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Effect of stress level on fatigue behavior of 2D C/C composites
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Abstract: Laminated carbon fiber clothes were infiltrated to prepare carbon fiber reinforced pyrolytic carbon (C/C) using isothermal
chemical vapor infiltration (CVI). The bending fatigue behavior of the infiltrated C/C composites was tested under two different
stress levels. The residual strength and modulus of all fatigued samples were tested to investigate the effect of maximum stress level
on fatigue behavior of C/C composites. The microstructure and damage mechanism were also investigated. The results showed that
the residual strength and modulus of fatigued samples were improved. High stress level is more effective to increase the modulus.
And for the increase of flexural strength, high stress level is more effective only in low cycles. The fatigue loading weakens the
bonding between the matrix and fiber, and then affects the damage propagation pathway, and increases the energy consumption. So

the properties of C/C composites are improved.
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1 Introduction

Carbon/carbon (C/C) composites are the new ultra-
high-temperature = materials. ~They combine the
outstanding high-temperature properties of carbon
materials and the excellent mechanical properties of fiber
reinforced composites [1], such as low density, high
specific strength and modulus, low coefficient of thermal
expansion, high temperature resistant, good thermal
shock resistance [2—4]. These superior thermal and
mechanical properties make C/C composites an attractive
candidate for using as high temperature structural
components (e.g., rocket nozzles, aircraft brakes, nose
cones and wing leading edges of hypersonic aircraft)
[5,6]. However, these working environments deal with
not only high temperature, but also vibration of
aerodynamic and mechanical sources, which causes the
fatigue loads. So a major and often fatal problem for C/C
composites is the high and low temperature fatigue
performance under long time working conditions [7,8].

The previous studies [9—13] showed that the fatigue
performance of C/C composites was superior to that of
metal materials, with a fatigue limit 80%—90% of static

strength. GOTO et al [9] reported that the fatigue limits
of three types of C/C composites differed from 85% to
92% of the static tensile strength. LIAO et al [10] found
that the flexural fatigue limit of three-dimensional
integral braided C/C composites was 92% of the static
flexural strength. They also observed that the flexural
strength of C/C composites was improved by 40% after
10° cycles, and then decreased [11]. It was explained that
cyclic loading weakened the interface bonding
strengthening, leading to the decrease of residual thermal
stress, which was the reason of strengthening. And some
other studies also reported the fatigue enhancement, that
is, the residual strength was not decreased but increased
after cyclic loading [12—-14]. TANABE et al [15]
reported that the fatigue degradation occurred in both
bending and shear modes. And the fracture mechanisms
were concluded to be a combination of wedge effect and
stress corrosion with medium.

However, the fatigue behavior of C/C composites is
related not only to the material itself, but also to the
testing conditions, such as loading frequency, stress ratio,
stress level. Therefore, it is necessary to do a lot of
systematic and further research in order to grasp the
characteristics of fatigue enhancement.
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In the present work, the effect of maximum stress
level on the mechanical behavior of 2D carbon cloth
laminated C/C composites was investigated. The samples
were subjected to cyclic loading with two different
maximum stress levels, and then statically loaded until
fracture. The mechanical properties and microstructure
were mainly discussed.

2 Experimental

2.1 Specimen preparation

Two-dimensional plain woven carbon fiber clothes
selected in this study were cross ply stacked and
punctured vertically as the reinforcements for 2D C/C
laminates. These clothes were plain woven using 1K
PAN-based T300 carbon fiber tows provided by lJilin
Carbon Ltd., Co., and the diameter of the fibers was 6—8
pm. The examined C/C composites were fabricated via
chemical vapor infiltration (CVI) process at temperature
from 900 to 1200 °C under negative pressure, using
highly pure gaseous propylene (C;Hg) as the precursor
and nitrogen (N,) as the carrier gas. Several densification
cycles were carried out to obtain the desired density
(approximately (1.73+0.03) g/cm’ in this study),
involving carbonization in an inert atmosphere and
re-deposition by CVD process. Finally, the resultant
product was graphitized at 2300 °C. The samples were
prepared by cutting the laminated composites panel into
small rectangular bars, and the nominal dimensions were
52 mmx6 mmx3 mm.

2.2 Mechanical test

The infiltrated samples were tested under 3 stages,
including static, cyclic and static three-point bending
tests. Firstly, the static flexural strength of the samples
was examined. And then, according to the static strength
and the selected stress levels (The stress level was
defined as the percentage of maximum applied stress to
the static flexural strength. It was set to 0.8 and 0.9 in
this study), the samples were loaded under cyclic loading
for various cycles. At last, the fatigued samples were
statically loaded to fracture in order to test the residual
flexural strength and modulus. Both the static
mechanical tests and the cyclic loading tests were carried
out on Instron 8871 servo hydraulic testing machine
under ambient laboratory conditions, with the loading
direction vertical to the carbon fabric surfaces and the
fixture dimension of upper indenter radius 3mm, bearing
radius 2 mm, and span length 40 mm. The static tests
were conducted with a constant loading speed of
1 mm/min, while the load-controlled fatigue tests were
conducted in bending mode with a frequency of 10 Hz
(sinusoidal waveform) at a constant stress ratio R (the
ratio between the minimum stress to the maximum stress
in the wave form) fixed at 0.1.

