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Abstract

Fibrous polymer composites exhibit excellent properties such as high specific stiffness/strength
and good fatigue performance. However, as inherent defects of polymer composites, voids have been
reported to have an impact on their load-bearing properties including fatigue resistance. In the
interest of safety, the effect of voids on fatigue behaviors of composites should be understood and
guantified. In this article, effect of voids on the fatigue of T300/924 composites was evaluated in
terms of their fatigue life, stiffness degradation, and cracks propagation under tension-tension and
compression-compression loadings. The failure probability was assessed by Weibull distribution.
Furthermore, crack measurement and fractographic analysis reveal that the effect of voids on the
failure mechanisms of the material under various loading configurations could be different. Lastly, an
analytical residual stiffness model was proposed, and a good correlation was obtained between the
experimental data and the prediction results.
Keywords: polymer composite; effect of voids; fatigue behaviors; crack density measurement.
1. Introduction

For the last decades, a growing interest has been seen in extensive use of carbon fiber reinforced
polymer (CFRP) composites in a wide range of manufacturing industries. As low weight has become
one of the most urgent targets for both vehicles and airplanes in meeting customer demands and
government regulations for energy efficiency, the situation can be improved with the implementation

of CFRP composites because of their many advantages in terms of high strength-to-density ratio and
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good fatigue resistance. Vast amount of works have been done to investigate the mechanical
properties of polymer composites; however, some of the work revealed that the voids have an impact
on the mechanical properties, especially fatigue performance [1-10].

It has been commonly accepted that the fatigue process of composites is totally different and
more complicated compared with that of metals. The complexity derives from different failure
mechanisms, which are influenced by several factors according to previous studies: (1) mechanical
properties of the material components, such as fiber, matrix, and fiber-matrix interface [11]; (2) fiber
orientation and fiber volume fraction [12, 13]; and (3) manufacturing defects and material aging due
to the extreme working conditions (e. g., fiber defects [14], voids [1-10], and mechanical degradation
due to hygrothermal aging [15] or ultraviolet radiation [16]). Among these factors, voids, as one of
the most common defects in resin polymer composites, are inevitably induced during manufacturing
process. Many researchers devoted to investigating the formation mechanisms of voids [17, 18], the
effect of voids on the quasi-static properties [19-21] and the fatigue properties of composites [1-10].

As early as 1981, the effect of voids on composite structures has drawn attentions of researchers.
Garbo and Ogonowski [1] investigated the effect of voids on the fatigue of composite joints, they
stated that up to moderate porosity, the presence of voids has limited effect on the fatigue life of the
joint. In the same year, R. Prakash [2] studied fatigue fracture surfaces of HM-S/828 composite using
a scanning electron microscope, a failure hypothesis for composites with the presence of defects
(voids, etc.) was put forward based on the fractographic evidences. Since then, the effects of voids on
fatigue behaviors of composite materials were studied by researchers across the world [3-10]. de
Almeida [3] investigated the effect of voids on the flexural fatigue of AS4/PMR-15 composite, a
strong detrimental effect on the fatigue performance of the composite structure was observed when
the void content was above a critical value. J. Lambert [4] characterized the voids and their
distribution in a glass fiber reinforced polymer composite used in wind turbine blades, the fatigue
mechanisms were also examined using computed tomography (CT). M.A. Suhot and A.R. Chambers
[5, 6] explored the effect of voids on the flexural fatigue properties of unidirectional carbon fiber
polymer composites used in the wind turbine industry, they reported a general trend of increasing

fatigue strength with decreasing porosity level. Sanjay Sisodia [7] investigated the effect of voids on
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the quasi-static and tension-tension fatigue properties of HTS40/RTM6 laminated composite, the
results showed that the fatigue life of the composite was sensitive to the void content. Apart from the
studies on the effect of voids alone, studies on fatigue behaviors of composites with void defect in
certain environment have also been reported. A.Y. Zhang [10] investigated the effect of voids on the
bending strength and bending fatigue of T300/914 laminated composite exposed to hygrothermal
environment, they found that both the bending strength and bending fatigue performance of the
material decreased with increasing level of porosity.

