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ABSTRACT

This study assesses the progression of damage occurring on glass fiber reinforced polyester
composite specimens using acoustic emission (AE) parameters. Its aims are to improve
understanding of the particular characteristics of AE signals; and also to determine the
relationship between AE signals and the failure of the material. Time and frequency domain
trends were analysed at four different applied loads (60.97, 67.75, 74.52 and 81.30 MPa)
representing 45-60% of the ultimate tensile strength of material. The relevant AE parameters
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were analysed both in the early stages of the test and as the material neared the fracture zone.
The results showed a high degree of correlation between the root mean square and number
of hits AE values and the number of cycles to failure, of 92.99 and 92.19%, respectively. This
correlation, as well as AE basic parameters, suggests that AE can be a valuable tool to predict the
fatigue life and detect the onset of damage in such composite materials.

1. Introduction

The use of acoustic emission (AE) is a relatively new
technique in the Non-Destructive Evaluation (NDE)
industry. It was introduced to address the limitations of
previous NDE technologies and cut the costs of evalua-
tion. The first attempts to evaluate AE’s suitability for use
in engineering applications were made by researchers
from Japan, Europe and the USA in the late 1970s and
early 1980s (Barber 2006).

AE can be defined as the energy emitted as a result
of changes in the microstructure of a material, which
then generates stress waves with transient elasticity
(Gholizadeh, Leman, and Baharudin 2015; Mouritz
2003; Wevers 1997). The energy source usually originates
within the material’s elastic stress field, and is generally
caused by mechanical, chemical, pressure or thermal
stress on the material in question. These stresses can
often lead to fatigue failure in the material - a common
phenomenon in many operations or structures. Fatigue
failure in composites is a particularly complex phenome-
non, as it generally arises from the cumulative effect and
interaction of different types of damage, cause depend-
ent on. Three main failure modes - namely matrix
cracking, interface debonding and fiber failure - can all
play major roles, often in a sequential order, at different
stages of damage development. Analysing the AE data
obtained from fatigue tests on such composite materials
therefore requires considerable attention to detail, and
often involves a significant number of material and test

parameters as well as consideration of both the nature
and quantity of the data. Most studies investigating
damage mechanisms in composite materials have used
pattern recognition as a multivariable technique for
AE event classification (Bar, Bhat, and Murthy 2004;
Bhat, Bhat and Murthy 2003; Godin et al. 2004; Huguet
et al. 2002; Philippidis, Nikolaidis, and Anastassopoulos
1998; Philippidis, Nikolaidis, and Kolaxis, 1999). Bar,
Bhat, and Murthy (2004) conducted research using the
AE technique to analyse the mechanisms by which dam-
age arose in multi-layered glass fiber reinforced plastic.
The AE signals were captured through a polyvinylidene
fluoride film sensor as of composite laminates of three
dissimilar sets stacking sequences during monotonically
increasing tensile load. Bhat, Bhat and Murthy (2003)
meanwhile used artificial neural networks to identify
noise suppression in AE data, with the long-term objec-
tive of in-flight monitoring on airplanes. In contrast,
very few writers have studied damage modes in the usage
of AE distributions in glass fiber reinforced composite.
Huguet et al. (2002) conducted research on AE signal
parameters used to identify a range of real-time damage
in the stress applied to glass fiber reinforced polymer
composite. Gostautas et al. (2005) studied the structural
performance of glass fiber reinforced composite bridge
decks in order to determine the nature of the damage
when specimens were subjected to static loading (three
point bending). The authors also compared the per-
formance of repaired structures with original ones. All
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these authors used the Felicity Ratio to check the Kaiser B 250mm SN
effect and the Felicity effect, as well as intensity analysis. )
The use of AE waveform multiparameters should lead EI H

to improve identification of damage modes in composite
materials, and hence be a valuable tool for detecting the  Figure 1. Specimen geometry.
onset of damage in such materials. In line with this, this
study used basic AE parameters to investigate damage
modes in glass fiber reinforced polyester composite at
different test times, from initiation to the point of near
fracture, in order to determine the relationship between
AE signal parameters and fatigue cracks.

