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Abstract: The three-point bending fatigue properties of carbon fiber epoxy matrix composite laminates were compared for fatigue loading
stress levels of 75, 80 and 85%, and fatigue loading frequencies of 10, 15 and 20 Hz, respectively. The experimental results showed that
the bending fatigue life of the composites obviously decreased with the increase of the fatigue loading stress level or the loading frequency.
The fatigue damage accumulation process could be divided into three distinct stages according to the accumulation rate: fast, slow and then
fast. When the loading stress level was increased from 75 to 85%, the duration of the third stage decreased from 40 to 10% of the overall
fatigue life. When the loading frequency was increased from 10 to 20 Hz, the duration of the third stage increased from 20 to 40% of the
overall fatigue life. Matrix cracking, fiber breaking, interface debonding and delamination were identified as the main three-point bending
fatigue damage modes of the carbon fiber composite material, and the stress level and the loading frequency were found to significantly
influence the fatigue failure properties of the composites.
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1 Introduction

As structural bearing material, carbon fiber composite lami-
nates will get damaged and even wrecked during usage due
to stress and other environmental factors, with fatigue being
the main cause of damage [1–3]. The generation of fatigue
damage as well as its expansion and accumulation in com-
posite materials will accelerate the aging process of the ma-
terials, resulting in a serious degradation of their environ-
mental resistance, a significant lifetime reduction and may
even have catastrophic consequences [4,5]. However, due to
some particular aspects of the manufacturing process and the
anisotropy of the stiffness and strength of the carbon fiber
composite material, the fatigue damage accumulation pro-
cess and the failure modes in such materials are more com-
plex compared to metallic materials [6–11]. Therefore, study-
ing the fatigue properties of carbon fiber composites is very
important. Several research groups have investigated the
fatigue properties of carbon fiber composites both theoret-
ically and experimentally [12–16]. For instance, Shokrieh and
Lessard [17,18] conducted a 3D nonlinear finite element stress
analysis to establish a progressive fatigue damage finite ele-
ment model, and the residual stiffness, the residual strength
and the fatigue life of composite laminates subjected to a
complex fatigue load were simulated using this model. The
accuracy of their model was tested experimentally under fa-
tigue loading conditions for both tensile and compressive
stress. Mao and Mahadevan [19] applied a continuum damage

mechanics concept to evaluate the degradation of composite
materials under cyclic loading, and proposed a mathematical
model for evaluating the evolution of the fatigue damage in
composite materials. This proposed model was found to be
more accurate than previous models for modeling the rapid
damage accumulation at early stages and near the end of
the material’s fatigue life. Mu et al. [20,21] also established a
nonlinear fatigue damage cumulative model with three un-
known parameters based on the hypothesis that the residual
strength and the residual stiffness can be used equivalently
to describe the fatigue damage in composite materials. The
model was then used to predict the fatigue life and to assess
the damage accumulation in composite structures. Wu et
al. [22] proposed a phenomenological fatigue damage model
based on the stiffness degradation rule of composite mate-
rials, which contains two material parameters, to describe
the fatigue damage evolution and to predict the lifetime of
the composite materials. Bending fatigue damage common
occurs when using composite components. At present, the
fatigue properties of carbon fiber composites were mainly
studied using mechanical theories to establish a mathemati-
cal model in order to simulate the fatigue process and predict
the fatigue life. The accuracy of these models was then ver-
ified by the tension-tension or tension-compression fatigue
tests. However, knowledge on the bending fatigue proper-
ties under bending fatigue loads as well as the influence of
the fatigue load and the fatigue loading frequency on the
fatigue properties and bending fatigue fracture morphology
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is still very limited. Therefore, in this paper, we report on
the three-point bending fatigue properties of carbon fiber re-
inforced epoxy matrix composite laminates. The stiffness
degradation curve and the deflection variation curve were
recorded for different bending fatigue loading stress levels
and loading frequencies to characterize the progressive fa-
tigue damage, to analyze the fatigue damage mechanism,
and to discuss the effect of the fatigue loading stress lev-
el and loading frequency on the bending fatigue properties
of carbon fiber composite materials. Finally, the fracture
morphologies of the specimens observed for the different
fatigue loading conditions are compared to discuss the dif-
ferent kinds of damage the material suffered when subjected
to the fatigue load.

2 Material and methods

2.1 Sample preparation
In order to ensure the uniformity of each fatigue test sam-
ple, a large-size carbon fiber epoxy matrix composite was
prepared. The composite consists of a laminated structure
formed from pre-impregnated layers with a fiber orientation
of [0◦/90◦] 6 s and a single layer thickness of 0.146 mm.
The prepared composite was then cut into individual sam-
ples with a length of 150 mm, a width of 12.5 mm, and a
thickness of 3.5 mm.

