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Composites have been widely used in the aerospace industry. Due to the requirement of a high
safety for such structures, they could be considered for health monitoring. The acoustic emission
approach is one of most effective methods for identifying damages in composites. In this article,
standard specimens were made from carbon fibers and the epoxy resin, with the [03/902/02]s
layout. Then, samples were subjected to low-cycle cyclic loading. Besides, signals were recorded
with two types of acoustic emission sensors. Obtained results indicated that by increasing the
number of cycles and approaching the final lifetime of the sample, the cumulative energy of sig-
nals increased. The fracture surface of specimens was analyzed using the scanning electron mi-
croscopy. As a consequent and a general conclusion, based on obtained results, it could be
claimed that both wide-band and mid-band acoustic emission sensors could be effectively utilized
for detecting the defects in composite structures.

© 2019 Published by Semnan University Press. All rights reserved.

1. Introduction

Various studies have been performed on health
monitoring of composite structures. For such objec-
tive, the acoustic emission approach is one of the
most effective methods for the damage detection in
such components. In the following paragraphs, a
literature review is presented in this regard.

Liu et al. [1] studied the effects of different layers
and the size of the hole on the result of the acoustic
emission method to find a relationship between
failure characteristics and acoustic emission signal
parameters including the energy, count and ampli-
tude parameters. They also observed microscopic
properties of different composite specimens after
failure by the scanning the electron microscopy.
Their research focused on damage mechanisms of
the open-hole carbon fiber composite by combining
the traction and the acoustic emission test. Mo-
hammadi et al. [2] examined the relationship be-
tween the acoustic emission approach and the finite
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element method in the detection of damage mecha-
nisms in the open-hole glass/epoxy composite un-
der tensile loading. They utilized the wavelet packet
transform and the fuzzy clustering for acoustic
emission signal processing. They also examined fail-
ure mechanisms in samples. Their results showed
that the difference between the finite element
method and the wavelet packet transform approach
was less than 15%. However, the difference was
more than 42%, between the fuzzy clustering ap-
proach and the finite element method. In addition,
they obtained the frequency range of the acoustic
emission signals, in terms of a fast Fourier trans-
form and then, they determined the frequency range
of matrix cracking and the fiber breakage by testing
each material, separately. The frequency range of
matrix cracking was found as 80-250 kHz and the
frequency range of the fiber breakage was 375-480
kHz. According to previous studies [3-4], the fre-
quency range for debonding of the fibers from the
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matrix was considered between those of matrix
cracking and the failure in fibers, which was 250-
375 kHz. Ni and Iwamoto [5] analyzed the acoustic
emission signals with the wavelet packet transform
in failure of composites. Their results showed that
the fast Fourier transform and the wavelet packet
transform could identify the fracture patterns in
composite materials.

Loutas and Kostopoulos [6] investigated the be-
havior of carbon/epoxy composites under tension-
tension fatigue loading. They used the acoustic
emission approach to monitor the state of the test
sample during loading. The threshold, which was
chosen by them, was 40 dB. Nixon-Pearson et al. [7]
conducted an experiment to observe and under-
stand the developmental stages of the damage,
throughout the lifetime of a quasi-isotropic open-
hole carbon/epoxy composite laminate, which was
loaded under tension-tension fatigue loading. Using
the X-ray method, they examined the damage in
three-dimensional specimens. Their results indicat-
ed that when the maximum fatigue stress increased,
the number of cycles, which caused the specimen
fracture, decreased linearly. Firstly, they subjected
samples to obtain the mean resistance of materials
under quasi-static loading. Then, they performed
fatigue tests to determine the incidence of the peak-
to-peak damage under 60% of the final static load,
using the X-ray approach. Thermographic images
showed that the initial damage began with matrix
cracking and the delamination at the edge of the
hole. Bourchak et al. [8] studied the energy of acous-
tic emission signals as a component of the fatigue
damage for carbon fiber composites. Their acoustic
emission results illustrated that the composite dam-
age occurred at about 27% of the ultimate tensile
strength and at 0.3% of the ultimate strain for com-
posites with 90° layers. Williams and Reifsnider [9]
investigated the boron-aluminum and boron-epoxy
angle-plied composite specimens under strain- and
load-controlled fatigue loading, using the acoustic
emission method. They observed a good correlation
between the percentage and the progress of the
damage and also the results of the acoustic emission
approach. They stated that depending on the type of
the material, debonding of fibers from the matrix
could create large signals. Mahdavi et al. [10] ana-
lyzed the failure of composite tubes, made by the
filament method, using the acoustic emission ap-
proach. They examined some sections of glass tubes
to get the tensile strength. They also analyzed sev-
eral acoustic emission signal parameters, including
the energy and the cumulative energy during the
test. Their results indicated that the frequency range
of matrix cracking and debonding of fibers from the
matrix was 40-80 dB, the frequency range of the

delamination was 80-90 dB and the frequency range
of the fiber breakage was 90-94 dB. They utilized
scanning electron microscopy images to find the
mechanism of failures.

