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Abstract. The paper isdevoted to identification damageswhich devel oping in the polymer composite material
(PCM) structure during fatigue tests, based on the frequency components of the recorded acoustic emission
(AE) signals. The abjects of the study were specimens made of DION 9300 FR binder and 46 layers of T11-
GV SO fiberglassfabric. Mechanical testswere cyclic tension with AE recording. Fourier spectrafor AE signals
were calculated and used for the self-organizing Kohonen map (SOM) at the first stage of clustering. At the
second stage, ak-means al gorithm was used to find clusterswith similar centroids and combinethem. For the
clusters obtained, their nature was determined from the peak frequencies and the periods of their critical
accumul ation were cal cul ated. Additionally, the peak frequencies analysis of the wavel et decomposition levels

was done.

1. INTRODUCTION

Analysisof acoustic emission (AE) generated by apoly-
mer composite material (PCM) under loading isoftena
non-trivial task. The complex structure of thefiller and
interfacial interactions with the matrix characterize the
formation in the material of various types of damage,
their sequence and combinations, which affects the re-
corded and calculated parameters.

Many fracture models of laminated plasticsare based
on static tension or bending and can be used to deter-
mine the dominant types of damage and their classifica-
tion by AE parameters. However, when it is difficult to
estimate the fracture processes in advance, as in the
case of mechanical fatigueloading, algorithmsfor clus-
tering AE parameters have found application.

The most commonly used parameters to describe
the recorded AE are the amplitude, rise time and dura-
tion of the signal, energy, median and peak frequencies
[1-3]. In[4], the efficiency of polymer composite dam-
ageidentification by the peak frequency of the recorded

AE signalsis shown, which is confirmed by the results
of microscopic studies. But it ismoreefficient to analyze
several parametersat once, which avoidsthe limitations
of each parameter taken separately. For example, in[5],
theidentification of fiberglass damage clusterswith the
separation of the matrix damage types done by ampli-
tudes and duration distribution of AE signals.

In [6], the most effective parameters of the AE sig-
nals for analysis were selected by the Laplacian score.
High values of the Laplacian score, indicating a high
representativeness of the data, were obtained for the
peak amplitude, peak and median frequencies. Thus, it
can be concluded that waveform or frequency repre-
sentation of the signals is a set of AE parameters that
alow identify structural changesand their featureswith
high accuracy [7-9].

To characterize AE signals, the parameters of the
wavelet decomposition levels can also be used [2,10].
Earlier, the authors [11] tested the analysis technique
based on the Daubechieswavel et of the 14th order for 7
levels of decomposition of AE signals. The technique
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consisted in associating a certain type of damage to
each decomposition level in accordance with its fre-
guency range. Classification was made based on the
analysis of peak frequencies characterizing different
types of damage. Thistechniquewastested in the analy-
sisof AE signals recorded at three-point static bending
of fiberglass samples.

One of the effective methods of statistical analysis
of AE is data clustering. In the absence of characteriz-
ing information about the parameters, unsupervised
methods are used. Theseincludethek-meansalgorithm
[2] and the self-organizing map (SOM) [12-14]. Inworks
[6,13,14], the methods of analysis of amplitudesand fre-
guency components of AE signals were successfully
applied for the clustering problem. In [15], for signal
clustering, the authors used energy and peak frequen-
cies parameters.

Many researchers note the possibility of using the
frequency representation of signals as a set of charac-
teristics of various types of damage. However, only a
few parameters are selected from the frequency repre-
sentation of signals, such as peak and median frequen-
cies[16], although clustering algorithms allow the use
of multiparameter data.

The aim of the study is to identify damages arising
in the structure of a PCM during cyclic loading.

2. MATERIALSAND METHODS

Theobject of the study was dog-bone samples, cut from
a fiberglass plate, with a rectangular section of 10 x 10
mm (Fig.1a). The plate was made by vacuum infusion
using DION 9300 FR epoxy vinyl ester binder and 46
layersof T11-GV S9 glassfabric.

