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Thanks to their excellent strength and durability, composite materials are used to manufacture many
important structural elements. In the face of their extensive use, it is crucial to seek suitable methods for
monitoring damages and locating their origins. The purpose of the article was to verify the possibility of
applying the acoustic emissions (AE) method in the detection of damages in the structures of composite
materials. The experimental part comprised static tensile tests carried out on various sandwich composites,
including simultaneous registration of elastic waves with increasing loads, carried out with the use of an acoustic-
electrical sensor connected. The signal obtained from the sensor was then further processed and used to draw
up diagrams of the AE hits, amplitude, root mean square of the AE source signal (RMS) and duration in
the function of time. These diagrams were then applied on their corresponding stretching curves, the obtained
charts were analysed. The results obtained point to a conclusion that the acoustic emissions method can be
successfully used to detect and locate composite material damages.
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1. Introduction

Composites with reinforcements in the form of fi-
bres are innovative materials used in structures, in
which strength and relatively low weight of the ma-
terial are of utmost importance. The strength of com-
posites can be directionally shaped, which increases
their attractiveness as a structural material. In turn,
anisotropy hinders the design process, which applies
to the tested and described glass polyester laminates,
in which maximum strength directions do not always
match the main axes of structural section loads.

Compared to other materials, such as steel or alu-
minium alloys, the process of composite cracking is
much more complex. The material destruction pro-
cess assumes a series of complex mechanisms, such as:
cracking at the fibre-resin joint, laminate layer crack-
ing, delamination (Nikbakht et al., 2017; Saeedifar

et al., 2016), fibre separation from the warp and crack-
ing of fibres (Mohammadi, 2017).

The properties of composite materials are affected
by their structure and the distribution of its individ-
ual elements. Furthermore, the defects created at the
stage of manufacture and use, their amount, shape,
dimensions and distribution also have great impact.
In the process of manufacturing composite materials,
bubbles, cavities and foliations are formed and fibres
get damaged. These defects can appear, among others,
due to different thermal expansion properties of their
ingredients, and due to different methods of obtaining
composites (Gołaski, 1994).

Since the use of composites in construction has
become widespread, a need arose to monitor changes
that take place in their structures during use (SHM –
Structural Health Monitoring). Design of materials
and testing techniques have evolved, shifting the focus
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to durability, strength and resilience of these mate-
rials (Aggelis et al., 2012; Dudzik, Labuda, 2020).
There are several methods of detecting damaged areas
in composite materials (Kurzydłowski et al., 2005;
Yu et al., 2006; McCrory et al., 2005). SHM de-
scribes a method of continuous monitoring of their
structure to detect damages by placing sensors on the
structure tested, either temporarily or permanently
(Caesarendra et al., 2016; Hoła, 1999). Acoustic
emission (AE) has the capacity of an effective SHM
system used to detect damages (Al-Jumaili et al.,
2016; De Rosa et al., 2009; Marec et al., 2008;
Ranachowski et al., 2012). The method is based on
recording flexible waves which result from such phe-
nomena as external loads, ambient conditions, inter-
nal stress. These events can be detected on the surface
of the structure, using piezoelectric sensors. In com-
posite structures, wave speed is rarely constant due to
changes in thickness and anisotropy, where wave speed
depends on the direction of propagation, and is much
higher in the vicinity of a fibre bundle. The measure-
ments of these impulses can be an ideal method of
monitoring composite destruction processes (Gutkin
et al., 2011; Monti et al., 2016), testing local dama-
ges, detecting faults and internal defects and structural
transformations (Xiao et al., 2016). Information con-
tained in courses, such as amplitude, frequency and
duration, can present a complete image of changes tak-
ing part in composite materials throughout their use
(Xingmin, Xiong, 2006). The AE technique is a real
and effective tool used to identify damaging mecha-
nism, such as fiber warp removal, warp cracking and
defibering (Panasiuk, Hajdukiewicz, 2017; Pana-
siuk et al., 2019; Kyzioł et al., 2020).

