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Abstract

Creep and fatigue tests of Hi-NicalonTM/SiC (SiC
matrix contains glass-forming, boron-based particu-
lates), Standard SiC/SiC (SiC matrix is pure SiC)
and Enhanced SiC/SiC (SiC matrix contains glass-
forming, boron-based particulates) were carried out
in air at 1300�C. The stress±strain hysteresis loops
during fatigue and creep were studied. The change of
Young's modulus during creep and fatigue was ana-
lysed and compared among the three kinds of mate-
rials. Creep strain rates of Hi-NicalonTM/SiC in air
were similar to those of Enhanced SiC/SiC, but
much lower than those of Standard SiC/SiC. Con-
sequently, the time to rupture at a given stress in Hi-
NicalonTM/SiC was similar to that in Enhanced SiC/
SiC, but much longer than in Standard SiC/SiC.
Fatigue resistance of Hi-NicalonTM/SiC was similar
to that of Enhanced SiC/SiC, but much better than
Standard SiC/SiC. # 1998 Elsevier Science Lim-
ited. All rights reserved

1 Introduction

In recent years, creep and fatigue of continuous
®ber reinforced ceramic matrix composites (CMCs)
have been hot topics,1±20 since these properties are
indispensable for considering the application of
CMCs. To get high fracture toughness and thermal
shock resistance, CMCs were designed with weak
interface between ®bers andmatrix, e.g. the interface

in SiC/SiC composite coated by carbon. The weak
interface can cause crack to de¯ect along the
interfaces, permitting intact ®bers to bridge crack
faces.1 However, although the use of weak inter-
faces can increase fracture toughness and thermal
shock resistance,2 it is not compatible with creep
and fatigue resistance at high temperature, which
demands strong interfaces resisting the nucleation
and growth of cavities.4

Carbon coating layer in SiC/SiC leads to low
oxidation resistance at high temperatures. A glass-
forming, boron-based particle can be added to the
matrix that reacts with oxygen to produce a sealant
glass that inhibits oxidation.6 This technology is
applied to SiC/SiC composites. The modi®ed SiC/
SiC was called Enhanced SiC/SiCy composite.6,10

The Enhanced SiC/SiC composites exhibited good
high temperatures (up to 1300�C) properties in air.10

Since matrix microcracking occurs during initial
application of a creep load, ®ber bridging of matrix
cracks operates in creep of Standard SiC/SiC at
high stresses, although creep resistance of SiC
®bers is lower than that of SiC matrix.7 This is
undesirable for environmental resistance of the
composites, if they are exposed to air. Because
creep of ®bers controls matrix crack growth,21,22

increasing creep resistance of ®bers can improve
creep behavior of the composite. Moreover, the
decreasing creep resistance of the matrix by the
addition of oxides is also expected to increase creep
resistance23 and simultaneously improve environ-
mental resistance. It was found that the addition of
glassy phases in the SiC matrix increased the creep
and oxidation resistance in Enhanced SiC/SiC
composite at 1300�C, compared with Standard
SiC/SiC.10

Cyclic fatigue behavior of CMCs at high tem-
peratures is not yet well understood. Environment
factors, creep of constituents, thermally induced
stresses at interfaces and interfacial sliding resis-
tance, etc., may cause the reduction of fatigue life
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yIn this paper, standard SiC/SiC indicates NicalonTM ®bers
reinforced SiC composite, in which the SiC matrix is pure SiC.
Enhanced SiC/SiC indicates NicalonTM ®bers reinforced SiC
composite, in which the SiC matrix contains glass-forming,
boron-based particulates. Hi-NicalonTM/SiC indicates Hi-
NicalonTM ®bers reinforced SiC composite, in which the SiC
matrix contains glass-forming, boron-based particulates.
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at high temperatures.8,18±20 Creep of ®bers and the
degradation of the interfacial sliding resistance
were considered to be the reasons for decreased
fatigue resistance at high temperatures in a Stan-
dard SiC/SiC composite.8,9,19