2, Experimental

Woven reinforced glass fibers were cut into 30 x 30 cm
sizes to make glass fiber reinforced composites con-
sisting of 40 wt% (40 per cent by weight) glass fiber,
60 wt% matrix (GP 268 BQT-W) and 2 wt% hardener. Sﬂ(i::(;f ZZZSB
Specimens were then cut from a six-layered unidirec- Y

tional glass fiber reinforced polyester plate for testing in
the laboratory, to evaluate the properties of the materials
under different loading conditions. A total of 19 spec-
imens, each 5 mm thick, 250 mm length, and 25 mm
wide (Figure 1), were cut according to ASTM D3039.
Three samples were subjected to a tensile test before

carrying out the cyclic fatigue test, in accordance with i
ASTM D3479.

Figure 2. MTS machine and AE equipment.
2.1. Tensile testing techniques

The goal of the prior tensile tests in this study was to
determine the ultimate tensile strength (UTS) of the Specimen
materials. The three specimens were tested on a univer-
sal machine testing system type INSTRON 3382, with
a 100 kN capacity. An average UTS of 135.5 MPa was
obtained from the tensile test, and this UTS was used as
the basis for subsequent experiments.

AE sensor

Detail A
2.2. Fatigue testing with AE sensor attachment Scale 7:1
The specimens were installed into the test rig under a
one-point test set-up (AE sensor), as shown in Figure 2. s ~

They were loaded using a 100 kN hydraulic MTS test Specimen
machine. The load was applied in a sinusoidal waveform.
An AE sensor was attached on the centre of the surface
of each specimen, as the position shown in Figure 3.
The MTS 647 Hydraulic Wedge Grip testing machine
with a maximum load of 100 kN and maximum pressure
of 21 MPa or 3000 psi were used to apply the load to the
specimens until the specimens separated. A set of 16 spec-
imens were loaded under tension-tension cyclic loading,
at a frequency of 8 Hz with 45-60% of UTS, a maximum
load of 10.07 kN and minimum load of 7.33 kN, and at
a stress ratio of R = 0.1 with 3.5 MPa of pressure. Load
data from the testing machine was fed to the parametric
channel of the AE data acquisition system. Thisload data  Figure 3. AE sensor position.

AE sensor



Table 1. AE control parameters.

Parameters Set value
Peak definition time (PDT) 50 ps

Hit definition time (HDT) 150 ps
Hit lockout time (HLT) 300 ps
Sample rate 5 M sample/s

were recorded simultaneously with the transient AE sig-
nals detected during the test. Both sets of data were then
used to characterise the AE source mechanism by corre-
lating the AE parameters with the load values.

2.3. Acoustic emission

A MISTRAS AE system from the Physical Acoustic
Corporation Two-Channel was used to acquire the AE
signals released by fatigue crack growth during the tests.
One wideband (WSa) AE transducer with a frequency
range of 100-1000 kHz was used to detect the AE signals
from the fatigue test at the centre of the specimen. This
sensor was attached to the specimens and connected to
the AE data acquisition system through a coaxial cable.
A 40 dB threshold level for AE data acquisition was set to
avoid interference from any background environmental
noise below this level. The detected events were ampli-
fied by a 26 dB pre-amplifier and a 40 dB amplifier. All
the recorded signals were stored on the computer for fur-
ther analysis. AE WinTM software for data acquisition
and signal processing was used throughout this study
to capture, replay and display stored AE data. To ensure
proper AE monitoring, certain parameters of the data
acquisition systems need to be adjusted to the specific
testing materials and existing noise levels: in particu-
lar, Peak Definition Time, Hit Definition Time and Hit
Lockout Time. The specific values used for these timing
parameters of the signal acquisition process are shown
in Table 1.

3. Results and discussion
3.1. Time domain trend

The number of incoming signals is the most basic
parameter of AE monitoring, and is a commonly used
criterion to assess structural integrity in many types of
standardised monitoring. Usually, some AE parameters
such as hits, amplitude and root mean square (RMS)
increase along with the load increment, because crack
propagation increases as the load increases (Loutas and
Kostopoulos 2009; Paipetis and Aggelis 2012). In this
case, the AE signal patterns were measured in the early
stages of testing and as the fracture zone approached,
at applied stress levels of 45, 50, 55 and 60% of UTS
with a loading of 60.97, 67.75, 74.52 and 81.30 MPa,
respectively. The results of these various measurements
are shown in Figures 4-8, and are explained in more
detail below.
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Based on studies the range of 40-55 dB of amplitude is
associated to matrix cracking, 55-60 dB is AE indication
of interface failure, 60-65 dB related to fiber debonding,
65-85 dB is linked to fiber pull-out and 85-100 dB is
related to fiber fracture cracks (Barre and Benzeggagh
1994; Huguet et al. 2002; Kotsikos et al. 2000; Ségard
etal. 2003). According to Barre and Benzeggagh (1994)
and Huguet et al. (2002), high level of number of hits
(AE events) in the range of amplitude between 40 and
55 dB is associated with matrix cracking. It was discov-
ered that the number of hits versus amplitude shows the
damage contributed in materials. Figure 4 shows average
of AE parameter based on material behaviour at this
level. It is apparent that higher level of number of hits
(more number of hits) occurred between 40 and 50 dB
of amplitude that is related to matrix cracking. Along
with this growing matrix cracking, some hits begin to
be distinguished between 55 and 65 dB associated with
interface failure as well as fiber debonding.

