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Abstract

The fatigue of C/C composites was investigated in bending and shear modes. In bending, a large stress ratio resulted in a decrease
in strength; the decrease became small without water present. However, a large ratio led to a decrease in Young’s modulus,
regardless of the presence of water. In shear, degradation in strength or fatigue life decreased with increasing the ratio. For
specimens fatigue degraded in air, static strength in water decreased as compared with that in air. It is strongly suggested that fatigue
degradation in C/C composites is promoted by a combination of stress corrosion and crack propagation promoted by a wedge

effect.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

For the utilization of carbon fiber reinforced carbon
matrix composites (C/C composites) in space, new-
energy production industries and engineering applica-
tions requiring materials with high specific strength
above 1200 °C, fatigue behavior is important and
obtaining their fatigue data is essential. However, only a
few reports have been published on the behavior [1-9],
and mainly along the fiber/reinforced direction. In a
laminated C/C composite with tensile fatigue loading, a
peculiar result that no degradation took place over 10*
fatigue cycles, even applying ca. 90% of the tensile
strength, was obtained; degradation of interfacial
bonding seemed to affect the result [9].

Crack propagation during the fatigue tests of poly-
crystalline graphites seems to correlate to a type of
cleavage in crystallites/grains [10,11]. It is also reported
that adsorbed water affected their strength [12]. How-
ever, even in polycrystalline graphites, enough data are
not available for elucidating the fatigue mechanism and
on factors affecting their fatigue mechanisms/behavior.
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In C/C composites, static strength was decreased by
adsorbed water [13], but details were not investigated.
No clear reports have been presented to date dealing with
the effects of water on fatigue degradation/properties
in C/C composites. The effects seem to be different in
bending and shear modes, because the properties of the
former are dominated by reinforcing fibers and the latter
by the matrix. Comprehensive studies are necessary.

Therefore, in this study, fatigue tests were carried out
in the bending and shear modes using the same C/C
composites to obtain comprehensive data on the fatigue
fracture of the composites. Effects of water on the tested
composites were also investigated.

2. Experimental
2.1. Fatigue in the bending mode

2.1.1. Materials

Two types of laid-up C/C composites, finally heat
treated at 2000 °C, were used in this mode: C6-Pi3 and
C6-Pi3-V. Both were reinforced with a two-dimensional
plain-woven fabric, denoted as C6, consisting of tows
having 6000 filaments of PAN-based fiber (strength: 3.53
GPa, Young’s modulus 230 GPa), and had a three-time
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Table 1
Characteristics of the C/C composites used in this study
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Sample Volume fraction of  Open porosity in %  Apparent density in  Bending strength Inter laminar shear
fiber in vol% Mg/m? in MPa strength (ILSS) in MPa
C6-Pil 55.3 12.1 1.52 114 5.8
C6-Pi3 55.4 8.1 1.65 236 9.8
C6-Pi3-V 53.0 9.1 1.59 168 6.3
CNG6-Pi3 56.8 9.1 1.56 136 7.4
C6-Ph3 55.1 8.0 1.58 190 8.2
CN6-Ph3 56.5 9.4 1.54 134 6.6
SY-Pil 53.1 14.9 1.36 51 4.1
SY-Pi4 53.6 7.2 1.58 115 12.7
SY-Phl 53.5 17.0 1.37 64 7.1
SY-Ph4 54.4 9.8 1.54 113 11.8

The open porosity was measured for test specimens with an Archimedes method using butyl alcohol, the density by their dimensions and the weight,
and the volume fraction by their dimensions and the weight and the density of fiber.
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Fig. 1. The specimen’s geometry and the test configuration for (a)
bending mode and (b) shear mode. In doing tests/measurements in air,
they were carried out without the vessel containing water/oil.

pitch-impregnated matrix (Pi3 indicates three times pitch
impregnation), by pressing (no-“V”’ in the notation) and
vacuum (“V” in it), respectively, whose properties are
compiled in Table 1. This fabric had ca. 4.4 tows in one
centimeter for each direction and ca. three layers in one
millimeter along the laid-up direction. They were ma-
chined into rectangular shapes, 3-mm thick in the laid-up
direction and in 7-mm width and 100-mm length. The
specimen’s geometry is schematically illustrated in Fig. 1.