2.3 Microstructure analysis

Scanning electron microscopy (SEM) (JSM-
5610LV) was used to examine the fracture surfaces and
microstructure of C/C composites.

3 Results and discussion

3.1 Conventional static testing

The actual photographs of the samples before and
after three-point bend loading is shown in Fig. 1. Figure
1(a) shows the original sample, Fig. 1(b) is the side view
of fractured sample, and Fig. 1(c) shows the fractured
sample whose layers separate completely. From these
photographs, it can be clearly observed that the main
failure mode of 2D C/C composites in bending is the
matrix pyrolytic carbon delamination induced by
interlaminar shear stress. Besides the fiber bundles
punctured vertically in the cloth are not dense enough,
this phenomenon mainly implies the interfacial bonding
strength of the composites is not high enough.
Delamination failure occurred in the matrix when the
composites were subjected to bend loading, and the
damage extended along the matrix carbon layer until two
layers separated completely.

(a)

M

(b) (c)
Fig. 1 Photographs of samples before (a) and after (b, c)

flexural loading

3.2 Dynamic-static testing

The fatigue tests were stopped after 10*, 10°, and
10° cycles, respectively. And the surviving samples were
destroyed to obtain residual strength and modulus. The
results are shown in Figs. 2 and 3. It can be seen
obviously that, the residual flexural strength of the
fatigued samples is much higher than that of the original
samples after being loaded under either 0.8 or 0.9 stress
level.

The residual strength of the fatigued samples is
increased after cyclic loading and would increase
continuously with the increase of fatigue loading cycles.
Comparing the results of low cycle fatigue, it can be
observed that the strengthening effect with stress level of
0.9 is superior to that with stress level of 0.8. The
residual strength of the samples at 10* fatigue cycles is
increased by 25% with stress level of 0.8, while 35%
with stress level of 0.9. The same result is also obtained
at 10° fatigue cycles. However, the result changes at 10°
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cycles. The residual strength with stress level of 0.9 is
lower than that with stress level of 0.8. In this study, the
maximum increment of flexural strength is about 51% of
the original strength. All the phenomena above show that
2D carbon cloth laminate C/C composites have an
excellent fatigue resistance.

140

130+

120+

110

Stress level
=— (.9

100+

o— 0.8

2137

higher than that under stress level of 0.8 after the same
fatigue cycles. This implies that high stress level is more
effective for the increase of flexural modulus.

3.3 Stress—displacement relation

Figure 4 shows the flexural stress—displacement
curves of surviving samples at various fatigue cycles
with stress level of 0.9. The bear load capacity of the
original sample decreases rapidly as soon as beyond the
limit load, implying that the crack growth is rapid after
the first fracture and causes the overall failure directly.
That is a typical brittle fracture. In Fig. 4, it is observed
that the stress of the fatigued sample after 10* cycles has
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Fig. 3 Flexural modulus at different fatigue cycles with
different applied stress levels of C/C composites

Figure 3 shows the flexural modulus at different
fatigue cycles with two different applied stresses. It can
be seen obviously that the whole development trends of
the two curves are similar, and the residual flexural
modulus is much higher than the static flexural modulus.
The modulus increases continuously within 10° cycles,
but decreases with the increase of fatigue cycles to 10°.
This is different from the results of strength. So the
improvement in modulus by cyclic loading can be
considered to be limited. That is to say, the modulus will
increase by virtue of cyclic loading, but decrease beyond
a certain limit. The maximum increase amplitude of
residual modulus is about 20% of the original modulus
with stress level of 0.8, while 38% with stress level of
0.9. The flexural modulus under stress level of 0.9 is
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Fig. 4 Flexural stress—displacement curves of C/C composites
at different fatigue cycles
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a stepped decrease with the increase of displacement.
This phenomenon shows the crack extends slowly and
involves deflection, which causes much more energy is
needed to the propagation of damage crack. So the
carrying capacity of composites improves. The curve of
fatigued sample after 10° cycles shows that the sample
keeps high load—carrying capacity after failure. And the
sample after 10° cycles could bear high stress in a long
time. By the observation of the whole fatigue tests of
C/C composites, the cyclic loading gets the mode of
fracture evolving from brittle to pseudo-plastic mode.

