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Microstructural evolution of Hi-Nicalon™ SiC
fibers annealed and crept in various oxygen
partial pressure atmospheres

G. W. HE, T. SHIBAYAMA, H. TAKAHASHI
Center for Advanced Research of Energy Technology, Hokkaido University, Kita-13,
Nishi-8, Kita-Ku, Sapporo 060-8628, Japan

It is expected that in the future SiC fiber-reinforced ceramic-matrix composites (CMCs) will
be used in high temperature and hostile environments. In this study, Hi-Nicalon™ SiC
fibers were annealed and crept at 1500 °C for 1 hour in air, an argon flow and an ultra
high-purity argon flow in order to investigate the effects of atmospheres and load
conditions on the decomposition behavior and microstructural evolution of the fibers. After
the fibers were annealed and crept in air, a silica layer with cracks was formed on the fiber
surface. Under the creep load, the silica layer became thicker and porous due to the
oxidation mechanism change from diffusion of ionic oxygen to transportation of oxygen
molecules. An oxygen-enriched amorphous layer was formed at the fiber surface in the
case of annealing in an argon flow, whereas SiC crystals were produced by the gas-phase
reaction on the fiber surface when the fiber was crept in an argon flow. In an ultra
high-purity argon flow, SiC crystals grew on the surface of both annealed and crept fibers.
Growth of B-SiC grain was enhanced under low oxygen partial pressure atmospheres and
creep load. © 2000 Kluwer Academic Publishers

1. Introduction tron microscopy (SEM) observation, X-ray diffraction

In the future, it is expected that ceramic-matrix com-(XRD) and transmission electron microscopy (TEM)

posites (CMCs) will be used in advanced gas turbinénspection have shown that Hi-NicalBt fibers have

engines, aerospace planes and fusion reactors. In thogevery low oxygen content, excellent thermal stability

applications, the composites will be used in corrosivecharacteristics and a greater creep resistant compared

combustion streams or ultra high vacuum environment$o Nicalon fibers [9-15]. Therefore, they are a prime

under load conditions. The environmental durability of candidate for reinforcing fiber in ceramic-matrix com-

such composites is therefore a major concern. Thus, theosites to be used under high temperature and hostile

responses of constituent materials (fiber, matrix and inenvironments.

terface) to various environments must be clarified. In the present work, the effects of environments and
In 1975, small-diameter Si-C-O fibers were fabri- load conditions on the decomposition behavior and mi-

cated by deriving polycarbosilane (PCB) organic pre-crostructural evolution of Hi-Nicalor fibers were in-

cursor and were named Nicalon [1, 2]. The weavabil-vestigated. Three kinds of atmospheres (oxygen con-

ity, high tensile strength and high Young's modulustent from 21% to 0.1 ppb) were employed for heating

of Nicalon fiber made it a potential candidate as a rethe Hi-NicalorT™ fibers under no load or under an ap-

inforcement material for ceramic. However, Nicalon plied load. The surface morphology and structural evo-

fibers consist of SiC, free carbon and an amorphous sililution of the fibers were studied by means of SEM, XRD

con oxycarbide phase, resulting from the oxidation curand high-resolution transmission electron microscopy

ing process. Nicalon fibers lose strength after exposuréHRTEM). The degradation behavior of fibers was also

to temperatures of 100€ and above, due to decompo- examined.

sition of the silicon oxycarbide phase and coalescence

of B-SiC [3-7]. New routes are being investigated to

improve the thermal stability of ceramic fiber derived

from organosilicon polymers. Okamura [8] developed2. Experimental procedure

a process to fabricate SiC fiber in which the curing of2.1. Materials

PCB is performed by electron beam irradiation in vac-The Hi-Nicalorf™ fibers used in this study (Lot.

uum. Recently, fibers fabricated by this electron bean225101, Nippon Carbon Inc, Japan) were obtained in

irradiation curing method are commercially availablethe form of continuous yarn of approximately 500 sin-

under the trade name Hi-Nicalb¥. Studies using ten- gle filaments. The average fiber diameter was:h3

sile tests, thermobalance measurement, scanning elethe fibers were coated by a polyvinyl acetate sizing.
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The chemical compositions reported by the manufac-
turer are Si 62.4wt.%, C 37.1wt.%, and O 0.5wt.%.