This study focuses on the characterization of the effect of voids on the tension-tension (T-T) and
compression-compression (C-C) fatigue of CFRP laminated composites. The characterization of
voids was accomplished first, and the fatigue properties of composites were studied through the
following aspects: (1) fatigue life, fatigue strength, and failure probability distribution of laminated
composites; (2) residual stiffness degradation on the basis of the change of the hysteresis loop in the
course of fatigue; (3) failure mechanisms based on the observation of crack initiation/propagation
and SEM fractographic analysis; and (4) analytical fatigue model with regard to the residual stiffness.
We expect that the present investigation could be helpful in understanding the effect of voids on the
fatigue of fibrous polymer laminated composites under different loading configurations, and could
serve as a guide line in the safety design in engineering applications.

2. Experimental
2.1 Materials

T300/924 laminated composite, as a commonly used CFRP composite, was fabricated and tested
in this study. To control the void content in the epoxy matrix, different compression pressures
(0.5MPa, 0.3MPa, and 0.1MPa) were chosen in compression molding. The temperature in curing
process first increases with a heating rate of 6°C/min, and levels off at 180°C for two hours before
cooling down. The stacking sequences of the plaques consist of [0];,, [0]16¢., [90]:2 and
[0/£45/0/90],. The thickness of a single ply is approximately 0.14mm. A digital microscopy image
module was proposed in this study to examine the void content, morphology of voids, and the fiber
volume fraction (The detailed curing process, manufacturing parameters, and properties of the fibers

and the matrix can be found in Fig. S1, Table S1, and Table S2 in Supplementary Information).
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2.2 Porosity Characterization

The samples for porosity characterization, with dimensions of 10mmx10mm, were cut from the
composite plagques using a water jet. These samples were first embedded in epoxy resin and cured for
24 hours; the cross sections were then prepared by abrasive papers and synthetic diamond
compounds.  To obtain clear micro-images of the samples, an optical microscope with a CMQOS
camera connected to a computer was used in this article. For the purpose of providing a statistically
representative data set, 5 samples were prepared for each plaque, and 3 images per sample were
examined. To reduce the system error, the positions of samples on the plaques were randomly
selected. Some typical micro-images of the samples cured at different compression pressures are
shown in Fig. 1.

2.3 Testing configuration

In accordance with ASTM D3039, rectangular samples with various geometries were used in
this study. To protect the gripping section, glass fiber reinforced polymer (GFRP) composite tabs
were attached to both ends of the samples. The tabs were attached to the samples by epoxy adhesive
3M™ DP420, which is capable of providing adequate shear strength after being cured at 150°C for
15 hours according to our test results. Specific fixtures were manufactured to hold the tabs in position
and to provide essential pressure when the adhesive was cured in the oven. The preparation and
configurations of samples are shown in Fig. 2.

All the tests were conducted in an MTS 647 hydraulic servo dynamic testing machine, and the
configurations of the tests are shown in Fig. 3. The quasi-static tensile tests and compression tests
were _performed under displacement control with displacement rate equaled 1mm/min, while the
fatigue tests were performed under load control. In the tensile tests, 5 samples were tested for
laminate with given lay-up and void content. The axial strain was captured by an extensometer (MTS
E 634.31F-24) (the detailed quasi-static tensile test data can be found in Table S4 in Supplementary
Information). To avoid the impact of high temperature as a result of the high loading frequency and
high loading level in fatigue tests, temperature measurement for short rectangular specimens was
conducted to determine a proper loading frequency. A thermal camera, as shown in Fig. 3 (b) to (d),

was used to monitor the temperature change on the surface of the sample, assisted by a pyrometer as
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validation. The temperature of the sample would increase at the beginning of the test and reach a
steady state after certain humber of cycles. In this article, the steady state temperatures (SST) at
different loading frequencies and loading levels were recorded, and iso-temperature-rise curves were
drawn (Fig. 3 (e)). According to the test results, a frequency of 7Hz was selected to avoid high
temperature as well as to guarantee an acceptable test speed. The load ratio R=0.1 was used in the
T-T fatigue tests and R=10 in C-C fatigue tests. The Young’s modulus degradation of the sample was
traced with the help of the evolution of secant slope of the hysteresis loop.

