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Abstract: The work is devoted to the study of the mechanisms of damage accumulation in a polymer
composite material (PCM) during fatigue loading. Mechanical testing of a fiberglass sample was
carried out by cyclic tension accompanied by registration of acoustic emission (AE). For the recorded
AE signals, the Fourier spectra were calculated and used for clustering with Kohonen self-organiz-
ing map. Relations between clusters and types of damage in the PCM structure were established.
The analysis of the peak frequencies of the Daubechies D14-wavelet components of AE signals was
carried out. Obtained results has allows one to describe the processes of destruction in the PCM
sample. It has been established that, on the base of local formation of microdamages in the matrix
and the fracture of the fibers detected during recording of the AE data, it is possible to predict the
destruction of the polymer composite material, while the beginning of a material destruction can be
registered if the damage identified as an adhesion failure is observed. Perspectives of application of
adaptive fiber-optic AE sensors for structural monitoring of PCMs on the base of preliminary ex-
perimental results are considered and discussed.

Keywords: PCM,; fiberglass; destruction; cyclic load,; fatigue damage; AE; clusterization; fiber-opti-
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1. Introduction

Acoustic emission (AE) — one of the non-destructive testing (NDT) techniques, which
allows to obtain information on the processes of structure damage in polymer composite
materials (PCM) during mechanical deformation, when the use of other NDT methods is
restricted or complicated [1,2]. Advanced techniques for processing AE data based on
multivariate analysis make it possible to classify similar signals into groups and charac-
terize their sources [3].

During statistical analysis of AE signals the following parameters are under estimat-
ing: amplitude, energy, pike and median frequencies [4-8]. However the data obtained
with use of these parameters is not enough to characterize AE sources in case of consider-
able number of AE events [1]. Thus, the frequency spectra of detected signal is to be taken
into account in order to assess effectively the source properties that generated AE wave
[3,9,10].

One of the methods for statistical analysis of AE data represented by numerical series
is the clustering. If the information about parameters being registered is unavailable the
unsupervised methods are to be used. The last include the k-means algorithm and the self-
organizing Kohonen maps (SOM) [7,11-13]. In order to solve the clustering problem the
complex analysis of amplitudes and frequency components of AE signals have been suc-
cessfully applied in works [12,14] while energy and peak frequency as a reference
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parameters were used in the work for the case of static loading [1]. In our research we
apply statistical analysis of the AE signal amplitude and frequency components for the
case of a cycling load of specimen. The obtained results demonstrate the possibility of
identifying the stages of damage accumulation during cyclic testing of a PCM sample.
Experiments were carried out at the 50% from maximal load.

2. Materials and Methods

The object of this research was dog-bone shaped specimens cut from a FGRP plate
with a rectangular cross section of 10 x 10 mm?. The FGRP plate was made by vacuum
infusion process using DION 9300 FR epoxy vinyl ester binder and 46 layers of T11-GVS9
glass fabric.

Mechanical tests were carried out on a servo-hydraulic testing machine using the cy-
clic tension method. The value of the stress cycle amplitude was chosen equal to half of
the breaking load and amounted to 300 MPa.

Registration of AE signals was carried out by means of the software-hardware com-
plex AE-2.1-Pro using the Globaltest GT301 wideband sensor (50 - 550 kHz) [15]. The reg-
istered AE signals were processed with use of MATLAB-based home-made software ac-
cording to the scheme shown in Figure 1.
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Figure 1. Registered AE signals processing scheme.

In this work, data clustering was implemented by the two-level approach [10]: at first
level, the cluster centroids is extracted from FFT spectra with using Kohonen self-organ-
izing map (SOM), while, at the second level, the obtained centroids are grouped by using
the k-means algorithm.

According to the results of works [6,9,14], the frequency range 24 - 450 kHz as most
informative part of AE signals Fourier spectra was taken for further analysis. The obtained
spectra were fed to the input of a SOM. Amount of output clusters (100 pieces) was se-
lected empirically when assessing the reproducibility of clustering results, including an-
other types of mechanical tests [16]. Also, such amount of clusters makes it possible to
distinguish the damage of a mixed nature in the material and noise [11].