The presence of SiCxOy amorphous phase in
NicalonTM ®bers is responsible for the low creep
resistance owing to a viscous ¯ow at temperatures
as low as 1000±1200�C.24 The silicon oxycarbide
phase decomposes, forming SiC and gaseous spe-
cies such as CO and SiO, whose di�usion through
the ®ber and reaction with the free carbon are
believed to create pores and other defects in the
®ber structure.25 Such a decomposition causes
strength and Young's modulus degradations and
a�ects the ®ber creep behavior even in inert atmo-
spheres.26,27 The elimination of SiCxOy from the
®bers can improve creep resistance by electron
irradiation in vacuum instead of curing in air.27

The Young's modulus is also increased.27±30 The
modi®ed NicalonTM ®bers are called Hi-NicalonTM

®bers. To increase the mechanical properties of
SiC/SiC, Hi-NicalonTM ®bers were used to
reinforce the enhanced SiC matrix.
Both creep and fatigue tests of Hi-NicalonTM/

SiC, Enhanced SiC/SiC and Standard SiC/SiC
were carried out in air at the same maximum
stresses to compare time-dependent deterioration
with cyclic-dependent damage. The mechanical
behavior of Hi-NicalonTM/SiC was compared with
Enhanced SiC/SiC and Standard SiC/SiC to inves-
tigate the e�ects of improving ®bers and the matrix
on creep and fatigue resistance at high temperature.

2 Materials and Experimental Procedures

The composites used in the investigation were pro-
cessed by chemical vapor in®ltration (CVI) of SiC
into plain woven 0�/90� NicalonTM ®ber preforms
for Standard SiC/SiC and Enhanced SiC/SiC,
while satin woven 0�/90� Hi-NicalonTM ®ber pre-
forms for Hi-NicalonTM/SiC (made by Du Pont
Lanxide Composites Inc., DE). Before the in®ltra-
tion the preforms were coated with carbon by CVD
in order to decrease interface bonding between
®bers and the matrix, thereby increasing toughness.
The thickness of the carbon coating layer is
0.2�0.5�m for the Standard SiC/SiC, the
Enhanced SiC/SiC and the Hi-NicalonTM/SiC. The
composites, processed as 200�200mm panels with
a thickness of 3.2mm, contained 40 vol% SiC
®bers and 9.7% porosity. The diameter of a ®ber
was about 12�m and each bundle consisted of 500
®bers.
The tensile specimens were machined from the

panels using diamond cutting tools. The shape and

dimensions of the specimens for the monotonic
tension, creep and cyclic fatigue tests were descri-
bed in Refs 8±10. The surfaces of the specimens
were machined by an 800 grit grinding wheel
before testing. The specimens were not protected
by a ®nal CVI run after machining.
All the mechanical tests were carried out with a

servo-hydraulic MTS 810 testing system (MTS
System Corporation, MN) at 1300�C in air. The
fatigue tests were performed with sinusoidal load-
ing frequency of 20Hz. The stress ratio (R), which
was de®ned as the ratio of minimum stress to
maximum stress, was 0.1 for fatigue tests. Creep
tests were conducted under constant load. Creep
strain was measured directly from the gage length
of the specimen by a contact extensometer (MTS
Model 632.53-F71, MTS System Corporation,
MN), which has measuring range of � 2.5mm
over its gage length of 25mm. Repeated unload-
ing±reloading with a rate of 50MPa sÿ1 was
applied to measure the modulus change during the
creep tests. The specimens were allowed to soak
over 30min at 1300�C before starting creep or
cyclic fatigue tests. After fracture the specimens
were examined by both optical microscopy and
scanning electron microscopy (SEM).
The alignment between the upper and lower

grips of the load unit was veri®ed using the steel
dummy specimen for veri®cation supplied by MTS
Corporation to allow the bending strain less than
5% in accordance with ASTM Standard E 1012-
89. Analytical and empirical analysis studies have
concluded that for negligible e�ects on the esti-
mates of the strength distribution parameters (for
example, Weibull modulus and characteristic
strength) of monlithic advanced ceramics, allow-
able bending as de®ned in ASTM Practice E 1012
should not exceed 5%. Similar studies of the e�ect
of bending on the tensile strength distributions of
continuous ®ber reinforced ceramic matrix com-
posites do not exist. ASTM Practice C 1275-94
adopts the recommendations for tensile testing of
monolithic advanced ceramics. Since CMCs have
inelastic deformation, which can redistribute stress
state and sometimes lead to notch insensitivity, 5%
of bending strain should not a�ect the strength
distribution.