2.1.2. Static strength

Three-point bending tests were carried out in ambient
air with an 80-mm span and a crosshead speed of 0.5
mm/min using five specimens for each. Residual strength
after cyclic fatigue tests was also measured with the

same method using three specimens for each. Residual
strength after cyclic fatigue tests in oil was also mea-
sured in oil without any exposure of the samples to air.
The calculation of the strength in the bending mode was
carried out at the maximum stress. The loading edges
had a diameter of 5 mm. The test configuration is
schematically illustrated in Fig. 1.

2.1.3. Cyclic fatigue tests

Cyclic fatigue tests were carried out in a four-point
bending mode with 14-mm inner-span and 52-mm
outer-span using a piezo-bimorph-type fatigue-test ma-
chine (NGK Spark Plug Co., Ltd., CFT-340-1M). The
maximum applied stress (o,.x) was 80% of the average
static bending strength of the specimens in ambient air,
and a stress ratio (R: ratio of minimum stress to maxi-
mum stress) of 0.7, 0.8 or 0.9 was adopted for 10° or 10’
cycles at a frequency of ca. 210 Hz. Specimens for the
fatigue tests in oil were evacuated at 10~ Torr for 12 h
at 200 °C and soaked in vacuum oil (SunvacQOil No.160)
without any exposure of them to air. For all the cases,
the diameter of the loading edges was 5 mm. The sche-
matic illustration for the test is shown in Fig. 1.

2.2. Fatigue in the shear mode

2.2.1. Materials

Six types of laid-up C/C composites reinforced with
woven fabrics, C6-Pil, C6-Pi3, C6-Pi3-V, CN6-Pi3, C6-
Ph3 and CN6-Ph3, and four types of spun-yarn C/C
composites, SY-Pil, SY-Pi4, SY-Phl and SY-Ph4, were
used in this test mode. All were reinforced with two-
dimensional plain-woven fabric and heat treated at 2000
°C. Their properties are also compiled in Table 1. Here,
Ph indicates phenol-precursor impregnation by press-
ing, and N between C and 6 in the notation indicates the
as-received surface treatment on the fabric (fiber) was
removed by heat treatment at 2000 °C in an inert
atmosphere before skeleton preparation, or first
impregnation: which implies that CN6 had no/few
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oxygen-functional groups on the fabric (fiber). The rule
in the notation is same as that in Section 2.1.1(a). No
clear mechanical data were available for the spun-yarn
fiber, but it had a density of 1.8 g/cm® measured using
He gas, and the fabric had ca. 5 tows in 1 ¢cm for a
direction and ca. four layers in 1 mm along the laid-up
direction. Specimens for double-notch compression tests
(DNC tests: JIS R-1643) were rectangular with 6-mm
thick in the laid-up direction and 15-mm width and 30-
mm length, having two notches of 0.5-mm thick and 3.1-
mm length at a 6-mm distance. The specimen’s geometry
is schematically illustrated in Fig. 1.

2.2.2. Static strength

DNC tests were carried out with a crosshead speed of
0.5 mm/min in ambient air, oil or distilled ion-
exchanged water (hereafter the word of “water” is used
as the de-ionized water) using three to five specimens for
each. Residual strength after fatigue testing in oil or
water was measured in oil or water without any expo-
sure of the samples to air. The test configuration is
illustrated in Fig. 1.

2.2.3. Cyclic fatigue tests

Cyclic fatigue tests were carried out in air, oil or
water using specimens set in the same jig for static shear
strength measurements by the fatigue test machine. The
maximum applied stress was 70%, 80% or 90% of the
average static shear strength of the specimens in ambient
air with a stress ratio (R) of 0.5 or 0.7, fatigue cycled up
to 107 at a frequency of ca. 210 Hz. The fatigue tests in
oil were done using specimens evacuated at 10~ Torr
for 12 h at 200 °C, without any exposure to air. Tested
specimens were three for each. The test configuration is
shown in Fig. 1.

2.2.4. Static-fatigue tests

The time to break was measured in ambient air using
specimens continuously stressed at 90% of the static
shear strength in ambient air. The same apparatus for
the above tests in Sections 2.2.2-2.2.3 was used for these
tests.