Sayar et al. [11] found damage mechanisms in
the open-hole laminated carbon/epoxy composite,
by the acoustic emission method. They investigated
the clustering effect on the damage mechanism of
composites. In addition, they categorized five dam-
age mechanisms including matrix cracking, the fiber
breakage, the fiber pull-out, debonding of fibers
from the matrix and the delamination, by acquiring
acoustic emission signals. Alizadeh et al. [12] stud-
ied the failure mechanisms in laminate composite
specimens, under cyclic loadings at different dis-
placement amplitudes, using the acoustic emission
approach. They found the damage mechanisms
based on three defects in open-hole tensile tests,
under the low-cycle fatigue loading condition.
Ghasemi-Ghalebahman et al. [13] studied different
types of failure mechanisms in laminate composite
specimens, under tensile loading at 2 mm/min of
the loading rate, using the acoustic emission meth-
od. They calculated the percentage of various dam-
age mechanisms. Azadi et al. [14] illustrated the ef-
fect of the tensile loading rate on mechanical prop-
erties and failure mechanisms in open-hole carbon
fiber reinforced polymer composites using acoustic
emission method. They indicated that by enhance-
ment of the tensile loading rate, the maximum stress
increased and the maximum strain decreased, in
open-hole composite specimens. Besides, they found
the frequency range of damage mechanisms. In an-
other work, Azadi et al. [15] investigated the low-
cycle fatigue lifetime and performed the sensitivity
analysis to depict effects of the displacement ampli-
tude and the loading frequency on the low-cycle
fatigue lifetime in carbon/epoxy laminated compo-
sites. They showed that by enhancement of the dis-
placement amplitude, the low-cycle fatigue lifetime
decreased. In addition, when the loading frequency
increased, the low-cycle fatigue lifetime of compo-
sites decreased. Besides, the maximum stress had a
reverse trend, comparing to the fatigue lifetime.
They illustrated that the displacement amplitude
was sensitive to the fatigue lifetime and the maxi-
mum stress and the loading frequency was sensitive
to the maximum stress and not to the fatigue life-
time.

As a result, from the literature review, it could be
concluded that studies have rarely been performed
on fatigue properties of carbon fiber/epoxy compo-
sites and their health monitoring with the acoustic
emission approach. As a conclusion, it could be
claimed that two aspects of novelty for this article
are investigations of the material under cyclic load-
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ing, especially in the low-cycle fatigue regime, and
finding the influence of using acoustic emission sen-
sor types on the detection of failures in carbon fi-
ber/epoxy composite materials. Therefore, in this
study, the low-cycle fatigue test was empirically dis-
cussed by analyzing acquired acoustic emission sig-
nals, during testing. Then, obtained results could be
interpreted by referring to the figures.

2. Experimental Works
2.1. Materials and Tests

Composite samples were manufactures from the
carbon fiber and the epoxy resin. The carbon fiber
was from Sika Company with a specific gravity of
230 gr/mz2. The epoxy type was the CR-80 resin. At
the first stage, a composite sheet was made with the
dimension of 250 x 350 mm and the thickness of 3.2
mm, in the [03/902/02]s layout. This composite sheet
was made by the hand lay-up method with com-
pression molding. Then, standard specimens were
cut from this sheet using the water-jet approach.
The dimension of each composite sample was 3.2,
250 and 36 mm based on the thickness, the length
and the width of samples, respectively. At the final
stage, a 6 mm diameter hole was drilled in the cen-
ter of all composite specimens, based on the ASTM
D5766 standard [16].

The tensile test device, STM-150 from Santam
Company, was utilized with a capacity of 15 tons
and the adjustable loading capacity, ranging from
0.1 to 500 mm/min. Then, a sample was loaded in a
tensile condition at 200 mm/min of the loading fre-
quency and under 6.5 mm of the displacement am-
plitude.

2.2. Acoustic Emission Signals

The acoustic emission approach can be used ac-
cording to the production of transient elastic waves
in materials, during release of the energy, from an
available source in the ultrasonic range, including
the frequency of 1 kHz to 20 MHz [12]. Common
parameters for acoustic emission signals, which are
shown in Fig. 1, could be listed as follows:

1. Count: When the signal exceeds the defined
threshold, a hit will be recorded.

2. Hit: The number of times that the signal ex-
ceeds the threshold during a period. It is worth
mentioning that the counting index is fully set at the
threshold and the operating frequency depends on
this parameter.

