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This study investigates the tension-tension fatigue behaviour of glass/epoxy quasi-isotropic laminates.
Constant amplitude tension-tension fatigue tests were performed at different stress level at a stress ratio,
R=0.1 and at a frequency of 3 Hz. The damage growth in the material was characterized by evaluating
the degradation in stiffness. A phenomenological cumulative stiffness degradation based damage model
was used to predict the damage development in the material. It was observed that, in the initial fatigue
loading cycle, the material exhibited rapid reduction in stiffness and maintained a constant rate of degra-
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1. Introduction

Fibre reinforced polymers (FRP) are being used extensively in
structural applications subjected to fatigue loading. In fatigue load-
ing, materials are subjected to cyclic stresses below their ultimate
tensile strength. Application of repeated cyclic stresses will
develop micro cracks in the material resulting in degradation of
the mechanical properties. Fatigue failure phenomenon in
homogenous materials initiates from single micro crack and prop-
agates perpendicular to the direction of loading (Ramesh Talreja,
2016; Reifsnider, 1991). The crack initiation and propagation in
homogenous materials is quantified by strain-life approach. Fati-
gue failure is characterised by multiple damage modes such as
matrix cracking, Fibre/matrix interface debonding and fibre failure
(Hahn, 1979; Ansari et al., 2018). Damage developed during the
fatigue test is loading cycle dependent and during each cycle, dam-
age accumulates in the form of micro cracks in different planes.
Increasing the loading cycles, intensifies the damage and results
in degradation of strength and stiffness of the material. The extent
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of damage severity in multidirectional laminates is quantified by
understanding the rate of degradation in stiffness of the material
(Ramesh Talreja, 2016; Zong and Yao, 2017; Liu et al., 2018;
O’Brien et al., 1989). Reifsnider (1991) developed a multistage
model to characterise the development of fatigue damage. As per
the model, during the initial fatigue-loading period, damage is
characterised by primary matrix cracking along the plies and
reaches a saturation point. In the intermediate stage, crack grows
in inter-laminar plies and leads to delamination of fibre matrix
interface. In the final stage, cumulative damage grows rapidly,
resulting in failure of the material. The damage development is
also affected significantly by the loading frequency. In fatigue load-
ing, higher testing frequency leads to increase in the laminate tem-
perature. Rise of temperature increases the rate of degradation of
stiffness and the damage growth. Fibre orientation and loading
direction for composites showed significant effect on fatigue life.
El Kadi and Ellyin (1994) studied the tension-tension (T-T) fatigue
behaviour of glass/epoxy composite laminates and showed reduc-
tion of fatigue life with the increase of fibre orientation angle. The
increment in the fibre orientation angle reduces the stiffness of the
material and results in lower fatigue life. Fibre volume content and
percentage of void content are the other two factors that directly
influence the fatigue damage growth rate of the material
(Maragoni et al., 2017). Analysis of effect of fibre content on T-T
fatigue behaviour of carbon/epoxy laminates showed that an
increase in fibre volume fraction from 30 to 55% resulted in an
increment in the fatigue life by 40% (Brunbauer et al., 2015).
Reviewed literature indicates that developing mathematical mod-
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els to predict the fatigue damage growth rate is a complex phe-
nomenon. Mao and Mahadevan (2002) proposed nonlinear damage
model based on experimental results. The study showed that
applied number of cycles and degradation of stiffness can be used
to predict the cumulative damage of the material. Toubal et al.,
(2006) developed a cumulative damage model for carbon/epoxy
laminates by correlating stiffness and number of cycles.

Present work investigates the fatigue behaviour of quasi-
isotropic glass/epoxy composite laminates fabricated with a stack-
ing sequence of [0/90/+45/—-45];. An experimental analysis was
carried out at different stress levels using axial T-T fatigue loading
mode at a stress ratio, R=0.1 and at a frequency of 3 Hz. Fatigue
life of the material is presented using S-N plot and damage accu-
mulated in the laminates is predicted by monitoring stiffness loss
of the material. Existing non-linear damage prediction mathemat-
ical model was adopted to understand the propagation of fatigue
damage. Scanning electron microscopic images were used to
understand the fracture behaviour of the composites.