2.2 Experimental setup for the bending and fa-
tigue test
The quasi-static three-point bending test was conducted on
an ElectroPuls E10000 all-electric dynamic and static test
instrument (INSTRON, USA), with the speed set to 2 m-
m/min. According to the ATSM D790-2003 standard, the
tests were performed for a span-to-thickness ratio of 32:1.
The diameter of the supporting roller was 10 mm, the dis-
tance between the two supporting rollers was 112 mm, and
the test loading size is shown in Figure 1.

Figure 1. Sketch of three-point bending test.

The ElectroPuls E10000 was also used for the three-point
bending fatigue tests. As shown in Figure 2, the tests were
conducted by applying a sinusoidal waveform cyclic load-
ing with a frequency of 10 Hz and a stress ratio R (i.e., the
minimum-to-maximum-stress-ratio over one cycle) of 0.1.
Three different stress levels (the ratio of the applied maxi-
mum stress in a cycle to the ultimate static bending stress
of the composite specimen), i.e., 85%, 80%, 75%, were s-
elected for the fatigue tests to study the fatigue properties
of the composite materials. The test data of the load time,

Figure 2. Physical map of three-point bending fatigue test for composite 
materials test.

the load size and the deflection were recorded. In order to 
explore the effect of the loading frequency on the fatigue 
behavior of the composite, three-point bending fatigue tests 
were conducted by applying a sinusoidal wave-form cyclic 
loading with loading frequencies of 5, 10, 15, and 20 Hz, 
respectively, and the stress level fixed to 80%, again using 
the ElectroPuls E10000 test instrument. The failure cycles, 
stiffness degradation and deflection o f t he m aterials under 
different loading frequencies were analyzed.

3 Results and discussion

3.1 Quasi-static three-point bending test

Three composites laminate samples were selected for the 
quasi-static three-point bending tests, and denoted as sam-
ples 1#, 2#, 3#, respectively. The load-deflection curves 
of the carbon fiber composite laminates recorded during the 
quasi-static bending tests are presented in Figure 3. Accord-
ing to the results, the uniformity of the specimens is good. 
The curves can be described using a linear function before 
the maximum bending load of the materials is reached, and 
during this stage, the carbon fiber composite materials be-
haves similarly to a linear elastic material, which shows that 
the carbon fibers play a major role in bearing the load. When 
the maximum bending load is reached, the amplitudes of 
the curves are rapidly decrease, which results in the par-
tial breaking of the fiber and considerable material damage. 
Then, a slight rebound can be observed followed by a sharp 
decline, which is attributed to the remaining fiber and matrix 
materials.

The experimental data obtained from the quasi-static 
bending tests performed on the three specimens was pro-
cessed, and the ultimate stress (σmax) and the bending mod-
ulus (varepsilonf) of the carbon fiber epoxy resin composites 
were calculated using Eq. (1) and Eq. (2), respectively [23]:

σ =
3FL

2bh2
(1)
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Figure 3. Quasi-static bending Load-Deflection curve.

E =
∆FL3

4∆bh3
(2)

where F is the load applied to the central part of the spec-
imen, ∆F the increment of F, ∆F the central deflection
increment, L, b and h are the distance between the two sup-
porting rollers, and the width and thickness of the speci-
men, respectively. The maximum bending load(Fmax), ul-
timate stress(σmax), bending modulus(Ff ), the maximum
deflection(ωmax) and the maximum strain(εmax) obtained
for each specimen are compared in Table 1. The average
value of the mechanical parameters of the three specimens
were calculated as reference values for the three-point bend-
ing fatigue test. Finally, the maximum bending load was
selected to 965.023N and the ultimate stress was selected to
1058.630 MPa.

Table 1. The mechanical parameters of the quasi-static three-point
bending

(N) (MPa) (GPa) (mm) (%)

1# 1000.789 1097.866 40.412 8.912 1.492
2# 954.813 1047.43 37.566 8.607 1.441
3# 939.466 1030.594 36.387 8.167 1.367

maxF max fE max max

3.2 Results of the Three-point bending fatigue
tests for different bending fatigue stress levels
The failure cycle number was determined to 26705, 59290,
94825 for a stress level of 85, 80, and 75%, respectively. For
comparison, the stiffness (ε) of the specimens during the fa-
tigue testing was calculated and normalized by, and the ex-
tent of the fatigue damage was indicated as percentage of the
overall fatigue life (i.e., the ratio of the numbers of cycles in
the cyclic loading test to the failure cycle number in %). The
obtained stiffness degradation curve and the maximum de-
flection curve of the carbon fiber composites are compared
in Figure 4 and Figure 5 for the three different stress levels.