The article describes static tensile tests carried out
on glass polyester laminates with and without recy-
clate content, with simultaneous recording of acoustic
signals generated by samples under increasing loads.
The impact of glass polyester waste used in the com-
posite on the level of acoustic signal generated from
structures being destroyed was determined in the test.
The images of tested composite material structures
were compared.

2. Methodology

A fragment of glass polyester scrap obtained from
vessels built in the 1980s was sourced to determine
the recyclability of composite materials. The scrap was
pre-crushed with a hammer, and then ground on a de-
dicated plastics processing station (a mill). Crushed,
the waste was sieved on a screen with an eye size of
1.2 mm to obtain the recyclate used as a filler added
to the warp of a newly produced glass polyester com-
posite. The average size of the recyclate was ≤1.2 mm.

After a recyclate of the right grain size was pro-
duced, the next step was to prepare the compos-

ite panels. Laminate was produced using the hand-
lamination contact method, using a mat as reinforce-
ment. POLIMAL 1094 AWTP polyester resin manu-
factured by “Organika-Sarzyna” S.A. with a hardener
and a booster recommended by the resin manufacturer
was used as warp for all of the above mentioned ma-
terials. A long-fibre, weaved glass mat of 300 g/m2 in
grain size serves as reinforcement. In Table 1, there
are presented the properties of polyester resin and
fiberglass used in the manufacturing process (Organika
Sarzyna, 2020).

Table 1. Properties of polyester resin and fiberglass used
in the manufacturing process (Organika Sarzyna, 2020).

Ultimate
tensile

strength, Rm
[MPa]

Young
modulus, E

[GPa]

Strain, ε
[%]

Fiberglass 2900 73.5 3.37
Polyester resin 70 4.3 2

Panels with different glass polyester waste con-
tents, 0% and 10%, were produced (Panasiuk, Ha-
jdukiewicz, 2017; Kyzioł et al., 2020). In Table 2,
there are presented the percentage of the warp, rein-
forcement and recyclate in the composite material.

Table 2. The average percentage of the warp, reinforcement
and recyclate in the composite material.

Fiberglass
[% by weight]

Polyester resin
[% by weight]

Recyclate
[% by weight]

0%,
without
recyclate

65 35 0

10%,
≤1.2 mm

65 25 10

To use the composite material produced in static
tensile testing, samples were prepared according to
PN-EN ISO 527-4_2000P and were carried out in ac-
cordance with the current standard. Composite panel
samples were produced using the water-jet cutting
method. The method guarantees that similar sizes are
obtained for each of the samples. Figures 1 and 2
present composite structures without waste content
and with a 10% glass polyester recyclate content be-
fore the test, presenting the defects obtained in the
production process in the form of air pores. Figure 3
presents the view of specimens used in research.

The research was carried out at the universal hy-
draulic testing machine Zwick & Roell MPMD P10B
with TestXpert II software. Additionally, Epsilon 3542
extensometer was used for measuring elongation dur-
ing test.
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Fig. 1. A photograph of the composite structure without
any glass polyester waste content, with defects marked,

taken with an optical microscope.

Fig. 2. A photograph of the composite structure with a 10%
glass polyester waste content (≤1.2 mm grain size), with

defects marked, taken with an optical microscope.

a)

b)

Fig. 3. View of specimens used in research: a) composite
without recyclate, b) composite with 10% of recyclate.

For monitoring tensile test of chosen specimens
Physical Acoustics Company (PAC) acoustic emission

system was used. Diagram of the measuring station is
presented in Fig. 4.

Force
relay
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Data
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control

Fig. 4. Diagram of the measuring station.

Research AE was performed using set consisted of:
single channel recorder USB AE Node, type 1283 with
bandpass 20 kHz – 1 MHz, preamplifier with bandpass
75 kHz – 1.1 MHz, AE-Sensor VS 150M (with a fre-
quency range of 100–450 kHz), computer with AE Win
for USB Version E5.30 software for recording and
analysing AE data. The tests were carried out in accor-
dance with the applicable standards related to acoustic
emission tests (PN-EN 1330-9:2017-09; PN-EN 13554:
2011E; PN-EN 15857: 2010E).