Further analysis involves combining clusters by the similarity of their centroids.
However, a small amount of data of the 100 centroids and a large number of their param-
eters of the 1352 values of each spectrum leads to unsatisfactory clustering results [3]. Re-
ducing the data dimension, and in this case, reducing the centroids spectra resolution,
allows to increase the efficiency of using k-means and other algorithms [2]. The centroid
resolution was reduced down to 86 spectral lines with a step of 5 kHz. Amount of the
output clusters was taken to be 25 considering 5 possible types of damage and their com-
binations. Similar output clusters were combined manually.

The accumulation diagrams of each cluster were analyzed according to the rate of
their accumulation. The activity of defects developing in PCM was chosen as informative
parameter in the clustering analysis [17]. The source of damage was considered to be ac-
tive when the AE activity within the cluster exceed the threshold value of 2 s [18,19].

The coefficients of the wavelet decomposition can also be used to characterize the AE
signals [7,19]. Earlier, the Daubechies wavelet decomposition of the 14t order for the reg-
istered AE data analysis at three-point static bending of fiberglass specimens analysis was
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used and approved in work [20]. According to the peak frequencies which characterize
the different types of damage, the band of each level of decomposition was associated
with certain type of damage. Taking into account the influence of the path propagation
length of the acoustic wave on the registered signal peak frequency [6], the spread of the
peak frequencies of each level can be used to estimate the local or global scale of the re-
sulting damage in the material volume.

3. Results and discussion

3.1. Two-level clustering (SOM and k-means)

As a result of acoustic emission signals processing according to the scheme shown in
Fig. 1, 18 clusters were obtained. The characteristics of the clusters which correspond to
certain type of damage were carried out on the base of the peak frequencies values. In
works [3,4,7,14] it was found that frequency range 30-150 kHz corresponds to matrix mi-
crodamage, frequency range 130-220 kHz corresponds to delamination, while frequency
ranges 230-310 kHz, 180-290 kHz and over 380 kHz corresponds to debonding, slipping
and breaking of fibers, respectively. In this study, in the frequency range of the matrix
microdamage, 4 peaks in the sub-ranges 25-40, 55-70, 80 and 100-105 kHz can be resolved.

According to the volume of local destructions, three scales of the matrix damages a
were discriminated. Local damages of the matrix in areas with dimensions not exceeding
the cross-section of several reinforcing fibers were attributed to the scale 1. Shear damages
of the polymer matrix in the volume of one or several strands of glass fibers were at-
tributed to the scale 2. Chips and breaks of the matrix in a larger volume which proceed
without delamination were attributed to the scale 3.

For the specimens made of pure binder by three-point bending being under test, at
the moment of sliding of the specimen along the supports, AE signals with a peak fre-
quency of about 68 kHz were registered, while for tension, at the moment of insertion of
the grips of the testing machine into the surface of the binder and its damage, AE signals
with peak frequencies of 27 and 67 kHz were registered. Also, at PCM three-point bend
test, matrix damages are characterized by a peak frequencies in the range of 24-110 kHz.
Based on these data, frequencies of 30-70 kHz and 80 kHz was assumed as characterizing
the matrix damage of scale 1 and scale 2 (shear and compression microdamages), the fre-
quency 100 kHz relates to the matrix damage of scale 3 (chips, breaks), and frequencies in
the range 130-150 kHz indicates to matrix damage of delamination type. The frequencies
and the corresponding to them types of forming damages assumed in this work are sum-
marized in the Table 1.

Table 1. Frequencies ranges and corresponding to them types of damage

Frequencies, kHz Type of damage

30-70, 80 and 100 Matrix damages of scale 1, 2 and 3 respectively
130-150 Critical matrix damage (interlayer damage)
150-220 Delamination
180-260 Fibers slipping
270-310 Fibers debonding
360-400 Fibers failure

The peak frequencies of the AE signal spectra clusters obtained at the second level of
clustering (reworked clusters, RC) are given in the Table 2, where peak frequencies with
lower magnitude are indicated in parentheses. It is worth to noting that some defor-
mations are accompanied by complex superposition of various damages which results in
high AE activity represented by of sequential stream of signals not resolved in time [12].
Such complicated cases are covered by the cluster “Mixed damages” (RC3).