heating element SiC yarn

alumna tube

gas flow
>

hrder " ] | 2.2. Experimental methods

ot zone EEES s A horizontal furnace equipped with an SiC resistance
Figure 1 Schematic drawing of the apparatus for annealing and cree[!']eat_mg element was employed, as schematically shown
test. in Fig. 1. Annealing treatments and creep tests were
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Figure 3 X-ray diffraction patterns of annealed fibers in air (a), an argon flow (b) and an ultra high-purity argon flovate)® refer tos-SiC and

a-SiOy, respectively.
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conducted in an alumna tube with a length of 1000 mmfree carbon and an intergranular phase. The lattice pa-
The hot zone in which the temperature deviation isrameter of the silicon carbide, 0.25 nm, was identi-
lower than 10C was about 50 mm in length. The fibers fied as{111} planes of thes-SiC crystal. A conver-
analyzed were tested in the hot zone. gentbeam electron diffraction (CBED) pattern obtained
In the annealing, fibers of 20 mm in length were from a silicon carbide crystal also verified that the sil-
placed in an alumna boat and heated at T®800The icon carbide was3-SiC (Fig. 2b). The total volume
desired heat-treatment temperature was reached withof the 8-SiC phase could be extrapolated in the order
15 h, and aftel h of soaking, the fibers were furnace- of 70-80% from the TEM image. The average grain
cooled. Static air, a commercial grade argon flow, andize of 8-SiC measured by XRD was about 5 nm. Free
an ultra high-purity argon flow (4.2 I/h) were used as thecarbon was stacked by slightly distorted carbon layers
annealing atmospheres, in which the oxygen contentwith a length of 1 nm. The intergranular phase was an
were 21%, 1.0 ppm and 0.1 ppb, respectively. The water
steam in the argon flow was not inspected. Creep tests
were conducted on fibers in the form of yarn in the
same atmospheres and at the heating temperature
those used in the annealing treatments. The creep loa
which was applied by hanging a load cell on one enc
of a yarn while fixing the other end, was 95 g/yarn. 4 :
Elemental analysis of the as-received fibers was pel SlC f|ber
formed on fiber cross-sections by electron-probe mi/
croanalysis (EPMA). The phases existing in the fiberg
were identified using an X-ray diffractometer. The av-
erage grain size was then calculated from the half-valu
width of the peak by employing the Scherrer formula-
tion. The morphologies of the fiber surface and crosg
section were characterized using SEM. TEM observa
tions and high resolution image were preformed using :
a JEOL 2010FE operated at 200 keV and equipped witl S|02 Iayer
a thin-window energy-dispersive spectroscope (EDS)
TEM samples were prepared by using the focused iol
beam thinning method (FIB). As-received fibers and
tested fibers were cut to 3 mm in length and glued or
half copper rings of 3 mm in diameter. In order to pre-
serve the structure of the fiber surface, tungsten depc

sition on the fiber surface was performed before ionf :
thinning. SiC fiber

3. Experimental results
3.1. Properties of as-received fiber
The average bulk compositions of the as-receivec
fiber measured by EPMA techniques are shown ir
Table I. There were a slight differences between the b
EPMA results and the manufacturer’s reported data
which probably resulted from processing variations.
The oxygen content of Hi-Nicaldi' was very low
compared to oxygen-cured Nicalon fibers. The C:Si
ratio (C : Si= 1.2) showed that Hi-Nicald# fibercon- | SiCG fiber
tains about 16.5 at% free carbon.

