed at 1773 K
in Ar (previously oxidized for 36 ks at different temperatures).

4141



Figure 11 X-ray diffraction patterns of Nicalon-alumina compacts oxidized for 36 ks at different temperatures and subsequently exposed at 1773 K
in Ar. � cristobalite, �� SiC, � alumina, � mullite.

Nicalon-alumina compacts were exposed at 1773 K in
argon.

Fig. 10 shows the TG curves during exposure for the
Nicalon–alumina compacts oxidized at 1373–1773 K.
No mass change was observed for the fibers oxidized
at 1473, 1573 and 1673 K. On the other hand, there
was a significant decrease of 20–24% in the mass of
the compacts oxidized at 1373 and 1773 K. The XRD
patterns of the exposed compacts are shown in Fig. 11.
β-SiC peaks in the compact samples oxidized at 1373
and 1773 K were much sharper after exposure than in
the as-oxidized state (Fig. 3). As can be seen from Fig. 4,
the thermal decomposition of fiber core (reaction (3))
caused the coarsening of the β-SiC grains. In addition,
while the peaks of silica and mullite became obscure,
the alumina peak became sharp. These results imply
the disappearance of the oxide film (silica and mullite),
according to the following reactions:

SiO2(s) + CO(g) = SiO(g) + CO2(g) (8)

3Al2O3 · 2SiO2(s) + 2CO(g) = 3Al2O3(s) + 2SiO(g)

+ 2CO2(g) (9)

For the samples oxidized at 1473, 1573 and 1673 K,
the cristobalite peaks were retained and β-SiC peaks
remained broad. By considering no mass loss (Fig. 10),
it is evident that the oxide film suppressed the decom-
position of the core during exposure in argon. Conse-
quently, β-SiC crystallite grew only slightly after ex-
posure at 1773 K in argon. By comparing Fig. 3 and
Fig. 11, it can be seen that mullite was produced by
the interaction of silica film with alumina powder even
during exposure in argon at 1773 K.

Figs 12 and 13 show the TG curves and XRD
patterns for the compacts exposed at 1773 K in ar-
gon against the oxidation time, respectively. No mass

change, broad β-SiC peaks and sharp cristobalite peaks
for the compacts oxidized for 2.7–5.4 ks indicate that no
decomposition of Nicalon fibers was caused by the ex-
posure in argon. Therefore, as can be seen from Fig. 6,
β-SiC crystallite grew only slightly after exposure. The
significant mass loss (Fig. 12), the disappearance of
cristobalite peaks, weakening in mullite peaks (Figs 5
and 13) and the coarsening of β-SiC crystal (Fig. 6)
were observed after exposure of <1.8 ks and >7.2 ks.
This is because the occurrence of reactions (3), (8) and
(9) led to the decomposition of Nicalon fibers and the
reduction of oxide film by CO gas. Adequate thickness
of oxide film was efficient in suppressing the decom-
position of SiCX OY phase by restricting the outward

Figure 12 TG curves of Nicalon-alumina compacts exposed at 1773 K
in Ar (previously oxidized for different times at 1773 K).
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Figure 13 X-ray diffraction patterns of Nicalon-alumina compacts oxidized for different times at 1773 K and subsequently exposed at 1773 K in Ar.
� cristobalite, �� SiC, � alumina, � mullite.

transport of the decomposition gases, SiO and CO.
However, when the oxide layer became too thick as
a result of long time oxidation at higher temperatures,
the decomposition of fiber core was caused by the for-
mation of imperfections such as cracks and bubbles
[6, 16]. The thickness of oxide film, b, is approximately
estimated by the following equation:

b = r0 · {1 − (1 − X )1/2} (10)

where r0 is the initial radius of Nicalon fiber (=7.5 µm).
The maximum thickness of the oxide film, by which
the thermal decomposition of fiber core could be sup-
pressed, was 0.8 µm for cristobalite and 1.5 µm for
cristobalite + mullite, respectively. It was found that
mullite has excellent suppression effect on the decom-
position of Nicalon fibers compared to cristobalite.

4. Conclusion
Silica film reacted with aluminum, resulting in the for-
mation of mullite. The oxidation rate of Nicalon in
alumina obeyed the two-dimensional disc-contracting
rate equation for reaction control at earliest stage of
oxidation, and subsequently it obeyed that for diffu-
sion control. The activation energies were 43 kJ/mol
and 96 kJ/mol, respectively. Although the oxidation of
Nicalon fibers were greatly accelerated by the pres-
ence of alumina, the oxidation mechanism was identi-
cal to that of Nicalon alone. When exposed in argon, the
thermal decomposition of fiber core was suppressed by
controlling the oxide film thickness. Excess oxidation
caused the decomposition of fiber core and the disap-
pearance of oxide film during exposure in argon.
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