Table 2. Reworked clusters description
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Cluster Frequencies, kHz Description

RC1 35, 100, 380-400 (60, 80) Matrix and fibers combined damage

RC2 370-400 Fibers failure

RC3 35-400 Mixed damages

RC4 35 Matrix damage, scale 1

RC5 170-260, 300, 360-400 (35-130) Debonding, slipping and fibers failure

RC6  300-310, 360-380 (240-250) Debonding and fibers failure

RC7 30, 80 (60, 100) Matrix damage, scale 1 prevails

RC8 30-60 (80-100) Matrix damage, scale 2 prevails

RC9 100 Matrix damage, scale 3

RC10 60-80 Matrix damage, scale 2

RC11 100 (30-80) Matrix damage, scale 3 prevails

RC12 60-80, 380 (30, 100) Combined damage of matrix (scale 2) and fibers

RC13  200-240 (270-300, 360-400) Delamination forming, fibers failure

RC14 170-180, 360-380 Slipping and fibers failure

RC15 80 Matrix damage, scale 2

RC16 180 (30-130, 380) Interlayer damage (delamination)

RC17 30, 80-130, 150 Critical matrix damage

RC18 100, 360-380 Matrix scale of 3 and fibers combined damage

For determining of the destruction process stages at the cycle loading conditions, it
is important to take into account the sequence and collective action of the forming defects.
Therefore, for each cluster, the time intervals within those the rate of damage registration
events exceeds the threshold level (two events per second) were determined. These peri-
ods of AE activity for each cluster are shown in Fig.2.
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Figure. 2. Periods of exceeding the intensity threshold of each cluster accumulation.

First, the periods of only matrix damage of scale 1 and fibers failure were identified,
which were taken as the boundaries of the stages [17]. All period of PCM specimens cycle
testing until its failure was sub-divided into 5 stages. The selection of stages was carried
out on the base of test results for five specimens included in a representative sampling.
Fig. 2 shows the results of data analysis for one of PCM specimens from the representative
sampling, which made it possible to identify the stages common for whole sampling.

All stages of material destruction are characterized by formation of damages of two
types: (i) combined damages in the matrix and fibers and (ii) individual damages in the
matrix. In addition, it is worth highlighting the accumulation of individual damage in
glass fibers which becomes more intense from stage to stage.

Stage 1. Mostly characterized by matrix damages at the scale 1 or 2. Most likely, the
fibers failure at the early stage is caused by material damaging in the grips of the testing
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machine. This can be eliminated by applying other grips during testing which prevent
damaging or by selecting and filtering out the group of signals generated by sources lo-
cated in the grips.

Stage II. Combined damage of both matrix and fibers are formed. An interlayer crack
is initiated, which results in matrix damages at scale 3, as well as more complicated and
intense fiber damages.

Stage III. Formation of the combined matrix damages and fibers failure, the further
growth of interlayer cracks in the material. Starting from the middle of the stage, periodic
critical matrix damages occur, and the rate of matrix damages formation at the scale 3 is
increased significantly.

Stage IV. The process of formation of combined matrix damages and fibers failure
becomes uniform and accompanied by periodic registration of mixed material damages.
On this stage, the matrix damages are represented on the scale 1, while the mechanism of
fibers damage is mainly represented only by fibers fracture.

Stage V. The matrix damages in combination with fibers failure occur at the scale 3.
Mixed damage of material, polymer matrix damages at the scales 1 and 2 (with prevails
of the scale 2) are observed.

3.2. Wawvelet decomposition

The assessment of the local or global scale of formed damage in the material was
done by the spread of the peak frequencies of each decomposition level. Considering the
sampling frequency of the registering equipment equal to 5 MHz and the number of used
decomposition levels equal to seven, the obtained frequency bands as well as the corre-
spondence of damage types to decomposition levels are given in the Table 3.