2. Experiment details
2.1. Materials and methods

The quasi-isotropic composite laminates were fabricated by
vacuum bagging technique. The specimen were reinforced with
unidirectional (UD) E-glass fabric (310 GSM) having a density of
2.54 g/cm® and were procured from CFW New Delhi, India. Lapox
L12 (Atul grade) with a density of 1.12 g/cm® and K-6 hardener
(amine group) used as thermoset matrix material. The laminates
with a Fibre weight fraction of 55% having eight layers of UD E-
glass fabric was prepared with a stacking sequence of [0/90/
+45/-45],. The experimental density of the specimen was mea-
sured using Archimedes principle and found to be 1.54 g/cm? as
reported in (Pavan Acharya et al., 2018). The specimens for static
tensile test and for T-T fatigue test were prepared as per ASTM D
3039 with a gauge length of 190 mm and a griping length of
30 mm on both sides and with a thickness of 3 mm (ASTM, 2014).

2.2. Tensile and fatigue test

Uni-axial static tensile tests were conducted using BiSS make
Universal testing machine equipped with fatigue setup. To ensure
repeatability; five samples with identical dimensions were used for
tensile test. The tension-tension fatigue behaviour of the quasi-
isotropic laminates were analysed in accordance with ASTM D
3479 (Demers, 1998). Tests were conducted in constant amplitude
load mode and loading pattern controlled using sinusoidal wave-
form at a stress ratio, R =0.1. The fatigue life of material is influ-
enced by testing frequency; higher testing frequency results in
self-heating of laminates (Ansari et al., 2018). To reduce the effect
of self-heating tests were conducted at a frequency of 3 Hz. At 0.4
stress range, fatigue test were stopped at 1 x 10° cycles and con-
sidered as run out specimens.

3. Results and discussion
3.1. Tension test

Tensile tests of quasi-isotropic laminates were conducted at
ambient conditions and at a displacement rate of 2 mm/min. The
stress-strain curve for specimens are shown in Fig. 1. The stress-
strain curve obtained from the test clearly indicates the influence
of fibre stacking sequence on failure characteristics of the laminate.
The curve shows nonlinear elastic feature until the failure point
and is considered as a bilinear curve. The intersection of two curves
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Fig. 1. Stress-Strain curve of quasi-isotropic laminate.

in Fig. 1 is known as knee point and represents the failure point of
the plies perpendicular to the direction of loading (Sun and Zhou,
1988; Agarwal and Dally, 1975). The ultimate failure of the lami-
nate occurs at fracture strain of fibre along the loading direction.
Using the stress- strain curve average ultimate strength of the lam-
inate was found to be 170.38 MPa and average failure strain was
3.2%. The bilinear pattern of stress-strain curve resulted in two ten-
sile modulus E; and E,. Modulus, E; of the curve obtained from the
initial slope of the curve and found to be 7.96 GPa. Final modulus,
E, obtained above the knee point of the curve and estimated as
4.33 GPa which agrees with the published literatures (Reifsnider,
1991; Agarwal and Dally, 1975).

3.2. Fatigue test

The experimental results obtained from constant amplitude
tension-tension fatigue test at different stress levels is shown in
Table 1.

The number of cycles to failure obtained at 0.8-stress level
shows large scattered data with a coefficient of variation of

Table 1
Experimental values of tension-tension fatigue test of quasi-isotropic laminates.

Stress Level Failure Cycles, N Average failure Coefficient of

cycle variation in %

0.8 3170 2063 42.64
1570
976
2710
1893

0.7 9630 9806 29.27
6141
8768
14,052
10,441

0.6 547,672
368,317
326,543
387,891
421,879

0.5 767,845
837,643
609,428
423,269
611,371

0.4 1,001,231
1,000,551

84,090 20.48

620,427 25.94

Runout Runout
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42.64%. Number of cycles to failure obtained at lower stress levels
shown low scattering as compared to 0.8-stress level. Fatigue data
obtained from the experiments were analysed by the classical
stress-life approach as per ASTM E739 (ASTM, 2012) and estab-
lished S-N curve for laminates as shown in Fig. 2.