In addition, to investigate the effect of voids on the fatigue deterioration of the composite under
T-T fatigue loading, transverse crack density evolution was studied by measuring the crack density at
both lateral surfaces of the specimen. In this study, the evolution of crack density was examined
based on optical micro-images by interrupting the fatigue tests at certain stages.

3. Results and Discussions
3.1 Voids characterization

Samples from plaques cured at various compression pressures were examined to determine the
void content. Table 1 presents the resulting averaged void content of each plague. The detailed void
content measurement results can be found in Table S3 and Fig. S2 in Supplementary Information.

Fig. 4 (a) to (c) demonstrate the distribution of aspect ratio versus the equivalent diameter of
voids in 12-ply UD plaques cured under 0.5MPa, 0.3MPa, and 0.1MPa, respectively. It is clear that
for all three plaques, most of the points lie on the right side of the dashed line, which suggests that
smaller voids tend to be closer to spherical. According to Fig. 1, the interlaminar voids, which usually
derive from the entrapped air during autoclaving, are usually larger in size and have a higher average
aspect ratio compared to intralaminar voids, which usually come from the volatiles that derive from
the chemical reactions during the manufacturing process. These larger and more irregular voids may
play a crucial role to accelerate the initiation and propagation of cracks when subjected to cyclic
loading.

3.2 Fatigue life assessment
T-T fatigue tests were performed for UD composites in longitudinal/transverse direction and for

MD laminates with a stacking sequence of [0/4+45/0/90],, while C-C tests were performed for UD
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laminates in longitudinal direction. The specimens were subjected to different stress levels
corresponding to various fractions of ultimate tensile strength (UTS) or compression stress (UCS).
For both the UD and the MD laminates, failure of specimen was programmed in the test machine as
complete fracture. However, the failure of the MD specimens is different as compared to that of the
UD specimens. To be specific, for the longitudinal UD laminates, no obvious damage could be seen
prior to fracture. Specimens split suddenly at final failure, with numerous debris burst out; due to vast
amount of delamination and fiber-matrix interfacial de-bonding, no clear fracture surfaces could be
observed. Whereas for the MD specimens, large amount of inter-ply failures could be seen before
final failure. Besides, plies with different fiber orientations have different failure modes: for 0° plies,
fiber breakage and interfacial de-bonding are the dominant failure modes; whereas for +45° and 90°
plies, cracks propagate along the fiber orientation, and severe inter-fiber-bundle failures and
fiber/matrix interfacial de-bonding can be observed.

The effect of voids on the fatigue behaviors of the composite was first assessed in terms of
fatigue life. Fig. 5 (a) and (b) depict the S-N diagrams for T-T fatigue tests of UD laminates in
longitudinal and transverse directions, respectively. The fatigue life decreases almost linearly as the
stress level increases. It is evidently clear that for the UD laminated composites, increase of void
content would always lead to decrease of fatigue life when subjected to T-T cyclic loading.
Meanwhile, a lower fatigue strength can be found for materials with higher porosity level as well,
both for longitudinal and transverse directions. In addition, the transverse fatigue resistance is more
sensitive to the porosity level (Fig. 5 (b)). Given the dominant failure mode in the transverse test is
matrix cracking rather than fiber breakage, it is reasonable to assume that the presence of voids has a
more significant impact on the matrix-dominated mechanical properties of the fibrous composites.

Similareffect of voids can be observed for MD laminates with a stacking sequence of
[0/+45/0/90], subjected to T-T fatigue loading and UD laminates subjected to C-C loading, where
the S-N curve seems to experience a translational displacement as the porosity level increases (Fig. 5
(c) and (d)). However, the C-C fatigue of UD laminates seems to be more sensitive to the stress level
compared with the T-T fatigue (detailed experimental data of the fatigue tests are presented in Table

S5 to Table S8 in Supplementary Information). Finally, tests for poolability showed that the
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individual data sets in each figure cannot be pooled.