Table 3. Frequency bands of the decomposition levels

Level Frequency band, kHz Damage type
1 1250 - 2500 -
2 625 - 1250 -
3 312,5 - 625 Fiber failure
4 156,25 - 312,5 Adhesion loss (delamination, fibers debonding)
5 78,13 - 156,25 Critical matrix damage
6 39,06 - 78,13 Matrix major damage
7 19,53 - 39,06 Matrix microdamage

Since the frequency ranges of decomposition levels 3, 4 and 5, according to the per-
formed classification, correspond to several types of damage at once, the median values
and standard deviation of the peak frequencies were calculated for analysis (Fig. 3). The
predominant type of PCM damage was determined by the median value of the peak am-
plitude. The scale of the resulting damage was estimated from the standard deviation of
the values. The stage boundaries are taken from the analysis of the clusters accumulation.

At the first stage of material destruction, a matrix damages occur locally at the scale
2 (microscale) with a tendency of scale reduction. Damages associated with glass fibers
are mainly represented by adhesion loss to the binder. The scale of matrix damage at the
second stage begins to take on a global character. The intensity of the fibers debonding
decreases and fibers begin to break in the material volume. At the third stage, matrix dam-
ages are formed locally but at larger scale. Fibers failure again acquires in a local character,
and damages of the type of adhesion loss are formed chaotically. At the fourth stage, an
increase in the scale of matrix damage with their local formation persists, active global
debonding and slipping of fibers with their subsequent fracture continues. The fifth stage
is characterized by global critical material damage and sample destruction.
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Figure. 3. Diagrams of changes in the median value of the peak frequencies and their standard
deviation over time for decomposition levels from 3 to 7 (from top to bottom).

4. Application of distributed fiber-optical AE sensors for PCM monitoring

In the study, the following problems of the current level of the hardware base for AE
registration were revealed.

1. The complex structure of the polymer composite, namely the effect of stress transfer
by the matrix on the volume of the reinforcing filler, leads to the distribution of dam-
age in the material. This problem can be characterized as the formation of local struc-
tural damage, leading to a redistribution of the stress field and the likelihood of for-
mation of associated damage located at a sufficient distance from the original [21-23].

2. Alarge number of reinforcing fabrics used in the manufacture of PCMs have an ani-
sotropic structure due to differences in the content of fibers of the weft and the base
of the fabric, which causes the inhomogeneity in the medium of acoustic signals
propagation [24-26]. Special techniques for sequential packing of layers characterized
by the multidirectional axis of reinforcement only partially solve this problem, since
full isotropy in all directions is not achieved [27].

3. Ahigh content of filler in the composite which is required for providing high strength
values determine a large area of phase boundaries. Additionally, due to multilayer
structure of the composite, this feature leads to a scattering of high-frequency com-
ponents of acoustic wave at the "polymer matrix — fiber" interface [28].

Global damage of the structure revealed by visual observation of the PCM sample
during cyclic tensile testing with load amplitude up to 0,6 o8, was confirmed by analyzing
the parameters of the recorded AE. A large number (18) of resulting output clusters of
frequency representations of AE signals is due to a variety of damage scales. However,
for extended structures, it can be related to the remoteness of the AE source from the
transducer that can distort the spectrum of the AE signals due to the dispersion of sound
speed in plates or rods, where the longitudinal waves are transformed into Lamb or Pork-
hhammer waves [29, 30].
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Larger the size of an object under study, larger the required number of AE transduc-
ers. In this case, the inhomogeneity of the properties of PCM will inevitably affect the
results of signal analysis recorded by the AE transducers located at different distances
from the radiation source. Moreover, significant uncertainties in the map of anisotropic
properties distribution in the material will make additional correspond influence onto AE
signals.

In turn, fiber-optic acoustic sensors (FOS) with distributed sensitivity represent one
of the most promising means for implementing a system for monitoring a PCM with a
complex structure [31-33]. Sensing optical fibers can be embedded in PCMs during their
manufacturing [34-36]. This makes it possible to ensure the coverage of the entire surface
of the objects by transducers sensors, which is required for monitoring the state of struc-
tural elements. FOS placing over the object surface makes it possible to reduce the influ-
ence of the acoustic signal attenuation and its distortion due to damage accumulating in
the material. Moreover, opening possibility to register an acoustic waves with wider front
will provide information about distribution of acoustic energy in the object under control.