The results first revealed that, with the increase of the
number of stress cycles, the overall trends observed for s-
tiffness and the deflection of the samples are very similar
for the three different stress levels. At the same time, the

Figure 4. Stiffness degradation curves of the composite materials under 
three stress levels.

decreasement of stiffness and the variation on deflection of 
the samples can be divided into three distinct stages.

Figure 5. The deflection curves of the composite materials under three 
stress levels.

Initial stage (the first stage), the stiffness rapidly de-
creased and the deflection rapidly i ncreased. At this stage, 
the cyclic loading was applied to the specimens, and, after 
a certain number of stress cycles, the resin began to show 
signs of crack initiation and expansion, which resulted in the 
rapid decrease of stiffness and the rapid increase of the de-
flection. Only a small number of stress cycles was required 
to reach this stage, and therefore the duration was compara-
tively short.

The middle stage (the second stage), the stiffness slowly 
decreased and the deflection s lowly c ontinuous increased. 
At this stage, the cracks in the matrix expanded from the 
outer surface layers to the inner layers of the composites a-
long the thickness direction, and the cracks between the fiber 
and matrix expanded along the fiber length direction. At the 
same time, because the stresses in the thickness direction of 
the material were different, interface debonding and delam-
ination began to gradually occur, as illustrated in Figure 6. 
A large number of cycles were required to reach the end of 
the second stage, so the duration is longer. The second stage
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takes up the majority of the whole fatigue process, resulting
in a slow change of the mechanical properties of the materi-
al.

Figure 6. Interface debonding and delamination of the composite materials 
during loading.

The final stage (the third stage), the stiffness sharply de-
creased and the deflection sharply increased until the even-
tual material failure. At this stage, the fibers bore most of 
the load and apparently broke after the cumulative damage 
of the material had reached a certain degree. Material fail-
ure occurred after a small number of loading cycles and the 
duration of this stage is relatively short. Furthermore, the re-
sults reveal that the duration of the three stages of the mate-
rial fatigue damage process changes with the loading stress 
level. For a stress level of 75%, the specimen entered the 
third stage after reaching approx 60% of its overall fatigue 
life, i.e., the third stage accounted for 40% of the sample’s 
fatigue life. In comparison, for a stress level of 80 and 85%, 
the third stage accounted for only 20 or 10% of the whole 
fatigue life, respectively. In summary we can conclude that, 
the lower the stress level, the earlier the composite laminates 
enter into the third stage of the fatigue damage process, the 
more flat the stiffness and deflection curves during the third 
stage, and the higher the percentage of the whole fatigue life 
the third stage accounts for. At the same time, the higher the 
stress level, the faster the fatigue damage accumulation rate 
of the composite, the shorter the fatigue life and the more 
prone the materials will be to sudden damage.

3.3 Results of the Three-point bending fatigue
test for different load frequencies

For a loading frequency of 5, 10, 15 and 20 Hz, failure oc-
curred after 1380, 59290, 24359 and 15645 cycles, respec-
tively. Because the failure cycles number for a loading fre-
quency of 5 Hz was very small, we assumed that the fracture 
did not occurred due to fatigue damage. Therefore, we fo-
cused on the fatigue properties of the samples for the higher 
frequencies of 10, 15 and 20Hz. As shown in Figure 7 and 
Figure 8, the laws of the stiffness decrease and deflection 
increase of the specimens with the fatigue damage accumu-
lation are accord with the three stage characteristics of the 
three-point bending fatigue damage of the carbon fiber com-

posites.

Figure 7. Stiffness degradation curves of the composite materials under 
three loading frequencies.

The comparison of the results of the three-point bending 
fatigue tests for different loading frequencies revealed first 
that, the decrease in stiffness was different for the three d-
ifferent loading frequencies during the first s tage. For the 
loading frequencies of 20, 15 and 10 Hz, the stiffness de-
creased by 3.71%, 6.63% and 9.65%, respectively. There-
fore, at the same stress level, the higher the fatigue loading 
frequency, the lower the decrease of the stiffness during the 
initial stage, the higher the stiffness during the second stage, 
and the smaller the deflection.

Figure 8. The deflection curves of the composite materials under three 
loading frequencies.

Further more, the results have shown that the duration of 
the three stages of the material fatigue damage process de-
pends on the loading frequency. At a loading frequency of 
20 Hz, the specimen entered the third stage after 60% of its 
overall fatigue life, i.e., the third stage accounted for 40%
of the sample’s fatigue life. In comparison, at a loading fre-
quency of 15 and 10 Hz, the third stage accounted for 30%
or 10% of the whole fatigue life respectively. In summary, 
when keeping the loading stress level constant, the higher
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Figure 9. The fatigue failure morphologies of specimens under 
Three stress levels.