3. Results and discussion
3.1. Bending

Specimens did not break in all the fatigue tests.
Therefore, residual strength was measured after the fa-
tigue tests, and is shown in Fig. 2. The static strength is
also depicted in the figure. The stress—strain curves of all
the specimens seemed to be linear, excepting their final
stage. No plateaus and drops were observed before
reaching the maximum stress, and in most cases a sig-
nificant drop was observed just after the maximum. The
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Fig. 2. Residual flexural strength after cyclic fatigue tests in air as a
function of fatigue cycles for C6-Pi3 and C6-Pi3-V. The signs show
averaged values and the bars the standard deviation. Maximum ap-
plied stress in the fatigue tests was 80% of the static strength in air.
Closed circles indicate R = 0.9 and closed triangles R = 0.8.
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Fig. 3. Strain to the initial drop in stress after cyclic fatigue tests in air
as a function of fatigue cycles for C6-Pi3 and C6-Pi3-V. The signs show
averaged values and the bars the standard deviation. Maximum ap-
plied stress in the fatigue tests was 80% of the static strength in air.
Closed circles indicate R = 0.9 and closed triangles R = 0.8.

strains at the drops are compiled in Fig. 3. For C6-Pi3,
no clear significant difference could be seen after fatigue
tests as compared with the pristine C6-Pi3. However, a
slight increase was measured at R = 0.8, while a slight
decrease at R = 0.9 for C6-Pi3-V after fatigue tests. A
crack initiated at the tensile-mode side for all specimens,
which was provided by observing a usual speed video
recording. Then, the strength was calculated at the
maximum load, and the modulus was estimated from
the linear portion, between 15 and 115 MPa in stress.
The residual strength of both C6-Pi3 and C6-Pi3-V in-
creased for 10° cycles at R =0.8, but decreased at
R = 0.9 with the cycles. The residual strength of both
specimens seemed to decrease for 107 cycles.

Fig. 4 shows the Young’s modulus calculated from
the stress—strain diagrams in the measurements of the
residual strength at an early linear portion of the dia-
gram. The modulus of un-fatigued/pristine specimens is
also shown in the figure. It decreased with increasing the
cycles. A threshold in the number of cycles seemed to
exist and the threshold increased with decreasing the
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Fig. 4. Young’s modulus after cyclic fatigue tests in air as a function of
fatigue cycles for C6-Pi3 and C6-Pi3-V. The signs show averaged
values and the bars the standard deviation. Maximum applied stress in
the fatigue tests was 80% of the static strength in air. Closed circles
indicate R = 0.9 and closed triangles R = 0.8.
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Fig. 5. Residual flexural strength and Young’s modulus of C6-Pi3
after cyclic fatigue tests of 107 cycles as a function of applied stress
ratios. The signs show averaged values and the bars the standard
deviation. Maximum applied stress in the fatigue tests was 80% of the
static strength in air. Closed circles indicate fatigue tested in air and
double circles in oil.

Table 2
Static shear strength and residual strength of the C/C composites

stress ratio. These facts indicate that fatigue of C/C
composites in bending was affected by a product/integral
of time and stress, not by the number of fatigue cycles as
in usual ceramic materials [14].

Fig. 5 shows the modulus and residual strength as a
function of the stress ratios for C6-Pi3 fatigue cycled at
107 cycles. The ratio of 0.9 resulted in decreasing the
strength, and the modulus decreased with the ratio in
air. The strength, on the contrary, did not decrease in
the case of the fatigue test in oil. However, the modulus
fatigue tested in oil decreased with the ratio as was ob-
served in air. Since static strength and modulus in oil
were similar to those in air, the measured difference
might be caused by cyclic fatigue tests. Micro-cracking
affecting the modulus was initiated during fatigue tests
in oil as was in air. However, crack propagation affect-
ing the strength did not occur during the fatigue tests in
oil even at a high R, which strongly implies that stress
corrosion by water vapor may take place in air and that
micro-cracks expanded to become larger cracks.

3.2. Shear

Table 2 shows residual strength after cyclic fatigue
tests and static shear strength for various specimens. A
decrease in strength after cyclic fatigue tests was ob-
served in air for SY-Pi4 and SY-Phl. For C6-Pi3, static
strength in water was lower than that in air. In these
three, all specimens were fractured/broken before 107
cycles fatigue tested in water. Other specimens, which
did not show a clear decrease in strength after cyclic
fatigue tests in air, showed no clear decease in strength
after cyclic fatigue tests both in air and in water; their