3. Amplitude: The highest voltage of the signal is
called “amplitude”. In measurements of the acoustic
emission approach, the amplitude is expressed in
dB. The amplitude has the exact dependency on the
source domain.
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Fig. 1. Parameters of acoustic emission signals [19].

4. Duration: The interval between the first and
last hit of acoustic emission signals. The duration
depends on the source and the range of noise filters.

5. Rise time: It is the interval between the time of
the first hit and the time determines the largest
amount of signals. The rise time is the exact rela-
tionship with the source time function and the type
of failures or the noise removal method.

6. Energy: In acoustic emission systems, the def-
inition of the energy is identified by area below the
graph. This parameter depends on the amplitude
and duration of the signal [17].

The acoustic emission signal is usually amplified
by the pre-amplifier and then filtering is performed
on signals. The amplifier output is expressed in dB,
as shown in Eq. (1), which means the ratio of the
output voltage (vo) to the input voltage (vi) [20], as
follows:

UO
dB =20log ,, <v_> (9]
l

Eg. (2) shows the energy of the acoustic emission
signal, which is calculated by the mean square value
over the time [21], as below:

E = fotvz(t) dt (2)

in which, v is the amount of the voltage for the
waveform of the acoustic emission method, t is the
time, and E is the acoustic emission energy. As the
source wavelength increases, the wave energy de-
creases exponentially, as shown in Eq. (3) [16].

E(x) = Eje™** (3)

where E is the energy at the distance, x, from the
source, Eo is the source energy, k is the wavelength
loss and x is the distance from the source.

2.3. Acoustic Emission Sensors and Equipments

In order to record the acoustic emission signals,
two wide-band sensors were utilized with the oper-
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ating frequency range of 100-1000 kHz. In addition,
two mid-band sensors were also used with the op-
erating frequency range of 200-750 kHz. They were
installed on standard specimens. Acoustic emission
signals were amplified 40 dB by two 2/4/6 pream-
plifiers. Then, data were recorded with 1 MHz of the
sample rate and were saved by the PCI-2 analog-to-
digital board and the AE-WIN software, from PAC
Company. The threshold of acoustic emission sig-
nals was found to be 35 dB. In order to calibrate the
sensors, the pencil lead break method was utilized,
according to the ASTM-E976 standard [22]. It
should be noted that a silicone grease was used for a
proper contact of sensors to the specimen surface.
Fig. 2 shows test equipments including cyclic load-
ing equipments, the test sample, acoustic emission
equipments and interface cables.

3. Results and Discussions
3.1. Low-cycle Cyclic Test Results

As mentioned in the previous section, the car-
bon/epoxy composite sample was loaded at the
loading frequency of 200 mm/min and under the
displacement amplitude of 6.5 mm. It should be not-
ed that the test was performed under the displace-
ment-controlled condition. Under such tensile cyclic
loading condition, the low-cycle fatigue lifetime of
this sample was obtained as 19 cycles. Then, other
obtained results were normalized based on this val-
ue for the fatigue lifetime.

Fig. 3 shows the maximum stress and the mini-
mum stress during cycles. Based on these results,
the maximum stress was obtained as 593 MPa. This
value was related to the first cycle. Then, the maxi-
mum stress reduced during testing. As another re-
sult, the minimum stress was near zero during all
cycles.

3.2. Analysis of Acoustic Emission Data

In this section, the analysis of acoustic emission
signals, which was mainly extracted from the energy
parameter, is discussed. As the acoustic energy de-
scribed, the higher number of the signal count ex-
ceeded the threshold value and higher acoustic en-
ergy would be produced.

Fig. 4 presents the maximum stress versus the
normalized fatigue lifetime, besides the energy of
acoustic emission signals for two types of sensors.
This graph could be divided into three regions. In
the first step, the acoustic energy increased during
the first few cycles; and then, the acoustic energy
decreased, and returned to an equilibrium state,
until it reached to the final stage and the specimen
failed. As final cycles reach, the fatigue phenomenon
appeared to be associated with a sharp enhance-
ment in the acoustic energy. As it can be seen, in the

19t cycle, the sample completely failed, where the
failure caused to produce high acoustic energy. In
this loading, due to the high amplitude of loading,
the microscopic damage increased suddenly in the
early cycles; and then, it entered to the macroscopic
damage in final cycles. This behavior could be also
distinguished from changes in the acoustic energy.
Fig. 5 shows the maximum stress versus the
normalized fatigue lifetime, besides the cumulative
energy of two types of sensors. The cumulative en-
ergy increased for two sensors with a small differ-
ence. This difference could be due to the operating
frequency or the different location of two sensors.
At the moment corresponding to the final failure,
the cumulative energy of both sensors greatly in-
creased, in which a good agreement between the
cumulative energy and the maximum stress versus
the normalized fatigue lifetime could be observed.