The testing process was terminated at 1 x 10° cycles at 0.4
stress level as the laminates did not fail at this stress level. In S-
N curve, these runouts are shown with an arrow. Experimental
results of fatigue test were showed a linear fit based on the semi
log linear relationship between stress level and the fatigue life as
per Eq. (1) using linear regression analysis (Vieira et al., 2018;
Zhao et al., 2016; Ertas and Sonmez, 2014).

Gmax

—% = mlogN + b (1)

Oy

where m = —0.110 is the slope of the S-N curve and predicts the rate
of degradation of the fatigue life of quasi-isotropic laminate. Param-
eter b >1, is the one cycle intercept of the curve fitting and found to
be 1.153. The obtained values agrees closely to the published
results. The accuracy of the prediction represented by
R?=0.87304 and found to be within the acceptable limit (Vieira
et al.,, 2018; Li et al., 2015).

3.3. Fatigue damage accumulation

The fatigue damage developed in the composite materials is
evaluated in terms of degradation in stiffness during fatigue load-
ing. Stiffness of the material was estimated in equal intervals dur-
ing fatigue loading to understand the damage growth behaviour.
Fig. 3 shows the normalised stiffness degradation of the quasi-
isotropic laminates at a stress level of 0.5, 0.6 and 0.7. Stiffness
of the material experimentally evaluated in frequent intervals of
fatigue loading from the stress-strain data for the corresponding
loading cycle. Stiffness degradation behaviour can be described in
three stages. In stage one, during the initial few loading cycles,
rapid reduction in stiffness is observed. In second stage, stiffness
reduces at a constant rate. Rapid reduction is observed near the
failure in stage three. The specimen, which was loaded at stress
level of 0.5, showed 50% reduction in stiffness at failure point. In
the current study, quantitative evaluation of fatigue damage was
carried out by monitoring reduction of stiffness in each cycle of
the loading.

The damage developed in the material for each cycle during
fatigue loading was evaluated using Eq. (2) (Mao and
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Fig. 2. S-N curve of quasi-isotropic laminate at a stress ratio of 0.1.
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Fig. 3. Stiffness degradation at different stress level.

Mahadevan, 2002; Toubal et al., 2006; Venkatachalam and
Murthy, 2018).

p=1-p (2)

where D is the fatigue damage accumulated, E, is the initial
dynamic stiffness measured during the first loading cycle and E,is
the stiffness of the material after n number of cycles. Stiffness is
the ratio of the corresponding stress and strain of the material dur-
ing fatigue loading in each cycle. The experimental results shown in
Fig. 3 indicated that the stiffness of the material at failure point is
not zero and hence final fracture stiffness was incorporated
(Venkatachalam and Murthy, 2018; Wu and Yao, 2010) in Eq. (2) as

E, — E,
D=¢ ¢ (3)

Eq. (3) shows that the accumulated damage in the material var-
ies from O to 1. The damage growth in specimen when they were
subjected to fatigue loading at 0.7, 0.6 and 0.5 stress level is exhib-
ited in Fig. 4. Damage estimated in each stress levels at frequent
intervals of loading as per Eq. (3) by using experimental stress-
strain data.
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Fig. 4. Experimental damage evolution curve at different stress levels.



N.H. Padmaraj et al./Journal of King Saud University — Engineering Sciences 32 (2020) 396-401

The damage growth mechanism in quasi-isotropic laminates is
studied in three stages (Reifsnider, 1991). During initial stage
micro cracks in the matrix parallel to the direction of fibre in mul-
tiple locations were developed. This damage grows rapidly and
contributes to 60% of the total damage. The cracking process con-
tinues to achieve a saturation period and the cracking pattern in

Table 2
Material parameters of quasi-isotropic laminates for damage evolution at different
stress levels.

Stress level, % of UTS q m; m, R?
0.7 0.9414 0.1124 4.688 1.0000
0.6 0.9259 0.06687 184.3 0.9889
0.5 0.8321 0.1045 1.039 0.9967
T T T T T
a) 1.0 o Experimental = e |

e e AT

Damage (D(n))

0.0

06 08
Normalised Fatigue life (n/N)

0.0
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the laminate is termed as characteristic damage state (CDS). In
the intermediate stage; micro cracks developed during the initial
stage merge and leads to debonding at fibre-matrix interface
which results in inter-laminar cracks. Steady and slow damage
growth rate is observed in second stage. The last stage shows rapid
damage development process and which ultimately results in 0°
oriented fibre failure of the laminates followed by longitudinal
splitting and rupture of fibre surface (Reifsnider, 1991; Ansari
et al., 2018; Zong and Yao, 2017; Mahato et al., 2018; Rafiee, 2017).