In an attempt to evaluate the fatigue discreteness of the laminated composites and to assess the
durability of the material in terms of the failure probability, a two-parameter Weibull distribution
function was used in this study (Eqg. (1) in Appendix A). Fig. 6 (a) to (d) present the failure
probabilities. and the predictive results for UD laminates under longitudinal/transverse T-T fatigue
loading, MD. laminates under T-T fatigue loading, and UD laminates under longitudinal C-C fatigue
loading, respectively. The fitting parameters can be found in Table 2. A good correlation can be
observed between the failure probability and the number of cycles.

By plotting the test data on the mean stress-stress amplitude plane, a constant fatigue life
diagram for UD laminate was drawn to take both the effect of voids and effect of mean stress into
account (Fig. 7). The fatigue life at certain stress level, porosity level, and stress ratio was obtained
by interpolation based on asimple S — Ny fatigue model (Eg. (3) in Appendix A).

3.3 Stiffness degradation

The fatigue damage of composites can be evaluated in terms of the degradation of
macroscopically measurable properties such as residual stiffness or strength. Compared to residual
strength, the usage of residual stiffness as a detector of the damage induced by the cyclic loading has
advantages due to its non-destructive nature and smaller scatter. In this study, the dynamic stiffness
degradations of samples subjected to T-T fatigue loadings were analyzed through the same method
described in literature [22]. The degradation of residual modulus was extracted on the basis of the
secant slope of the line segment between the maximum of minimum points of each cycle (Fig. 8 (a)).
Fig. 8 (b) and (c) show the hysteresis loops at certain cycles for UD composites subjected to fatigue
loadings in the longitudinal and transverse directions, respectively. Obvious translational
displacement and rotation of the hysteresis loop can be observed as the humber of cycles increases.

In Fig. 9 (a) and (b) are presented the normalized stiffness degradations of UD laminates
subjected to longitudinal and transverse cyclic loading, respectively. As shown in the figures, higher
stress levels are accompanied by faster stiffness reduction processes (e. g., for laminates with void
content of 0.8%, the sample tested at stress level of 82% experienced a more rapid axial modulus

decrease with respect to the number of cycles as compared with that of samples tested at stress levels
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of 75% and 68%). Moreover, higher load levels corresponding to a larger decrease in moduli were
also observed, which is consistent with the analytical results of Gowayed [23] based on shear lag
theory.

The evaluations of effect of voids for laminates subjected to given stress levels are presented in
Fig. 9 (c) and (d). According to the figure, the presence of voids is able to significantly accelerate the
fatigue damage accumulation process in both cases. As void content increases, the axial modulus
decreases more rapidly up to fracture occurs, thus leading to a shorter fatigue life. However, the
modulus drop for laminates with different void contents at rupture seems not to be affected by the
presence of voids, as shown in Fig. 9 (d).

For the purpose of quantitatively assessing the effect of voids on the fatigue behaviors of
composites and to provide a method to predict the fatigue life of components during components
design, a simple predictive method was deduced on the basis of the stiffness degradation of
composites at various porosity levels (Eq. (6) in Appendix A). By using quadratic polynomial
equations, the functions &, ¢4, and ¢, can be well fitted with the correlation coefficients ranging
from 0.926 to 0.971. The results pertaining to the fitting curves are presented in Fig. 10. A good
correlation can be observed between the test data and the fitting results.

3.4 Damage evaluation through crack density measurement

For composites subjected to T-T fatigue loading, stiffness variation can be attributed to matrix
cracking. To explain the effect of voids on the fatigue mechanisms of composites under T-T loading,
matrix cracks on the free edges of the UD laminates were assessed at specified cycles using an
optical microscope. Fig. 11 (a) shows the microscopic images of matrix cracks at various stages of
the fatigue, while Fig. 11 (b) shows the evolution of matrix crack density for laminates at various
stress levels and porosity levels. According to Fig. 11 (a), matrix cracks are apt to nucleate from
interlaminar voids and propagate into the ply, indicating a faster crack initiation/propagation. The
results are consistent to the crack density measurement results shown in Fig. 11 (b). For laminates
with higher void content, matrix cracks would reach saturation state in fewer cycles. However, the
saturation of matrix cracks seems not to be associated with the porosity level. To conclude, the

presence of voids would accelerate the fatigue of CFRP composites by stimulating the evolution of
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matrix cracks.
3.5 Fatigue fractographic analysis