CFRP
Specimen

Fig. 2. Equipments of cyclic tensile testing and the acoustic
emission approach.
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In Fig. 6, the diagram of the cyclic strain versus
the normalized lifetime diagram was compared to
the acoustical energy. The loading range in the test
was constant and therefore, the strain range varied
from zero to 0.43. As it can be seen, the energy of
both sensors increased significantly in the last cycle,
which was also mentioned for Fig. 4. This energy
raise was due to the sudden failure of the composite
sample.

Fig. 7 shows the count parameter of acoustic
emission signals for two types of sensors, including
the wide-band sensor and the mid-band sensor.
Again, data were divided into three stages. The first
stage, which is the beginning stage of loading and
initial cycles, resulted in microscopic damages. Ac-
cording to this phenomenon, the number of counts
increased. By approaching to the last cycle, due to a
high damage value, a large number was counted by
both sensors, which was consistent with the acous-
tical energy, which was discussed before in Fig. 4
and Fig. 6.

As a conclusion, both wide-band and mid-band
sensors could effectively monitor the health of com-
posite structures. There was a small difference be-
tween signals, obtained from two different sensors.

Such results could be mentioned for the energy and
the count parameter. However, in the cumulative
energy, there was a difference between two sensors,
which the mid-band sensor predicted damages in an
earlier time duration, from about 70% of the fatigue
lifetime, in comparison to that of the wide-band sen-
sor.

Obtained results in this research could be com-
pared to results of other studies on the crack initia-
tion and the crack growth in metals. In such studies
[23-25], researchers found the fatigue crack propa-
gation in metals by acoustic emission signals. These
results could verify the results of this research for
composites. In addition, Ma and Li [26] utilized the
acoustic emission technique to assess and monitor
the damage in the fiber reinforced polymer-
strengthened reinforced concrete columns under
cyclic loading. They indicated that the cumulative
acoustic emission energy would exhibit a good cor-
relation with the cumulative hysteretic energy, dis-
sipated during cyclic testing. In order to verify the
obtained results in this article, it could be claimed
that the cumulative energy could predict the crack
initiation and the crack propagation in composites,
the same as reported in the literature [26].

0.06 . 70000
+ Wide band sensor energy w
¢ Mid band sensor energy Last cycle ]
—Strain-Normalized fatigue life Fracture point v
0.048 g = | 56000
N :
~0.036 42000 &
— @
E ]
g 3
IZ}
“0.024 28000 =
g
0.012 14000
: “
0 Latalabalalsl 0
0 0.2 0.4 0.6 0.8 1

Normalized fatigue lifetime (N/NF)

Fig. 6. The acoustical energy of two types of sensors and the
strain versus the normalized fatigue lifetime.
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3.3. Scanning Electron Microscopy Images

The scanning electron microscopy was utilized
to observe the failure mechanisms of the composite
specimen. Images were taken from the surface of
the fracture and surrounding the hole, in which
higher stress concentration occurred. In Fig. 8, fi-
bers in the sample were well characterized in two
layers, including 0 and 90° layers.

In the 0° layer, the matrix cracking, the fiber
breakage and debonding of fibers from the matrix
occurred as damage mechanisms; while in the 90°
layer, due to the fact that the loading direction was
perpendicular to the direction of the fibers, the fail-
ure of fibers occurred much less than that of the 0°
layer. The most failure mechanism for the 90° layer
was matrix cracking and debonding of fibers from
the matrix.

Fig. 9 shows the matrix cracking, debonding of
fibers from the matrix and the fiber breakage, as
damage mechanisms, with higher magnification in
comparison to Fig. 8. In addition, for such defects,
higher magnification of the mentioned image can be
also observed in Fig. 10.
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Fig. 8. The scanning electron microscopy image for 0 and 90°
layers.
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Fig. 9. The scanning electron microscopy image of damage mech-
anisms.
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Fig. 10. The scanning electron microscopy image of damage
mechanisms with higher magnification.

It should be noted that such obtained results, includ-
ing three defect types in composite samples, were
also represented similarly by the literature [11-14],
under tensile monotonic and cyclic loadings, for the
open-hole standard sample.

4. Conclusions

In this study, two different types of acoustic
emission sensors were utilized to investigate the
damage in composite samples during cyclic loading.
Obtained results showed that both wide-band and
mid-band sensors could be effectively used to moni-
tor the health of composite structures. In addition,
results clearly described the relationship between
the stress history diagrams and acoustic energy pa-
rameters, including the energy, the count and the
cumulative energy, for both two types of sensors.
Scanning electron microscopy images showed that
the damage mechanisms of the fiber breakage, ma-
trix cracking and debonding of fibers from the ma-
trix occurred in the composite specimen.
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