To register AE signals in the PCM plate, we used an FOS based on the use of an
adaptive laser holographic interferometer, which key element is a dynamic hologram con-
tinuously recorded in a photorefractive crystal in scheme of two-wave mixing [37]. This
type of interferometer allows maintaining high sensitivity and eliminating the influence
of low-frequency mechanical vibrations, fluctuations of temperature or pressure and other
noisy factors on the output signal. Complete description of the adaptive interferometer is
given in the papers [38-40]. Multimode optical fibers with a core diameter of 62.5 um were
used as sensitive elements of the interferometer. The fibers were built into the PCM be-
tween layers of fiberglass during the manufacturing process by the method of vacuum
infusion. The PCM plate was manufactured with lateral dimensions of 500 mm x 500 mm
and thickness of 9 mm. Nine optical fibers (three along and three across the plate) were
embedded in the PCM plate. In this work, we present the results obtained using a fiber
that was located parallel to one of the sides of the plate at the distance of 100 mm from the
edge.

The simulation of the excitation of AE waves in the PCM plate was performed by
breaking a pencil lead with a diameter of 0,5 mm and hardness H (source of Hsu-Nielsen).
The source was located at a distance of 300 mm from the optical fiber. AE signals were
recorded not only by FOS but also by PZT which was installed on a plate above the optical
fiber in its middle part. A photo of the plate with the arrangement of FOS, PZT and the
AE source location is shown in Fig. 4.

The AE signals recorded at the moments of breaking the pencil lead at the surface of
the PCM plate and their Fourier spectra are shown in Fig. 5. As seen, the waveforms rec-
orded by FOS and PZT differ from each other. The FOS signal decays more slowly than
the PZT signal. This is due to the distributed nature of the FOS which detect the acoustic
wave, being moving radially from the source, which at first reaching the center of the
built-in part of the optical fiber and then gradually spreading to its edges. The frequency
response of the FOS is linear in contrast to the response of the resonant PZT. Due to the
fact that the absorption of sound waves increases with increasing frequency, the Fourier
spectrum for FOS has a pronounced exponential decrease of magnitude at higher frequen-
cies. For the particular FOS, the magnitude for frequencies above 50 kHz is weakly notice-
able. In turn, the spectrum of the signal recorded by the PZT contains harmonics up to 400
kHz.
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Figure. 4. Top-view of the PCM plate with embedded FOSs, placed on its surface PZT and location
of Hsu-Nielsen source.
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Figure. 5. AE signals (a, b) and their Fourier spectra (c, d) obtained with use of FOS (a, ¢) and PZT
(b, d)
, d).

In spite of limited spectral range of FOS sensitivity in comparison with PZT, it is
worth to note that, for monitoring most of extended objects, PZTs with characteristic fre-
quency not exceeding 60 kHz are usually applied. This makes promising use of optical
fibers as distributed sensing elements in SHM systems applied for monitoring the poly-
mer composite materials.

5. Conclusion

The results obtained demonstrate the possibility of identifying the stages of damage
accumulation during cyclic tensile testing of PCM specimens with a load amplitude up to
0,6c8. The technique is based on Fourier cluster analysis of the spectra of AE signals
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recorded during the tests and the identification of stages of PCM destruction, which cor-
respond to modern knowledge on the essence and nature of destruction of composite ma-
terials.

Based on the analysis of the clusters activity and the their correspondence to the type
of PCM damage, 5 stages of PCM destruction from the initial damage of the matrix up to
combined damage of both matrix and fibers were identified. It was found that the achieve-
ment of material state prior to its destruction can be detected by the local formation of
microdamages in the matrix and the fracture of a part of the fibers.

A distributed fiber-optic sensor based on an adaptive laser holographic interferome-
ter was tested for recording AE signals upon excitation of acoustic waves in the PCM plate
by the Hsu-Nielsen simulator. The recorded signals are characterized by an informative
frequency range of the Fourier spectrum up to 50 kHz. To adapt the specified range to the
results obtained in this work, it is necessary to carry out additional studies with the regis-
tration of AE signals by fiber-optic sensors embedded into the PCM being destroyed un-
der the influence of various types of loads. This will allow to apply the damage identifi-
cation technique for new types of fiber-optic sensors used for structural health monitoring
and non-destructive online testing of different PCM-based construction during their ex-
ploitation.
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