3 Results and Discussion

3.1 Microstructures
The plain woven ®ber structures in both Standard
SiC/SiC and Enhanced SiC/SiC, and satin woven
®ber structures in Hi-NicalonTM/SiC composite are
shown in Fig. 1. There are glassy phases in the
enhanced SiC matrix of both Enhanced SiC/SiC
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and Hi-NicalonTM/SiC [dark phases in the matrix
in Fig. 1(d)].
The ultimate tensile strength of the Hi-Nica-

lonTM/SiC is 235MPa and the proportional limit is
80MPa. The tensile strength of the Enhanced SiC/
SiC is 230MPa and the proportional limit is
80MPa.10 The tensile strength of the Standard

SiC/SiC is 230MPa in argon and 110MPa in air,
while the proportional limit is 90MPa in argon and
air.8

3.2 Fatigue and creep
The cyclic fatigue life versus the maximum stress of
Hi-NicalonTM/SiC is similar to that of Enhanced

Fig. 1. (a) Plain-woven structure of the Standard SiC/SiC; (b) plain-woven structure of the Enhanced SiC/SiC; (c) satin-woven
structure of the Hi-NicalonTM ®ber bundles in the Hi-NicalonTM/SiC composite; (d) glassy phases (dark blocks) in the matrix of the

Hi-NicalonTM/SiC.

Stress, strain and elastic modulus behaviour of SiC/SiC composites 1871



SiC/SiC, but much longer than that of Standard
SiC/SiC at 1300�C in air (Fig. 2).
The minimum creep rate of Hi-NicalonTM/SiC at

1300�C in air is much lower than that of Standard
SiC/SiC and is similar to that of Enhanced SiC/SiC
(Fig. 3). The time to rupture of Hi-NicalonTM/SiC
is much longer than that of Standard SiC/SiC, and
is similar to that of Enhanced SiC/SiC (Fig. 4).
The creep behavior of the composites depends on

the creep of the matrix, the ®bers and the inter-
phases and interfaces between the ®bers and the
matrix. At present, not only the in-situ creep
behavior of the matrix and ®bers is not known, but
also the creep behavior of the individual ®bers and
matrix is not well understood. In Hi-NicalonTM/
SiC, there is not any creep data of the enhanced
matrix available for analysing creep behavior of
the composite. The amount of the additives in the
matrix is also not known. Therefore, it is impos-
sible to compare creep resistance of the matrix to
that of the ®bers to know the load transfer direc-
tion during creep. However, all the testing stresses

for creep of Hi-NicalonTM/SiC in air are higher
than the proportional limit, which can be thought
as an approximate stress of the matrix cracking.
The matrix microcracking occurs during initial
application of a creep load, therefore ®ber bridging
of matrix cracks always operates whether creep
rate of ®bers is higher or lower than the matrix. In
the crack bridging mechanism, matrix crack

Fig. 2. The maximum stress versus cycles to failure for fatigue
in Hi-NicalonTM/SiC, Enhanced SiC/SiC, and Standard SiC/

SiC in air at 1300�C.

Fig. 3. The minimum creep strain rate as a function of stress
in Hi-NicalonTM/SiC, Enhanced SiC/SiC and Standard SiC/

SiC at 1300�C in air.

Fig. 4. Time to rupture versus stress in Hi-NicalonTM/SiC,
Enhanced SiC/SiC and Standard SiC/SiC at 1300�C in air.