Aside from the crack density measurement during the course of fatigue, the fractographic
analysis was also performed as a supplemental approach to further reveal the effect of voids on the
fatigue failure mechanisms of composites. The post-failure modes and facture morphology of the
longitudinal UD specimens with various void contents are shown in Fig. 12. Intriguingly, although
the presence of voids, as shown in the previous section, would shorten the fatigue life of composites
by stimulating the matrix cracks to nucleate and propagate, specimens with 0.8% and 4% voids share
similar features of fractures. Large amount of delamination (Fig. 12 (a)), fiber pull-outs, broken
fibers, and matrix plastic deformation (Fig. 12 (c, €)) can be observed. However, subtle differences
can still be found in meso-scale SEM images of the fracture surfaces. Owing to a higher level of
porosity, matrix cracks in laminates with higher void content may tend to deflect into fiber
orientation to form fiber-matrix interface damage, thereby resulting in “rougher” crack surfaces (Fig.
12 (b, d)).

Despite specimens with different void contents share fairly similar characteristics for T-T fatigue
fracture surfaces; in C-C fatigue tests, a clear discrepancy can be observed in fracture morphology of
laminates at various porosity levels (Fig. 13). Relative flat fracture surfaces were found for
specimens with void content of 0.8% (Fig. 13 (b)), whereas “brush-like” fracture surfaces were
observed for specimens with void content of 4% (Fig. 13 (a)). The “brush-like” feature can be
attributed to vast amount of inter-fiber-bundle failure including delamination owing to the presence
of voids. As discovered in the previous study, the voids, as inherent defects of the material, could
stimulate the matrix crack in the material when subjected to T-T fatigue loading. Similarly,
inter-phase failure may tend to initiate from the voids as well under C-C cyclic loading, the formation
of fiber-matrix interface failure and delamination could trigger the unstable failure of fibers at early
stage of fatigue, thus leading to fewer cycles to failure. Although there was also delamination
occurred in composites with lower void content (Fig. 13 (d, e)), the fracture surfaces were relatively
flat, with an angle formed (approximately 51°, Fig. 13 (c)) with respect to the fiber direction.

4. Conclusions
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By performing the fatigue testing and the relative analysis for T300/924 laminated composites at
various porosity levels, this work successfully evaluated the effects of voids on their tension-tension
and compression-compression fatigue behaviors, alongside the initiation/propagation of matrix
cracks and fatigue failure mechanisms. The fatigue behaviors of the composite displayed a high
dependency on the void content when subjected to both T-T and C-C loading. The relationship
between applied stress level and the corresponding fatigue life was correlated by a semi-logarithmic
linear model, with the slope and intercept of the fitted curves described as functions of void content
to capture the voids-induced effects. Apart from fatigue life, the effect of voids showed different
mechanisms for T-T and C-C fatigue failure of the composite. To be specific, for specimens under
T-T cyclic loading, revealed by the matrix crack density measurement results, the presence of voids
could stimulate matrix cracks to initiate and propagate, resulting in more rapid damage accumulation
and stiffness reduction process. Whereas for specimens under C-C cyclic loading, voids seem to play
a different role in fatigue of composites. By stimulating failures including the inter-phase failure and
delamination to occur, the presence of voids would lead to earlier unstable fiber fracture as well as
fewer cycles to failure. Lastly, a residual stiffness model and a probability failure model were
established from the engineering perspective. The results of the work provided a comprehensive
insight for fatigue behaviors of CFRP laminated composites under the influence of voids. The
understanding of the effect of voids along with the related numerical models, which have taken the
effect of voids into account, will be useful for the future engineering applications of laminated
polymer composites with voids defects.