Fig. 2a is a HRTEM image of the as-received fiber.
The as-received fiber was composed of silicon carbide

TABLE | Composition of as-received Hi-NicalG¥ fiber measured
by EPMA

Si C o) C/Si

Hi-Nicalon™ at% 452 54.1 0.7 1.2
wt% 65.7 33.7 0.6

Nicalor? at% 37.4 49.0 13.58 1.2

wit% 56.6 317 11.7
Figure 4 Morphologies of fibers annealed in air (a), an argon flow (b)

aReported by the manufacture. and an ultra high-purity argon flow (c).
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Figure 5 Cross sectional TEM image and electron diffraction patterns of a fiber annealed in air.
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Figure 6 HRTEM image of a fiber annealed in air.
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amorphous silicon oxycarbide phase (F89). The  3.2.3. Microstructure analysis
very low oxygen content of the Hi-NicaldM fibers  3.2.3.1. Fiber annealed in aifig. 5a shows a TEM
implied a low percentage of the intergranular phase irmicrograph of the fiber annealed in air. Cracks were
the fibers. The intergranular phase decomposed withlistributed inside the silica layer, and the inner silica
evaporation of gaseous SiO and CO at a temperaturiayer was adjacent to the bulk of the fiber. Broaden-
above 1000C, as shown by the follow equation [3-7, ing of continuous rings in the electron diffraction of
13, 14, 16]. the silica layer indicated that the silica was crystalline
a-cristobalite (Fig. 5b). Because of the lower thermal
SiOCy(s) — SiC(s)+ C(s)+ SiO(g)+ CO(g) (1) expansion of Si@compared to SiC, cracks in the silica
layer resulted from the different thermal expansion in
the bulk fiber and the silica, which put the silica layer
3.2. Results of annealing treatments in tension on cooling [17]. The electron diffraction pat-
3.2.1. X-ray diffraction profile tern of bulk fiber shows three main rings, correspond-
The Hi-Nicalor™ fibers were oxidized at high tem- ing to the 111, 220 and 318-SiC Bragg reflections
perature heat treatment in air atmosphere. As showkfig. 5¢). These rings were sharp and split, which is
in Fig. 3, besidess-SiC peaks, silica peaks also ex- consistent with the relatively larger size of the crystals.
isted in the X-ray diffraction pattern obtained from the The growth of both graingj-SiC and free carbon, was
fibers annealed in air, unlike in the patterns obtainedevealed in high resolution image (Fig. 6). It was easier
from the fibers annealed in an argon flow or in an ul-observed the region with the continuum of SiC grains
tra high-purity argon flow. The silica was identified as @nd better organized free carbon grains.
a-cristobalite. On the other hand, tjgeSiC peaks be-

came sharper with decreases in the oxygen content %fz 3.2. Fiber annealed in an argon flofig. 7 is a

the atmosphere. The averageSiC grain sizes of the . ,
annealed fibers were 7.7 nm in air, 8.2 nm in argon flow! =M micrograph recorded near the fiber surface. An

and 12.6 nm in ultra high purity argon flow. amorphous layer of about 80 nm in thickness formed

3.2.2. Morphology 100 . . ‘ i
SEM micrographs of the annealed fibers are shown i E E
Fig. 4. Oxidized fibers were surrounded by a silica layer~. got . C E
(Fig. 4a). This silica layer, which had a smooth sur-g E I
face, consisted of a concentric debonded sheath. Crac'g egL_&_o_e__o,‘.’/o"" ° E
had also formed within the silica layer. After being an- ® - E
nealed in an argon flow, most of the fiber surface hacg 4ot Si 3

retained its original morphology and only a few pits § 3 ]
created in the fiber surface made the fiber slightly de 20‘———*—-v=*=-‘—’-—~;:\'3 J
graded (Fig. 4b). Pits occurred from surface flaws prob: ° N, o] 3
ably induced by fiber processing. In an ultra high-purity % 50 'ﬁo’c;"*"“—ﬁ*go*" 500
argon flow, crystals was observed on the fiber surfac Distance from fiber surface (nm)