3.4. Analytical model for fatigue damage
The analytical damage growth model developed by Mao and

Mahadevan (2002) is based on continuum damage mechanism.
Eq. (4) is used to establish a relation between number of cycles
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Fig. 5. Comparison of experimental and theoretical damage evolution at different stress level, (a) 0.7, (b) 0.6, (c) 0.5.

Interlaminar fiber failure

Slicing of fibers

Fig. 6. SEM micrographs of static test fracture surface showing (a) Interlaminar Fibre failure, (b) Slicing of Fibre.
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Fig. 7. SEM micrographs of fatigue fracture at 0.7 stress level showing (a) micro cracks in matrix, (b) delamination of Fibre matrix interface.

applied and damage developed at different stress levels (Toubal
et al., 2006; Ziemian et al., 2016).

()" +a-a()” @

where D is the accumulated damage, n is the applied number of
cycle, N is the life of the material at corresponding cycles, m;, m,
and q are the material parameters. The first part of the Eq. (4) rep-
resents initial fatigue damage growth mechanism with m; <1 and
second part of the equation represents the rapid damage growth
phenomenon near the material failure cycles with m, >1. q is the
weighing parameter for different stress levels. Values of these
parameters were extracted with the help of least square regression
method in MAT LAB for different stress levels from the experimen-
tal fatigue data and damage data obtained using Eq. (3). Values of
material parameters for different stress levels with coefficient of
determination (R?) as a measure of quality of curve fitting is shown
in Table 2. Fig. 5(a)-(c) shows the comparison of experimental and
theoretical damage evolution characteristics of quasi-isotropic
glass/epoxy composites,

3.5. SEM image analysis

The failure morphology of the specimen failed in static test was
shown in Fig. 6(a) and (b) and specimen failure largely attributed
to fibre failure. Brush like fracture surface with inter fibre bundle
failure with delamination and large number of fibres pull out to
the surface is observed. In addition, wedge shaped slicing of the
fibre surface is observed. This indicates fibre dominant failure
phenomenon.

Fig. 6(a) and (b) shows the fatigue fracture surface at 0.7 stress
level. SEM images of fatigue fracture surface provided evidence of
the delamination and the presence of micro cracks in the lami-
nates. Smooth micro crack nucleation’s is observed along matrix
failure surface as shown in Fig. 7(a). In addition, multiple fragmen-
tation between fibre and matrix interface is observed in fatigue
loading as shown in Fig. 7(b). The fracture surface also shows
matrix shear ridges and shows low fibre exposure; indicating
matrix damage dominated failure. Presence of multiple micro
cracks in the material resulted in catastrophic failure of the
specimen.

4. Conclusions

Data on fatigue characterisation of quasi-isotropic glass/epoxy
laminate under on axis tension-tension fatigue test at a stress ratio,
R=0.1 and at a frequency of 3 Hz was presented in this paper. The
static tensile properties of the composites largely depended on the

orientation of individual plies. The stress-strain curve showed non-
linearity and hence represented as a bi-linear curve. Fibres normal
to the loading direction failed at a lower fracture strain and com-
plete failure of specimen occurred at the failure strain of fibres ori-
entated along the loading direction. Damage growth in the
laminates were characterized by understanding the degradation
of stiffness of the material. In the initial fatigue, loading material
showed rapid reduction in the stiffness and maintained a constant
rate of degradation until the failure of the material. The existing
cumulative damage model used to predict the damage growth rate
in the material and the least square regression analysis carried out
to obtain the material parameters at different stress levels. Scan-
ning electron images were used to understand the difference
between the static and fatigue failure of the specimens. The frac-
tography images of specimen failed in fatigue test clearly showed
presence of micro cracks and inter fibre surface delamination.
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