Figure 5 displays the AE signal patterns measured at
45% of UTS with aloading of 54.2 MPa, both in the initial
stages of testing and near the fracture zone. Before the
main crack occurred, some micro-cracks appeared in the
matrix resin and there were also signs of fiber debonding
between 40 and 60 dB of amplitude. The composite also
showed increased delamination between 50 and 70 dB
(Ono 1988). Some larger cracks appeared between 60
and 80 dB, due to fiber pull-out (Barre and Benzeggagh
1994; Kotsikos et al. 2000). In terms of crack propaga-
tion, the number of hits and RMS fluctuated between 40
and 80 hits/s and 0 to 0.1V, respectively, reaching around
80 hits/s at the time of delamination. Once the speci-
mens started to divide into two main pieces, the RMS
increased to more than 0.15 V, and continued roughly
at this level until the fiber broke - at which point the
RMS value presumably increased well beyond this level,
since it relates to the vibration signal energy in a time
series, which could be expected to increase sharply upon
breakage.

Number of hits vs. amplitude which is contributed to
damage of the composite is shown in Figure 6, at 50% of
UTS. It is apparent that higher level of number of hits
(more number of hits) occurred between 40 and 55 dB
of amplitude that is related to matrix cracking and some
hits occurred between 55 and 65 dB associated with
interfacial failure as well as fiber debonding. Since the
number of hits increased as the loading was increased,
at this level the number of hits reached to around 8000
that was more than previous level.

Figure 7 shows the AE distributions illustrating the
amplitude, number of hits and RMS at 50% of UTS, with
a loading of 67.75 MPa. Both the amplitude and crack
propagation were much higher than at the previous level
of applied stress, because of the increase in loading. In
the early stages of testing, in addition to matrix cracking
and fiber debonding, the specimens also experienced
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Figure 4. Number of hits vs. amplitude at 45% of UTS.
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Figure 5. Amplitude, number of hits and RMS at 45% of applied stress level (a) early stage of testing, (b) near fracture zone.

fiber pull-out at amplitude of 90 dB, 70 hits/s and around
2.5 V RMS. At this point, a scattering of micro-cracks
became obvious. When the main crack occurred, a high
rate of incoming AE signals were recorded (up to 200
hits and 2.5 V RMS); the cracking events were much
more extreme and frequent; and visible cracks rup-
tured the brittle matrix, leading to several side cracks.
Furthermore, when the specimens split causing fiber
pull-out, both the RMS and number of hits went up
substantially. Towards the end, the matrix continued to
rupture slowly and fiber pull-out also continued until

the point of fiber breakage, at 100 dB amplitude and
around 4 V RMS.

Figure 8 shows the number of hits which was lower
than the previous levels; however matrix cracking
occurred between 40 and 50 dB of amplitude and there-
after, fiber debonding and crack growth were observed.
At 100 dB of amplitude fiber breakage was recorded.

Figure 9 shows the AE signal patterns at 55% of
UTS (74.52 MPa), again measured both in the early
stages of testing and near the fracture zone. Based on
the behaviour of the material at the previous levels, it



was expected that the specimens would break faster.
Therefore, recordings were made every 30 s to track
the behaviour of the material. In the event, because of
the shorter recording time, the fact that AE activity is
related to fracture events and crack behaviour (every hit
represents the acoustic activity that occurs in the mate-
rial during the crack mechanism process), and finally
because higher loads lead to shorter failure times, the
acoustic activity experienced in the specimens was not

AUSTRALIAN JOURNAL OF MECHANICAL ENGINEERING . 5

as strong as at lower loads (Mohammad et al. 2014).
Thus, the AE parameters, both in the early stages and
towards the fracture zone, came out lower than at the
previous levels. However, when the point of delamina-
tion and fiber breakage was reached, high levels of RMS
became visible.