Fig. 5. Evolution of the hysteresis loops during fatigue at
1300�C under the maximum stress of 120MPa in air: (a)

Enhanced SiC/SiC; (b) Hi-NicalonTM/SiC.
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growth rate is governed by a process in which the
increase in the crack length is accompanied by an
increase in the number of ®bers bridging the crack.
This continues up to a steady state condition pro-
duced by the competition between creating more
bridged ®bers as the crack length increases and the
fracture or creep of these ®bers as more stress is
transferred to them by the increased crack-opening
displacement. Therefore, the e�ects of creep resis-
tance of the bridged ®bers on creep behavior of the
composite are expected to be important.
Although the greater creep resistance (one order

of magnitude) of Hi-NicalonTM ®bers was found
compared to the normal NicalonTM ®bers,27 creep
resistance of Hi-NicalonTM/SiC is slightly higher
than Enhanced SiC/SiC in which the matrix is the
same as in Hi-NicalonTM/SiC but the ®ber is nor-
mal NicalonTM ®ber. This seems that Hi-Nica-
lonTM ®ber does not improve creep resistance of
the composite, if the di�erence in ®ber archi-
tectures (satin structure in Hi-NicalonTM and
plain-woven structure in Enhanced SiC/SiC) is
neglected. In fact, the e�ects of ®ber architectures
on creep of the composites may be not small. The
bending extent of the ®bers in satin structure is

smaller than in plain-woven structure. This may
lead to less damage in ®ber bundles and is bene-
®cial to ®ber pullout.

3.3 Modulus change
The gradual modulus degradation in cyclic fatigue
has been reported for the unidirectional and lami-
nated ceramic composites at room temperature31±
35 and elevated temperatures.5,16,17,36 It has been
shown that the gradual damage growth accom-
panies modulus decrease in the CMCs under fati-
gue loading.33,35

To understand the damage evolution and degra-
dation mechanism during fatigue and creep,
Young's moduli were measured. Figure 5 shows
the evolution of the stress±strain hysteresis loops.
The slope decreases and the width of the loops
increases with cycles. The former indicates the
decrease of the modulus and the latter means the
decrease of the interfacial sliding resistance. The
hysteresis loops move to the right along the strain
axis, which is known as ratchetting due to time-
dependent deformation (e.g. creep). The modulus
normalized by the value from the linear part during
the ®rst loading versus cycles is shown in Fig. 6. At

Fig. 6. The elastic modulus normalized by the value of the
modulus under the ®rst loading (E/Eo) versus cycles for fatigue
in air at 1300�C under the di�erent maximum stresses. (a)

Enhanced SiC/SiC; (b) Hi-NicalonTM/SiC.

Fig. 7. The elastic modulus normalized by the value of the
modulus under the ®rst loading (E/Eo) versus time for creep in
air at 1300�C under the di�erent stresses: (a) Enhanced SiC/

SiC; (b) Hi-NicalonTM/SiC.
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the stresses �120MPa, the modulus decreases
rapidly within 10 cycles, and then goes to gra-
dual decrease stage, and ®nally drops fast up to
fracture. At the stresses �105MPa, the modulus
®rst keeps constant up to 104 cycles and then
monotonously decreases. At 75MPa, the mod-
ulus keeps constant up to 107 cycles, at which
the test was stopped. When the modulus decrea-
ses to 20±40% of the original value, the speci-
mens fracture.
The change of the modulus during creep with

time in air (Fig. 7) is similar to that during fatigue
(Fig. 6). However, the limit modulus for fracture is
50±60%, higher than under fatigue. This is the
same as the results in Standard SiC/SiC,9 in which
it was explained by the longer debonding of the
interfaces under fatigue.
If the ®bers have a lower creep resistance than

the matrix, the gradual decrease in modulus during
creep is because the creep of the bridging ®bers
transfers more stress to the matrix and causes
matrix cracking and crack growth.37±39 However, it
is not known whether Hi-NicalonTM ®bers have a
higher or lower creep resistance than the SiC
matrix with the additives. Since the reduction of

Young's modulus re¯ects multiplication and
propagation of the matrix cracks in the specimens
under fatigue tests,33 the ®rst loading did not pro-
duce extensive matrix cracks at the stresses
�105MPa according to the constant modulus
stage (Fig. 7). During this stage, creep occurs,
incubating damage for propagation of the matrix
cracks. At the stresses �120MPa, extensive matrix
cracks are bridged by ®bers. Therefore, creep of the
®bers promotes propagation of the cracks, leading
to the decrease of the modulus.