Between the sensor and a surface of the specimen
a coupling fluid was used. AE Sensor was fixed to spec-
imen by elastic tape.

3. Test results

During the study, the AE generated by internal
friction, cracking of warp and fibers inside the sam-
ple, carried out on a test stand, recorded a number of
parameters which were analyzed. Significant changes
of selected parameters of AE signals were characte-
rized with hits with duration above 30 µs. Only those
parameters for which this condition was met were se-
lected for the analysis. These parameters were e.g.: am-
plitude, hits, RMS (root mean square of the AE source
signal) and duration and are shown in Fig. 5 (Zaki
et al., 2015).

The analysis of that parameters was made using
AE Win for USB Version E5.30 software. The results
obtained during the tests, such as the root mean square
of the AE source signal signal (AE RMS), amplitude,
wavelength, as well as the number of hits for mate-
rial without recyclate and with recyclate were com-
bined with each other for comparison. The first of the
parameters analyzed is the number of events (AE hits).
It gives the information how many sources of acoustic
emission signals occur during loading, which are caused
by the damage that occurs in it, such as: cracking of
warp and fibers inside the specimen, delamination as
a result of the addition of recyclate, cracking at the
fiber-warp border.
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Fig. 5. Parameters reflecting of an AE waveform

(Zaki et al., 2015).

Figure 6 presents a graph of stress and the num-
ber of acoustic emission hits as a function of time for
material without recyclate.

Fig. 6. Graph of stress and number of AE hits, as a function of time for a selected sample without recyclate.

Fig. 7. Graph of stress and number of AE hits as a function of time for a selected sample
with 10% recyclate content.

Figure 7 presents a graph of stress and the number
of acoustic emission hits for a selected sample with 10%
polyester-glass recyclate.

Figure 8 presents a graph of stress and amplitude
of the acoustic emission signal as a function of time
and a marked threshold of 45 dB.

Figure 9 presents a graph of stress and amplitude
as a function of time, with a set threshold of 45 dB, as
in the case of material without recyclate.

Figure 10 shows samples without recyclate and
with 10% recyclate content after static tensile test.

Figure 11 shows the stress and RMS graph as
a function of time for non-recyclate material.

Figure 11 presents a graph showing the RMS of
the acoustic emission signal as a function of time, in-
dicating that small changes occur at the beginning
of loading. At approx. 60 s, corresponding to a value of
60 MPa, a higher effective value appears. The highest
RMS signal value was recorded at maximum strength,
corresponding to sample destruction.

Figure 12 presents a stress and RMS graph as
a function of time for a sample with 10% recyclate
content.

Table 3 presents the results obtained during the
analysis of the acoustic emission signal during loading.

Based on the results presented in Table 3, it is pos-
sible to conclude that the use of recyclate in composite
materials has an impact on the parameters of acoustic
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Fig. 8. Graph of stress and amplitude of acoustic emission signals as a function of time
for a sample without recyclate.

Fig. 9. Graph of stress and amplitude of acoustic emission signals as a function of time for a sample
with 10% polyester-glass recyclate content.

a) b)

Fig. 10. Samples after static tensile testing:
a) sample without recyclate, b) sample with 10% recyclate content.
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Fig. 11. Stress and RMS graph as a function of time for a sample without recyclate.

Fig. 12. Stress and RMS graph as a function of time for a sample with 10% polyester-glass recyclate content.

Table 3. The results obtained during the analysis of the acoustic emission signal during loading.

Sum of hits [–] Average amplitude [dB] Average RMS [V]
0% recyclate, sample 1 21 386 31.88 0.0076
0% recyclate, sample 2 16 388 28.4 0.0097
0% recyclate, sample 3 25 734 25.54 0.0085

Average 21 169 28.6 0.0086
10% recyclate, sample 1 25 460 33.6 0.0103
10% recyclate, sample 2 36 548 31.1 0.0112
10% recyclate, sample 3 32 456 30.6 0.0106

Average 31 488 31.76 0.01107

emission (AE). By using 10% of waste in the com-
posite, the hits parameter values are increased by an
average of 30%. Amplitude increases by an average of
10%, and RMS 20%. Thus, the impact of waste on the
increase in parameters is noticeable. It is directly re-
lated to the fact that at the time of the occurrence
of standard events for composites, such as cracking of
the warp, reinforcement, there is a simultaneous signal
related to the response of the recyclate. During the
cracking of the matrix, the recyclate moves, the same
as when the reinforcement breaks.