(Fig. 4c). From TEM inspections lately, they were con-

firmed to bes-SiC crystals. Figure 8 EDS resullts of a fiber annealed in an argon flow.
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Figure 7 Cross sectional TEM image of a fiber annealed in an argon flow.
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on the skin of the fiber; this was not found in the as-fiber has been analyzed using an Auger electron spec-
received fiber by TEM. The compositions near the fibertroscope (AES), and it was reported that the film, which
surface measured by EDS analysis, as shown in Fig. 8 about 5 nm in thickness, seems to be attributable
indicated that the mole ratio of silicon to carbon wasto the fiber fabrication processing [11]. In this study,
constant and that the oxygen content in the amorphousowever, the oxygen-enriched layer on the annealed fi-
layer was higher than that in the bulk fiber. Oxygen-bre surface was found to be thicker than that on the
enriched thin film on the surface of a Hi-Nicaldh  surface of Hi-Nicalo®M fiber, indicating the existence
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Figure 10 Cross sectional TEM image of a fiber annealed in an ultra high-purity argon flow.
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purity argon flow.
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Figure 11 HRTEM image o
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Figure 12 HRTEM
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of another mechanism of oxygen-enriched layer for-nealed in air. In addition, the average grain sizes of
mation. Similar to the fiber after being annealed in air,8-SiC in the fibers crept in air, in an argon flow and
the continuum of lattice-imaged SiC grains and nar-in ultra high purity argon flow were 14.3 nm, 20.3 nm
row intergranular phase revealed growth of the grairand 20.3 nm, respectively. A comparison of the aver-
(Fig. 9). age grain sizes in fibers that had been creep tested and
those that had been annealed in the same atmospheres
3.2.3.3. Fiber annealed in an ultra-high purity argon showed the creep load enhanced the growth of the SiC
flow. The microstructure of crystals on fiber the surfacegrains.
is shown in Fig. 10. Those crystals grew outward from
the fiber surface, and the thickness of the crystals was
0.5 um. Part of the crystal was inlaid in the fiber and 3.3.2. Morphology
the main part of the crystal was free. The crystals weréSEM micrographs of the crept fibers are shown in
identified ag3-SiC by high resolution TEM inspection, Fig. 14. After the fiber was crept in air, a porosity sil-
and they contained some stack faults (Fig. 11). Sincéca layer with a rough surface and cracks was formed
SiO and CO gases evolved together with the growtton the fiber surface. The silica layer was about three-
and coarsening of SiC grain when the fiber was antimes thicker than that formed on the surface of the fiber
nealed at a high temperature due to decomposition cinnealed in air; moreover, the SiC was thinner due to
the amorphous intergranular phase, it was thought thatevere oxidation of the fiber under the creep load. In the
SiC crystals were produced by the following chemi-cases of creeping fiber in an argon flow and in an ultra
cal reaction between SiO and free C on the skin of thenigh purity argon flow, the SiC crystals grew outward
fiber: on the fiber surfaces.

Si0+2C — SiC+ 2CO. 2
3.3.3. Microstructure analysis
A high resolution micrograph of the fiber is shown in 3.3.3.1. FibercreptinairATEM micrograph revealed
Fig. 12. It reveals the SiC grain and free carbon grewthat the pores distributed throughout the silica layer and
more. Moreover, free carbon was distributed along thehe pores near the silica-SiC fiber interface were smaller
SiC grain boundary. than those in other places. (Fig. 15a). The formation of
pores seem to be due to the production of gases that
evolved from the reaction between oxygen in air and
3.3. Results of creep tests SiC [12]. Cracks also formed in the silica layer. SAD
3.3.1. X-ray diffraction profiles analysis of the silica layer indicated that the silica com-
X-ray diffraction patterns of the crept fibers are shownpletely crystallized under the creep load (Fig. 15b). On
in Fig. 13. The silica peaks in the diffraction patterns ofthe other hand, the SAD pattern in bulk fiber appeared
the fiber crept in air were more intense compared withsharper compared with that in air-annealed fiber, indi-
those in diffraction patterns obtained from the fiber an-cating that enhanced grain growth occurred under the
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Figure 13 X-ray diffraction patterns of crept fibers in air (a), an argon flow (b) and an ultra high-purity argon flow @@ refer tos-SiC and
a-SiOy, respectively.
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air, i.e., is lattice diffusion of ionic oxygen [18]. The
oxidation of SiC fiber near the cracks was rapider than
that in the other parts due to the high oxygen potential
in the cracks, and resulted in some residual SiC grains
were found in the silica layer.