Specimen Shear strength [average (standard deviation)] MPa Residual shear strength® [average (standard deviation)] MPa
In air In water In air In water
Co6-Pil 5.76 (0.83) b 5.91 (0.37) b
C6-Pi3 9.78 (0.77) 8.97 (0.55) 9.37 (0.63) 7.33x10° cycles® (1.23x 10°
cycles)
C6-Pi3-V 6.26 (0.87) b 6.58 (0.58) b
CN6-Pi3 7.36 (0.38) 7.39 (0.40) 7.57 (0.26) 7.62 (0.22)
C6-Ph3 8.21 (0.79) 7.93 (0.59) 8.11 (0.90) 7.97 (0.47)
CN6-Ph3 6.55(0.39) 6.27 (0.35) 6.75 (0.17) 6.37 (0.19)
SY-Pil 4.11 (0.12) 4.05 (0.06) 4.10 (0.06) 4.09¢ (0.04)
4.124 (0.11)
SY-Pi4 12.69 (0.13) 10.74 (0.20) 11.51 (0.22) 7.50% 106 cycles® (1.51x10°
cycles)
SY-Phl 7.06 (0.14) 6.47 (0.11) 4.68 x 10° cycles® (2.39x 10° 3.82x 10° cycles® (2.37x10°
cycles) cycles)
SY-Ph4 11.79 (0.54) 11.44 (0.16) 11.90 (0.41) 11.45¢ (0.18)

 Fatigue tests were carried out at 6, = 80% of the averaged shear strength in air for 107 cycles for R = 0.5.

® Not tested.

¢ Broken at the cycles.

9 At omax = 90% of the averaged shear strength.

¢ Broken at the cycles at o, = 70% of the average shear strength.
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residual strength was equal to the static strength of the
pristine ones. In this study, no clear effects of interfacial
treatments were realized for the fatigue phenomena.

Detailed investigation was carried out using the spun-
yarn C/C composites, which showed clear differences in
the fatigue tests. The number of cycles to fracture during
the cyclic fatigue tests are shown in Fig. 6 for SY-Pi4
and SY-Phl with R = 0.7 and 0.5. The number increased
with increasing R in both specimens.

In Fig. 7, fatigue life, time to fracture in static—fatigue
tests, are shown for SY-Pi4 and SY-Phl with those in
the cyclic fatigue tests. Considering the R in static fati-
gue tests is one (R = 1), the fatigue life increased with R.
This fact reveals that fatigue life is strongly affected by
the difference in deflection between at the maximum
stress and at the minimum stress, not by stress-exposure
time above a certain level. In the composites that
showed fatigue behavior, debris, which means tiny
particles, was observed, even though the amount was
very small. Face-to-face scratching between crack faces
in a crack may produce the debris during fatigue tests,
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Fig. 6. Static shear strength and fatigued strength in cyclic fatigue tests
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with R = 0.5 under various conditions (in water, air or oil) for SY-Pi4
and SY-Phl. The standard deviation in static shear strength, shown by
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because the crack faces were not flat; weaving rein-
forcements, domain structures of the impregnated ma-
trix, etc., played a role. The debris prevented closing the
crack to the original position, resulting in a mismatch of
crack faces, and further enhanced the actual stress at the
tip of the crack. This was similar to the mechanism
caused by a wedge effect [15,16] in ceramics. A smaller R
provides larger variation in crack-opening distance
during a fatigue test, resulting in a larger mismatch and
severe fatigue of the specimen.

The above fact in the shear mode was much different
from that in the bending one, in which decreases in
strength increased with R. It is implied that the wedge
effect strongly affects crack propagation in the shear
mode, but not so much in the bending one, which may
originate because the strength in the former mode is
dominated by matrix but by reinforcements/fibers in the
latter. In bending modes, it might also be considered
that a stress that caused a decrease in crack-opening
distance in the specimens affected the wedge effect.

Degradation in strength was accelerated in water
than in air, i.e., in water specimens were fractured at a
small number of cycles or a decrease in strength was
caused by lower stress as compared in air as shown in
Fig. 8. In oil, the degradation was retarded.

The above-mentioned results strongly suggest that
fatigue degradation of C/C composites seems to pro-
gress by a combination of a wedge effect [15,16] chang-
ing stress levels at the crack—tip [17] and a type of stress
corrosion with water [14].

4. Summary

Fatigue tests in the bending and shear modes were
carried out using several kinds of C/C composites. The
following conclusions were reached: Fatigue degrada-
tion could occur in both modes between 10* and 10’
fatigue cycles. Degradation in fatigue increased with
stress ratio in bending, but decreased in shear. For
specimens showing fatigue degradation in air, water
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strongly affected not only fatigue degradation but also
the static strength in water; i.e., the strength in water
was lower than that in air. It is strongly suggested that
fatigue of C/C composites proceeds by a combination of
a wedge effect and stress corrosion with water.
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