As mentioned in previous level with regard to the
cracks zone, at 60% of UTS, after a common matrix
cracking between 40 and 50 dB, many interface fractures
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Figure 6. Number of hits vs. amplitude at 50% of UTS.
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Figure 7. Amplitude, number of hits and RMS at 50% of applied stress level (a) early stage of testing, (b) near fracture zone.
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Figure 8. Number of hits vs. amplitude at 55% of UTS.
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Figure 9. Amplitude, number of hits and RMS at 55% of applied stress level (a) early stage of testing, (b) near fracture zone.

occurred which were immediately followed by fiber pull-
out. With this growing matrix cracking, some high-am-
plitude events began to be distinguished between 55 and
65 dB (Figure 10).

The final level of testing, at 60% of UTS and 81.30
MPa of stress, is shown in Figure 11. At this level, it
was anticipated that the specimens would break even
more quickly. Therefore, all the test times were recorded

from the start until breakage. Although the AE parame-
ters rose compared to the previous level, they were still
lower than at the earlier (lower) levels of applied stress.
Much more extensive amplitude became clear at this
level compared with the others. This is logical because,
as the load increases, not only is there much more exten-
sive matrix cracking but also many more delaminations
occur than at the previous loading steps. Micro-cracking
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Figure 10. Number of hits vs. amplitude at 60% of UTS.
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Figure 11. Amplitude, number of hits and RMS at 60% of
applied stress level.

developed initially, after the strength limits of the mate-
rial were reached, followed by a macroscopic crack and
then suddenly a large amount of cracking and a high
level of RMS was therefore recorded (Figure 11). As
the loading continued, the crack propagation spread
to the top, rupturing of the rest of the material, while
fiber pull-out gradually occurred. At this stage, the AE
hit rate was generally lower than at previous stages and
was falling, mainly because the number of fibers left

to be pulled out was also continuously decreasing. At
the point of fiber breakage, all the parameters increased
dramatically.

3.2. Frequency domain

Studies of glass fiber polyester composite systems have
shown that fiber breakages tend to generate extensional
wave signals within the frequency range of 420-520 kHz,
while matrix cracks provide flexural wave signals in fre-
quency ranges from 30 to 150 kHz, and fiber debonding
at frequencies of less than 350 kHz (Bohse 2000; Huguet
et al. 2002; Ramirez-Jimenez et al. 2004). Figure 6 dis-
plays the frequency signature for different breakages at
the fracture zone for different levels of applied stress,
along with further details of different damage signatures.
Itis clear from Figure 12, at 60.97 and 67.75 MPa applied
stresses, the frequency showed same crack from 30 to
350 kHz. At the last two levels of stress, fiber breakage
occurred at the 500 kHz frequency at a high level of
power. In fact, the patterns of cracking at different lev-
els of applied stress in the frequency domain waveform
were very similar to those described earlier for the time
domain waveform.

Figure 10 shows that, on average under different
loadings, 95% of total AE hits were recorded between
the amplitude bands of 40 and 60 dB. Based on previ-
ous studies (Godin et al. 2004; Huguet et al. 2002), fiber
breakage is generally the primary damage mechanism.
This predominance of AE hits occurring at an amplitude
response of less than 60 dB possibly correlates with fiber
breakage. According to the tests on this material across
the whole range of different levels of applied stress, most
fiber breakage occurred at between 85 dB and 100 dB -
a level of amplitude which differs from those produced
by previous AE studies. Earlier studies have reported
various ranges of amplitude for carbon and glass fiber
breakage, such as 60-75 dB (Bohse 2000), and 95-100
dB (Siron and Tsuda 2000).

Table 2 shows the number of RMS at different
stress level from 45 to 60% of UTS. It is evident that
with continuous loading RMS continued increasingly,
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Figure 12. Power spectrum analysis of glass fiber polyester
composite at different applied stress (a) 60.97 MPa, (b) 67.75
MPa, (c) 74.52 MPa and (d) 81.3 MPa.

Table 2. Number of RMS (v) at different stress level.

Stress level (% of UTS) Minimum  Maximum  Average
45% Early time of 0.0014 0.0036 0.0017
testing
Near fracture 0.0022 0.0042 0.0031
zone
50% Early time of 0.0019 0.0045 0.0030
testing
Near fracture 0.0018 0.0766 0.0062
zone
55% Early time of 0.0024 0.0042 0.0032
testing
Near fracture 0.0054 0.0114 0.0084
zone
60% Overall 0.0024 0.052 0.0124

starting with maximum number of 0.0036-0.000.52 v
that occurred near fracture zone.