3.4 Composites microstructure

C/C  composites consist of carbon fiber
reinforcement and carbon matrix. The fracture mode is
related to the strength retention of fiber and the interface
bonding between the fiber and the matrix. Figure 5
presents the flexural fracture morphology of C/C
composites after 10* fatigue cycles at stress level of 0.8.
It can be seen that the fracture section is smooth, which
exhibits typical brittle fracture morphology. The carbon
fibers fractured are still tightly wrapped in the matrix,
indicating that the bonding between the carbon fibers and
the matrix is strong. The strong interface causes that the
stress can not be relaxed in the interface, and some of the
micro-crack tips perpendicular to the fibers may be a
direct impact on the carbon fibers. By the external load,
the stress can not be relaxed if there is no interface
debonding between the fibers and matrix. When the
energy concentrated at the crack tip is large enough, the

j " 4
MT‘ X2 ‘a-l
'A._ . . '
Fig. 5 Flexural fracture pattern of C/C composites after 10*
cycles at applied stress of 0.8

crack could go through the carbon fibers and continue
expanding, causing the chain-destruction of the fibers
around, showing a similar brittle failure mode. It also can
be inferred that, the stronger the interface bonding
between carbon fiber and the matrix is, the more brittle
the material is.

For comparison, the fracture morphology of
composite after 10° fatigue cycles is presented in Fig. 6.
It can be seen that the fibers are pulled-out, which
indicates that the fiber bundle/matrix interface and the
fiber/matrix interface are weakened under fatigue
loading.

F 4 .
Fig. 6 Flexural fracture pattern of C/C composites after 10°
cycles at applied stress of 0.8

Figure 7 shows the fracture morphology of sample
after 10* cycles at stress level of 0.9 in flexural mode.
Although there are some relatively flat sections, the
phenomenon of carbon fibers debonding and pulling-out
is more significant, compared with that of the sample
after the same cycles at applied stress of 0.8. Because the
pulling-out of carbon fibers will absorb energy, the
damage process manifests as intermittent and periodic
one. And the fibers debonding and pulling-out can
consume some failure energy caused by external load,
which can explain the phenomenon that after 10* cycles,
the residual flexural strength at stress level of 0.9 is
higher than that at stress level of 0.8.

Figure 8 presents the fracture morphology of sample
after 10° cycles at stress level of 0.9. Plenty of carbon
fibers and fiber bundles are pulled out. All the fibers
bend in one direction and basically break in the place
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Fig. 7 Flexural fracture pattern of C/C composites after 10
cycles at applied stress of 0.9

Fig. 8 Flexural fracture pattern of C/C composites after 10°
cycles at applied stress of 0.9

with a maximum deformation. It indicates that the fibers
break factually under tensile effect of external load,
producing an enhancement effect on the composites. It is
precisely because the role of carbon fiber bearing, the
applied load does not decline rapidly. So the composites
show higher fracture energy. This can also be
demonstrated from the flexural stress—load curve shown
in Fig. 4. So it can be concluded that, the proper
interfacial bonding and high strength retention of fibers
will cause fibers to give full play of the enhanced role,
and the composites will exhibit better mechanical
properties.

The fracture of composite materials is essentially
the matrix crack propagation process. And the
propagation pathway is related to the interfacial bonding.
From the SEM images we can observe that there is not
only the pulling-out of fiber bundles, but also the
pulling-out of fibers in fiber bundles. It indicates that the
fiber bundle/matrix interface and the fiber/matrix
interface are weakened under fatigue loading. The crack
along interface will cause the debonding between the
matrix and fiber; meanwhile the debonding will lead to
the relative sliding between the matrix and fiber. The
sliding will absorb a considerable portion of energy,
which can delay the fracture, playing a toughening role.

As shown in Fig. 9, the matrix carbon layer between
the carbon cloth laminations separates from the matrix
carbon layer which wraps the carbon fiber tightly. Such a
separation of matrix carbon layers will adversely affect
the properties of composites. However, the experimental
results show that the properties of the fatigued samples
are more improved compared with the original samples,
which means that the change of material internal
structure by fatigue loading will enhance the carrying
capacity eventually. These two aspects are contradictory.
The gap can only be compensated by the reinforcement
of C/C composites (carbon fibers). The strengthening
effect of carbon fibers is far greater than the adverse
effect of separation between the carbon layers.

Fig. 9 Fracture pattern of C/C composites after fatigue loading

In Fig. 9 we also observed that the deposition of
pyrolytic carbon is typical layered deposition. The matrix
carbon layer separation indicates that the interfacial
bonding of matrix pyrolytic carbon is weak. Moreover,
the bonding strength is varied. Close to the fibers, the
interfacial bonding between matrix and fiber is strong,
while weak in the outer layer.

4 Conclusions

1) 2D carbon cloth laminate C/C composites have
excellent fatigue resistance.