Appendix A. Appendix
Al p—S— Ny Model

The Weibull distribution used in this article is shown in Eq. (1), in which the two parameters
n(u) and A(u) represent the scale and shape parameters, respectively. Here the stress level u is
defined as the ratio of the maximum stress and the UTS (in T-T tests) or UCS (in C-C tests).

n; )/'l(u) )

P(n;) =1—exp(— (m

In this equation, i stands for the serial number of the sample, and P(n;) is the failure
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probability of the No. i sample. The scale and shape parameters can be obtained by transforming Eq.

(1) into the following equation.

In(n;) = %ln(— ln(l — P(nl-))) + In(n) 2

The parameters can then be obtained through linear regression on the basis of the test data.
A2. §— Ny Model

The S =Ny model used in this article was based on the model proposed by Shokrich [24, 25]
and Harris [26]. As shown in the S-N diagram, translational displacement and rotation can be
observed in the S-N curve for laminates at different porosity levels. To take the effect of voids into
account, the constants in the conventional model are replaced by the function of void content. The

modified expression is as shown in Eqg. (3).

, l
Wt D = ) + kN ®

In"this equation, a = (Omax — Omin)/2[0¢], @ = (Omax + Omin)/2loc], ¢ = locl/loe], o]
is the tensile strength, [o.] is the compression strength. f is a constant. y(v,) and k(v,) are
functions.of v,. y(v,) is the intercept of the S-N curve with the vertical axis, while k(v,) is the
slope of S-N curve.

A.3. Residual stiffness model

The fatigue damage of composites was assessed by a damage index based on the stiffness

variations in previous research [27, 28] (Eqg. (4)).

By —EN)
P =g —Em) )

In this equation, E, indicates the initial modulus without damage, E(N) indicates the residual
modulus of the N*" cycle, Ny s the fatigue life.

H. Mao [29] proposed a classic residual stiffness model for fibrous composites, as shown in Eqg.
(5), the model well reflected the three-stage characteristic of the stiffness degradation in the course of
fatigue process. In the equation, g, m,, and m, are independent parameters (m; < 1, m, > 1).
The first term in the equation captures the rapid stiffness reduction at the beginning, while the second

term describes the damage accumulation at the end of the fatigue process.
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Here, for the purpose of capturing the effect of voids, the shape parameters were further defined
as functions of void content and stress level (Eq. (6)).

P2 (Wvy)

N\ @)
D=AM%MJGW> +{1—AM%WD<E> (6)

In this equation, A is a constant associated with the material. §, ¢, and ¢, are functions of
u and wv,. The expression of the functions can be obtained through curve fitting of the stiffness
degradation data from the tests. Actually, the fatigue life can be straightly predicted by Eqg. (7) once

the relative residual stiffness is measured.

)

Appendix B. Supplementary document
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AS(u,v,) <N_f> + (1—-A6;(u,vy)) <N_f>

The supplementary material associated with this article can be found in the Supplementary

Information.
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Liu Haolong (Orcid ID: 0000-0002-0762-2828)

Table 1. Void content of plaques cured under different compression pressures.

Compression pressure

Panel #* Sample lay-up Void content
/IMPa
UD-P16 [0]16 0.5 0.8%
UD-P12A [90]:> 0.5 0.7%
UD-P12B [0]12, [90]4, 0.3 2.2%
UD-P12C [0]12, [90]42 0.1 4.0%
MD-PA [0/+£45/0/90] 0.5 0.6%
MD-PB [0/+45/0/90] 0.1 3.8%

2 UD=Unidirectional, MD=Multidirectional.
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Liu Haolong (Orcid ID: 0000-0002-0762-2828)

Table 2. Fitting parameters of fatigue failure probability curve model.

) ) ) MD laminate )
Testing UD laminate UD laminate UD laminate
. N [0/+45/0/ -
material (longitudinal) (transverse) 90] (longitudinal)
S
StressratioR  R=0.1 R=10
Stress level u 80% 81% 73% 83%
Void content  0.8% 22% 4% 0.7% 22% 4% 06% 38% 08% 4%
n 22026 7115 2071 17659 3594 720 69564 8639 11778 5115
A 348 358 294 167 226 295 080 182 227 1.09

This article is protected by copyright. All rights reserved.