The linear correlation between the RMS of the AE and
the number of cycles until failure, as well as the number of
AE hits and applied stress, are shown is Figures 13 and 14
respectively. The number of cycles increased as the RMS
value decreased, and the number of hits increased when
the applied stress increased. The correlation coefficients
R*=92.99% and R? = 92.19% indicate that there is a good
correlation to predict specimen life.

The use of AE technique for detecting and monitor-
ing damages and the progress on damages in different
structures is widely used and has earned a reputation
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Figure 13. Correlation between RMS of AE and number of cycles
to failure.
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Figure 14. Correlation between total number of AE hits and
applied stress.

Table 3. Comparison of AE characteristics with other methods
(Kaphle 2012).

Other methods

Detect geometric form of defects

Do not require stress

Inspection is directly repeatable

Less material sensitive

More geometry sensitive

More intrusive on plant / process

Require access to whole area of
inspection

Main problem is geometry related

Acoustic emission

Detects movement of defects
Requires stress

Each loading is unique

More material sensitive

Less geometry sensitive

Less intrusive on plant/process
Requires access only at sensors

Main problem is noise related

as one of the most reliable and well-established tech-
niques in non-destructive testing (NDT). This technique
has been used in many industries as a structural health
monitoring technique for an early warning detection of
structural damage associated with cracks, impacts, frac-
ture, and delaminations in advanced materials. Table 3
shows a comparison between AE characteristics and
other methods.

AE technique employs single or multiple sensors in
listening to the large variety of activities that are likely to
occur within a solid material. It can be applied in three
different application domains based on the high fre-
quency sound source (Awerbuch et al. 2016; Mohammed
et al. 2013; Nicolas, Sullivan, and Richards 2016). The
condition monitoring and life prediction of aircraft main
structures have received great concern because it has
significance in maintaining high flight safety. The early



detection of fatigue crack initiation and growth is in
general beyond the capability of various conventional
NDT means. AE however, is more suitable to undertake
the task. The application of AE took centre stage after
it was employed in developing reinforced glass—fiber
composite rocket motorcases that were used in 1962 for
Polaris A3. It was also used to test Apollo lunar mod-
ule propellant tanks and various aerospace applications
(Gholizadeh, Leman, and Baharudin 2015). Several
recent studies on AE in aircraft manufacturing can also
be found in (Awerbuch et al. 2016; Mendoza et al. 2013,
2014; Ullmann et al. 2010).

According to AE characteristics in this study the fol-
lowing conclusions were reached:

» AE can be a tool for fatigue crack monitoring in
composite materials for detecting the onset of
damage as AE signals can be recorded from initial
cracks and also crack propagation at different time
of service which can be obtained according to AE
data.

o AE basic parameter can be useful tools for finding
damage assessment at real time and by actual AE
data.

o According to the results, the fatigue crack growth
was located at different applied stress levels using
actual AE data since AE signals record the material
behaviour under different loading.

4. Conclusion

This study looked at the capability of the AE tech-
nique to assess the onset of damage in glass fiber rein-
forced polyester composite material. Three common
AE parameters, namely amplitude, number of hits
and RMS, were analysed to determine the behavior
of fatigue cracks in the course of a cyclic fatigue test.
The number of hits indicated that the level of acoustic
activity in the material during the crack mechanism
process was directly related to the level of stress being
applied. Moreover, 95% of the total AE hits took place
within the amplitude bands of 40-60 dB. According to
the results, most fiber breakage occurred at between
85 and 100 dB. Higher power percentage values were
observed for both fiber breakage and matrix cracks in
the extensional and flexural frequency bands. There was
a satisfactory level of agreement between the different
power spectrum results for fiber breakage and matrix
cracks in the material. This suggests that the power
spectrum method, which analyses the whole waveform,
is a reliable way of identifying different types of damage
in composite materials. It was found that the AE param-
eters in fact decreased at the point of onset of damage in
the specimen at higher levels of applied stress, because
of the faster failure rate. Finally, the linear correlation
between the AE parameters and the number of cycles
to failure and applied stress produced R? coefficients of

AUSTRALIAN JOURNAL OF MECHANICAL ENGINEERING . 9

92.99 and 92.19%, respectively. All the AE parameters
thus had a direct relationship with the applied stress
values, suggesting that these correlation coeflicients are
reliable means of predicting fatigue life in a composite
material.
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