3.4 Microscopic damage and fracture
Creep and fatigue cracks are always found at the
large pores between ®ber bundles [(Fig. 8(a) and
(b)]. When cracks meet 0� ®bers, debonding of
interfaces between ®bers and the matrix occurs.
The 0� ®bers bridge crack faces and therefore
decrease the driving force at the crack tip as a
general bridging mechanism [Fig. 9(a)]. At 1300�C,
the glassy phases become liquid, which ¯ow into
cracks. At room temperature they become solid
again and situated in the cracks [Fig. 9 (b)]. The
oxidation occurred on the interfaces and the ®bers
and the matrix (Figs 8,9). Fibers can be severely

Fig. 8. (a) A crack initiated at a large pore in the specimen of the Enhanced SiC/SiC fatigued in air at 1300�C and 75MPa for 107

cycles; (b) cracks in the specimen of Hi-NicalonTM/SiC fatigued in air at 1300�C and 150MPa for 2.5�104 cycles.
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damaged by oxidation in the places near the edge
of specimen or close to the large pores. However,
such a severe oxidation is not widely distributed in
the specimens tested in air, because the ®ll of the

glassy phases in the cracks prohibits the di�usion
of oxygen along the crack paths. Around the large
pores between ®ber bundles, the matrix is the last
coating by the pure SiC (light colored layer), the

Fig. 9. Cracks in a crept specimen of the Enhanced SiC/SiC fatigued in air at 1300�C and 75MPa for 53 h: (a) cracks bridged by 0�
®bers; (b) the interfaces between ®bers and the matrix being debonded (oxidation damage on ®bers can be seen); (c) crack propa-

gation in the matrix.
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same as the matrix in the Standard SiC/SiC. Crack
propagation is very straight in this layer, but
de¯ected or discontinous in the inner matrix (dark
colored zone), as shown in Fig. 9(c).
The ®ber pullout under fatigue is longer than

that under creep (Fig. 10). The longer ®ber pullout
of fatigue fracture (Fig. 10) demonstrate that the
cyclic unloading promotes the debonding of the
interfaces by decreasing the interfacial sliding
resistance.8,12 On one hand, as the debonding
length increases, the associated model II crack
(interface crack) propagation will dissipate more
energy. Thus, at the same applied load, the net
model I crack-tip driving force decreases due to the
comsuption of energy by debonding of the inter-
faces, leading to lower crack growth rate under
fatigue. On the other hand, the increase of the
debonding length should increase the contribution
of ®bers creep on the crack growth and the prop-
ability of ®ber fracture depending on gage scale.12

This promotes matrix crack growth and the frac-
ture of the composite. Creep of ®bers relaxes the
bridging force. Therefore, creep of ®bers will
decrease the debonding length.

4 Conclusion

Creep strain rates of Hi-NicalonTM/SiC in air were
similar to those of Enhanced SiC/SiC, but much
lower than those of Standard SiC/SiC. Conse-
quently, the time to rupture at a given stress in Hi-
NicalonTM/SiC was similar to that in Enhanced
SiC/SiC, but much longer than in Standard SiC/
SiC. Fatigue resistance of Hi-NicalonTM/SiC was
similar to that of Enhanced SiC/SiC, but much
better than Standard SiC/SiC. It should be pointed
out that no data of creep and fatigue of the CVI
SiC matrix are available in literatures. To under-
stand creep and fatigue mechanism in SiC/SiC, the
mechanical behavior of the matrix is needed to be
studied in the future.
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