Figure 10. The fatigue failure morphologies of specimens under 
Three loading frequencies.
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the loading frequency, the earlier the composite laminates
enter into the third stage of the fatigue damage process, the
more flat relatively the stiffness and deflection curves dur-
ing the third stage, the third stage accounts for the higher
percentage of the whole fatigue life. At the same time, the
higher the frequency, the faster the material get damaged,
and the shorter the fatigue life will be.

3.4 Fatigue failure modes

In order to further study the fatigue damage properties of the
composites, the effects of the different loading stress level-
s and the different loading frequencies on the fatigue fail-
ure morphologies of the materials were compared and ana-
lyzed. Figure 9 compares the front surfaces, the back sur-
faces, and the cross-sections of the carbon fiber composite
laminate specimens after the bending tests at the three differ-
ent loading stress levels (85, 80, 75%). The fatigue damage
is mainly concentrated in the center part of the specimen,
and fiber breaking, matrix cracking, interfacial debonding
as well as delamination are the main damage modes occur-
ring in the carbon fiber composite laminates when subjected
to bending fatigue loading. As the stress level increased,
the failure of the specimen became more serious, and the
fiber breaking and delamination phenomenon became more
obvious, and even a fracture of the specimen could occur.
When comparing the images of the different surfaces ob-
tained for the same stress level, the front surface was more
prone to damage. Taking the stress level of 80% as an ex-
ample, the fiber breaking, matrix cracking phenomena can
be easily observed on the front surface of the damaged spec-
imen, and delamination was obviously found on the cross-
section images, but the back surface did not show signs of
damage. This is because the layers close to the front sur-
face of the specimen were mainly subjected to compression
loading, whereas those close to the back surface were mainly
subjected to the tensile loading under the bending test con-
ditions.

The front surfaces, back surfaces, and cross-sections of
the carbon fiber composite laminate specimens damaged at
the three different loading frequencies (10, 15, 20 Hz) are
compared in Figure 10. Again, the fatigue damage is main-
ly concentrated in the center part of the specimens, and the
higher the loading frequency, the more serious the specimen
damage, and the more obvious fiber breaking and delami-
nation phenomena. When comparing the images of the d-
ifferent surfaces obtained for the same loading frequency,
the front surface was again more prone to damage, and fiber
breaking, matrix cracking, and interfacial cracking damage
occurred due to the continuous extrusion, whereas the back
surface was more prone to zigzag fiber breaking and inter-
face debonding due to the tensile stress. The cross-section
images show that the layers close to the front and back sur-
face of the specimen were prone to delamination damage.
However in the center part of the sample along the thick-
ness direction, damage phenomena did occur last because
the stress was relatively small.

4 Conclusions

(1) The three-point bending fatigue damage process of the
carbon fiber composites could be clearly divided into three
distinct stages according to the stiffness degradation cure
and the deflection cure: the stiffness decreased obvious-
ly and the degradation increased obviously during the first
stage and the third stage, whereas the stiffness slowly de-
creased and the deflection slowly increased during the sec-
ond stage. This is because the different damage mechanisms
occurring in the carbon fiber composite materials under the
alternating cyclic loading. (2) For different fatigue loading
stress levels, the three-point bending fatigue lives of the car-
bon fiber composites and the duration of the three stages of
the composite material’s fatigue damage accumulation pro-
cess were different. When the fatigue loading stress level
was decreased from 85 to 75%, the fatigue life increased
from 26705 to 94825 cycles. At the same time, the du-
ration of the third stage increased from 10 to 40% of the
overall fatigue life. The higher the stress level is, the short-
er the three-point bending fatigue life of the carbon fiber
composites, and the easier an abrupt failure of the material
will occur. (3) For different fatigue loading frequencies, the
three-point bending fatigue lives of the carbon fiber com-
posites and the duration of the three stages of the composite
material’s fatigue damage accumulation process were differ-
ent as well. When the fatigue loading stress level was kept
constant, and the fatigue loading frequency was increased
from 10 to 20 Hz, the fatigue life decreased from 59290 to
15645 cycles. At the same time, the duration of the third
stage increased from 20 to 40% of the overall fatigue life
fatigue. The higher the loading frequency, the shorter the
three-point bending fatigue life of the carbon fiber compos-
ites. In comparison, the sample subjected to a low loading
frequency of 10Hz was prone to abrupt failure. (4) Compar-
ison of the damage morphologies of the samples investigate
after the bending tests at different bending fatigue loading
stress levels and different bending fatigue loading frequen-
cies revealed that the fatigue failure mainly occurred in the
center part of the material, and that fiber breaking, matrix
cracking, interfacial debonding as well as delamination are
the main damage modes in the carbon fiber composite lami-
nates under bending fatigue loading. Furthermore, the high-
er the bending fatigue loading stress level and the bending
fatigue loading frequency, the more serious the damage of
the specimen, and the more obvious the fiber breaking and
the delamination phenomena.
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