4. Discussion

Analyzing the graphs of stress and number of AE
hits as a function of time (Figs 6 and 7), it is con-
cluded that by adding recyclate, we notice an increase

in the number of acoustic emission signals at the very
beginning of loading, compared to material without re-
cyclate. For material without recyclate, a greater num-
ber of hits (40) are observed at a stress of approx.
40 MPa, similarly to material with recyclate. Based on
the entire loading process for samples with and without
recyclate, an increase in this amount is observed with
composite with recyclate. With composite without re-
cyclate, the increase in the number of acoustic emis-
sion signals occurs only at approx. 75 s, correspond-
ing to a stress of approx. 80 MPa. However, in the
case of a sample with 10% recyclate content, the next
ones occur after 50 s, corresponding to about 50 MPa.
The value of the intensity parameter for the occurrence
of acoustic emission signals allows the determination of
a stress value typical of a material without causing ma-
jor damage.
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According to the literature (Shafiq et al., 2005;
Juskowiak et al., 2013) maximum amplitude values
caused by warp fracture are within 75–90 dB. In order
to obtain the values of the amplitude of the acous-
tic emission signals, which will be subjected to further
analysis, it is necessary to separate the noise from them
(Figs 8 and 9). Considering that the amplitude reaches
the value of approx. 40 dB from the very beginning of
loading, and there are no significant changes in the ma-
terial, a value of 45 dB can be taken as the threshold.

The signal amplitude as a function of time shown
in Fig. 8 takes into account all events occurring during
the process of loading the sample.

Amplitude values reflect the characteristics of
events occurring during material loading. Due to the
fact that the material without recyclate is composed of
warp and reinforcement in the form of fiberglass, the
obtained amplitude values can be divided into those
related to warp cracking and those with fiber cracking,
as well as at the fiber-warp boundary. At high loads,
the elastic wave defining warp cracking is characterized
by a higher amplitude value than those associated with
glass fiber cracking. Warp fracture occurs at an ampli-
tude in the range of 76–90 dB. Hence, it can be seen
that the first warp crack occurs at a stress of about
60 MPa. Further changes occurring in the material, in
addition to fiber and warp, are associated with fiber-
warp cracking.

Figure 9 presents the force versus time graph with
the amplitude versus time graph plotted for a sample
with 10% polyester-glass recyclate content. The ma-
terial with 10% recyclate content is characterized by
a smaller value of the amplitude of the acoustic emis-
sion signal, by replacing reinforcement, by adding recy-
clate to the warp. The recyclate connected to the warp,
at the same time weakens it, and thereby reduces the
amplitude of the acoustic emission signals caused by
its breakage.

In both cases, from 45–60 dB similar elastic wave
amplitudes are observed during the entire loading pro-
cess, up to destruction, probably corresponding to the
cracking of glass fiber, glass fiber – warp. The maxi-
mum amplitude values, on the other hand, are proba-
bly caused in both cases by warp cracking within 75–
90 dB (Shafiq et al., 2005; Juskowiak et al., 2013).
The glass-polyester recyclate in the warp, during load-
ing, undergoes only displacement or also affects the
tearing of the fibers, probably the signal amplitude ac-
companying this phenomenon in relation to the fiber
and warp is negligible. The maximum value of the am-
plitude of the acoustic emission signal, for material
without recyclate, can be observed at the maximum
stress value. This is due to the cracking characteris-
tics and the development of damage in this material as
a result of loading.