2) The mechanical properties of the fatigued
samples with both stress levels are significantly
improved compared to the original samples. The strength
increases continuously with the increase of fatigue
loading cycles, while the modulus increases within 10°
cycles and then decreases, showing the improvement is
limited.

3) High stress level is more effective to increase the
modulus. And for the increase of flexural strength, high
stress level is more effective only in low cycles.

4) The fatigue loading changes the interface state,
weakens the bonding between the matrix and the fiber,
and then affects the damage propagation pathway, and
increases the energy consumption. So the properties of
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C/C composites are improved.

5) The deposition of pyrolytic carbon is typical

layered deposition, and the interfacial bonding strength is
varied in C/C composites.

References

(1]

(3]

(4]

(3]

(7]

ZHANG Ming-yu, SU Zhe-an, LI Jian-li, HUANG Qi-zhong.
Bending properties and fracture mechanism of C/C composites with
high density preform [J]. Transactions of Nonferrous Metals Society
of China, 2011, 21: 1795-1800.

LI He-jun. Carbon/carbon composites [J]. New Carbon Mater, 2001,
16(2): 79-80.

SAVAGE G. Carbon—carbon composites [M]. London: Chapman and
Hall, 1993.

LIU Chi-dong, CHENG Lai-fei, LUAN Xin-gang, ZHANG Wei-hua.
Fatigue behavior of SiC coated C/C composites in wet oxygen
atmosphere at 1300 °C [J]. Acta Materiae Compositae Sinica, 2009,
26(4): 136—140.

SCHMIDT D L, DAVIDSON K E, THEIBERT L S. Unique
applications of carbon/carbon composite materials [J]. SAMPE
Journal, 1999, 35(3): 27-39.

TORSTEN W, GORDON B. Carbon-carbon composites: A summary
of recent developments and applications [J]. Materials and Design,
1997, 18(1): 11-15.

LIAO Xiao-ling, LI He-jun, HAN Hong-mei, LI Ke-zhi. Study on the

fatigue behavior of carbon/carbon composites [J]. Journal of

(8]

]

[10]

(1]

[12]

[13]

[14]

[15]

Materials Science and Engineering, 2005, 23(3): 453-456. (in
Chinese)

HAN Hong-mei, LI He-jun, WEI Jian-feng, LI Ke-zhi.
pleating in carbon—carbon composites under a cyclic load [J].
Science in China (Series E): Technology Sciences, 2003, 46(4):
337-342.

GOTO K, HATTA H, KATSU D, MACHIDA T. Tensile fatigue of a
laminated carbon/carbon composites at room temperature [J]. Carbon,
2003, 41(6): 1249—-1255.

LIAO Xiao-ling, LI He-jun, LI Ke-zhi. Influence of stress level on
bending fatigue damage mode of 3D C/C composite material [J].
Science in China (Series E): Technology Sciences, 2007, 37(1):
53-59.

LIAO Xiao-ling, LI He-jun, XU Wen-feng, LI Ke-zhi. Effects of
tensile fatigue loads on flexural behavior of 3D braided C/C

Micro-

composites [J]. Composites Science and Technology, 2008, 68:
333-336.

MAHFUZ H, MANIRUZZAMAN M, KRISHNAGOPALAN 1J.
Effects of stress ratio on fatigue life of carbon/carbon composites [J].
Theoretical and Applied Fracture Mechanics, 1995, 24: 21-31.
OZTURK A, MOORE R E. Tensile fatigue behavior of tightly woven
carbon—carbon composites [J]. Composites, 1992, 23: 39—46.

GOTO K, FURUKAWA Y, HATTA H, KOGO Y. Fatigue behavior of
2D laminate C/C composites at room temperature [J]. Composites
Science and Technology, 2005, 65: 1044—1051.

TANABE Y, YOSHIMURA T, WATANABE T, HIRAOKA T,
OGITA Y, YASUDA E. Fatigue of C/C composites in bending and in
shear modes [J]. Carbon, 2004, 42: 1665—1670.

Rz AKX 4R/ R E SRR F1T ARG

1 PEAb bR SRR AR K S, 759 7100725
2. MR RE: IR, W 471003

B E RS URHES L %
SRS 9 RE A
IS KA R 3R A R B

4=

KR RIRE IR BTN

HEBAT B SR BRI BEAT T PRS2 1725 855 K, 0
SE R4S 9 SR, DARAEANIR] N 3 K0 5 52 A M R 55
WA, AR RN ACE N R

AT IAE R SRR 9857 I8 R ()

T BRAE S 2, (ARSI 10° WU, €
IINT T ORISR 55 a5 BT L EE o 557 DN 2802 95 AR 5 21 22 [ ) 45
SRR R AR, IS R R A MR PR
AR5 TR AR

(Edited by Sai-gian YUAN)