SiC fiber

3.3.3.2. Fiber creep tested in an argon flowhen the
fiberwas annealed in an argon flow, an oxygen-enriched
layer formed on the surface of the fiber, whereas in the
case of creep testing the fiber in an argon flow, SiC
crystals grew outward on the fiber surface, as shown
in Fig. 17. It is thought that stress corrosion cracking
was generated on the thin silica film when the creep
load was applied. SiO and CO gases were transported
through the cracks, and SiC crystals were produced by
a chemical reaction between SiO and free C on the skin
of the fiber.

3.3.3.3. Fiber creep tested in an ultra-high purity ar-
gon flow.A TEM micrograph of the fiber is shown in
Fig. 18. The SiC crystal layer in the case of creep test-
ing the fiber in an ultra-high purity argon flow had a
thickness of about 1.4m and was the thickest of all
cases. This indicates that more SiO gases were gener-
ated due to the enhanced grain growth. Therefore, more
SiC crystals grew on the surface due to the chemical re-
action, as shown in Equation 2.

4. Discussion
4.1. Passive and active oxidation
Generally, the oxidation behavior of silicon carbide at
a high temperature depends on ambient oxygen partial
pressure. The thermochemical correlation for active and
passive oxidation of silicon carbide is shown in Fig. 19
[19]. The line shows the equilibrium pressure of,O
SiO and CO. In the region above the line, the reaction
is passive oxidation, which means the silicon carbide
will be oxidized. In the region below the line, the re-
action is active oxidation, which means the silica will
be decomposed. Therefore, the Hi-Nicalon fibers were
oxidized in air atmosphere and decomposed in an ultra-
high purity argon flow. In an argon flow, however, the
fibers were oxidized in the annealing treatment and de-
Figure 14 Morphologies of fibers crept in air (a), an argon flow (b) and COMPOsed in the creep test. Because an alumna tube
an ultra high-purity argon flow (c). was used in the annealing and a water stream was prob-
ably contained in the argon flow, the real oxygen partial
pressure is higher than the equilibrium pressure. A thin
silica film formed on the fiber surface and prevented
creep load, which is consistent with the results quanti-SiO and CO gases from passing through the fiber sur-
fied from XRD (Fig. 15c). face. An oxygen-enriched layer was therefore formed
Fig. 16 shows a HRTEM image near the fiber-silicanear the fiber surface. Under a load, the growtisof
interface. Some residual SiC grains were distributed irSiC and decomposition of the amorphous intergranu-
the silica layer; these were not to found in the fiber andar phase were enhanced. In this case, the pressure of
nealed in air. Therefore, itis thought that cracks formedSiO and CO gas increased. The oxidation changed from
under creep load due to stress corrosion and crystapassive to active. The thin silica film was removed by
lization of the silica phase when the fiber was heatingactive oxidation. While the SiO and CO gases were
The oxidation mechanism is transportation of oxygentransported through the fiber surface, SiC crystals grew
molecules through the cracks, which is different fromon the fiber surface due to the reaction between SiO and
the oxidation mechanism in the case of annealing irfree carbon.

SiC crystal
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Figure 16 HRTEM image showing the SiC/SiOnterface of a fiber crept in air.

4.2. Grain growth in annealed and growth was accompanied by the generation of SiO and
crept fibers CO gases, and the grain growth was controlled by the
The average grain sizes in the annealed and crept fibetsansportation of SiO and CO gas through the fiber sur-
are shown in Fig. 20. The SiC grain size increased witlace. In the case of high oxygen partial pressure, a silica
decreases in the ambient oxygen partial pressure in tHayer formed on the fiber surface and prevented the SiO
same treatments. This phenomena can be explaineahd CO gases from passing through the fiber surface.
by the morphology of the fiber surface, because graiTherefore, the growth of SiC grain was restrained. On
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Figure 18 Cross sectional TEM image of a fiber crept in an ultra high-purity argon flow.
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the other hand, in ultra low oxygen partial pressure References
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passing through the fiber surface, allowing the SiC grain

to grow.

Compared to annealed fibers, the grain size was big-3'
gerinthe case of crept fiber. The growth and coarsening
of SiC in bulk fiber were enhanced in the case of the 4.
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5. Conclusion

The structural evolution of Hi-Nicaldif' SiC fiber as a
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