Based on the destruction characteristics of compos-
ite materials, it is noticeable that they are reflected in

the graphs of the amplitude of the acoustic emission
signals as a function of time. In the material without
recyclate, during loading, fiber stretching and crack-
ing at the fiber-warp border occur first. It is only at
higher loads that the warp begins to crack. The maxi-
mum value of the amplitude of the acoustic emission
signals, appearing at the maximum load of the sam-
ple, corresponds to the total warp fracture, followed
by delamination of the remaining fibers.

For non-recyclate material, the nature of the crack-
ing is brittle. During the whole process of loading the
material, warp cracking, cracking at the fiber-warp
boundary occurs, and delamination. This is due to the
addition of recyclate to the warp, and thus a smaller
amount of reinforcement. Maximum stress already has
a slight effect on changes in the material.

The graphs obtained by the acoustic emission
method (Figs 11 and 12) show the relationship between
the RMS of the signal as a function of time and the
force acting on the sample. They reveal the occurrence
of various mechanisms of destruction in the tested ma-
terials due to clear differences in the values of received
signals. For samples without recyclate, the value of the
root mean square of the AE source signal up to about
55 s, which corresponds to a stress of 60 MPa, does
not indicate major changes in the material. Only af-
ter exceeding 55 s the effective value increase is visible.
For samples with 10% recyclate content, the root mean
square of the AE source signal value up to about 35 s,
which corresponds to a stress of 35 MPa, does not in-
dicate any major deviations. Only after exceeding 35 s
is the deviation visible for all selected samples.

The earlier appearance of a higher AE RMS at
lower stress values for samples with 10% recyclate con-
tent is closely related to the inclusion of waste in the
composite structure. The addition of recyclate affects
the entire process of destroying the final composite
and accelerates it. Analyzing the charts for the above-
mentioned materials, it is clearly seen that in the case
of samples without recyclate, the deviations of the
RMS of the signal are lower compared to samples with
a waste content of 10%.

5. Conclusions

Determining the properties of composite materi-
als based on their input components, such as warps
or mats, is of key importance when used in construc-
tions in the economic sense (material costs, labor con-
sumption, time). Each composite material obtains its
target properties in the manufacturing process, which
can only be verified on the final product. Properties
of composite materials are affected by their structure
and distribution of individual elements. What’s more,
defects arising at the stage of production and use, their
quantity, shape, dimensions and distribution also have
a significant impact. In the production process of com-
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posite materials, micro-stresses, air pores and fibers are
damaged. Manual lamination with the contact method
involves the risk of defects and their impact on the
strength of these materials.

In contrast to isotropic materials, such as metals
and their alloys, the analyzed process of composites
destruction involves a number of phenomena. The ma-
terial undergoes such changes as: cracking at the fiber-
resin interface, warp cracking, delamination, separa-
tion of fibers from the warp and cracking of the
fibers.

The results obtained in this article allow to evaluate
which parameters, obtained as a result of tests using
the acoustic emission method, have the biggest diag-
nostic information determining the nature of material
damage during loading. During the tests, a number
of parameters were obtained, such as: number of hits,
amplitude, RMS of the signal. Their proper prepara-
tion as well as analysis allows to determine beginning
of material destruction process. The obtained graphs of
the analyzed parameters indicate that hits and RMS
are the most important and showing the most informa-
tion. The hits and RMS charts show the points where
the number of events increases, which is synonymous
with the amount of damage in the composite material.
Thus, it is possible to determine up to which stress
value it is possible to use such a composite in order
not to damage it.

By analyzing the amount of acoustic emission hits
as a function of time, we obtain information on how
much damage in the form of: warp cracking, delamina-
tion, fiber cracking occurs when loading the material.
The values of signal amplitude and its RMS value in-
form about various mechanisms of destruction in the
tested materials through clear differences in the values
of the received signals. Their thorough analysis allows
the selection of signal characteristics that correspond
to a particular type of damage.

The obtained results indicate that the acoustic
emission method can be successfully used to detect
structural changes in materials, which is very impor-
tant in the design of structures containing composi-
te materials, allows to obtain more information about
the material. This method can be used to detect ad-
verse changes in the early stages that can potentially
lead to the destruction of the entire structure, thus
contributing to economic losses.
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