Mechanical tests were carried out on a servo-hy-
draulic testing machine using the cyclic stretching
method (Fig. 1b). The load value was chosen equal to
half of the breaking load and amounted to 300 M Pa.

Microscopic studies of the specimens were carried
out onaHitachi SEM S-3400N scanning €l ectron micro-
scope. The tested specimens were sawn according to
Fig. 1c for three surfaces to examine. Analysis of the
microstructurein planes near and far from the specimen
rupture makesit possible to evaluate cracks at different
depths. Also the difference in the cross-sectional areas
of the specimens in the dog-bone form provides the
materia stress gradient, which allows obtaining more
information about the developed damage.

AE registration was carried out on the AE 2.1 Pro
hardware-software complex using a GT301 wideband
sensor (50-550 kHz). The processing of the recorded
AE signals was carried out according to the scheme
showninFig. 2inthe MATLAB environment.
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Fig. 1. Pictures of specimens: (a) geometry and dimen-
sions of the specimen, (b) specimenintest, (b) location
of planesfor microscopic examinations.

AE data clustering was implemented in two stages:
clustering with a self-organi zing Kohonen map and sub-
sequent clustering of the obtained centroids using the
k-means algorithm. For the recorded AE signals, the
Fourier spectra were calculated, from which only the
informative part (24—450 kHz), containing characteristic
information about the destruction processesin the PCM
[6,17,18] wastaken and normalized. Thelimitation of the
spectrum analyzed part reduces the influence of noise
which presented by very low and very high frequencies
[12], normalization of the spectrareducestheinfluence
of the signal amplitude[15]. The obtained spectrawere
input to a self-organizing map. The number of output
clusters (equal to 100 pieces) was selected empirically
based on the reproducibility of clustering results, in-
cluding for other types of mechanical tests [19]. Such
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Fig. 2. Scheme for the recorded AE signals processing.

number of clusters makes it possible to separate AE
signals from formed damages of a mixed nature in the
material and noise signals separately [12].

Further, the clusters were combined according to
their centroidssimilarity. The small amount of data (100
centroids) and alarge number of their parameters (1352
points) lead to unsatisfactory clustering results[7]. Re-
ducing the dimension of the data, and in this case, re-
ducing the resolution of the spectra (centroids), makes
it possible to increase the efficiency of using k-means
and other algorithms[15]. The centroid resolution was
lowered with averaging method to a step of 5 kHz (86
points in total). With the number of possible damage
typesand their combinations, the number of output clus-
terswas taken equal to 25. The clusters were combined
with the condition that the centroid of the largest clus-
ter of the first stage within the cluster of the second
stage was taken to characterize the cluster of the sec-
ond stage.

Theanalysis of the accumulation curves of each AE
signals cluster was done according to the change of
their accumulation intensity. Active development of a
certain type of damage, and not only registration of its
formation, presentsgreat information value. Takinginto
account that the process of active development of a
defect is characterized by a cyclic registration of AE
events[20] and anonlinear nature of damage accumula-
tion in materials with a complex structure [21], the AE
activity value equal to 2 s was taken as the threshold
for the formation activity of a certain type of damage.

The scal e of damage formation inthe material (local
or global) was estimated from the spread of the peak
frequencies of each decomposition level. Spread of the
peak frequency valuesof each level makesit possibleto
estimate the scale (local or global) of the damagein the
volume of the material, on the basis of influence of the
propagation path length of the acoustic wave from the
damage to the AE transducer on the peak frequency of

the signal [2]. For the analysis, the median values and
the values of the standard deviation of the peak fre-
guencies were selected. Median value of the peak am-
plitude was used to determine the prevailing type of
damagetothe PCM or itsscae, and the volume of formed
damage was estimated from the standard deviation of
the values. The stage limits were taken from the analy-
sis of the clusters accumulation.

3. RESULTS

3.1. Two stage clustering SOM and
k-means

As aresult of the AE signals processing according to
the scheme shown in Fig. 2, 18 clusters were obtained.
The characterization of clusters matching to specific
types of damage was done by the values of the peak
frequencies. In [2,6,7] found that frequencies of 30—-150
kHz indicate to matrix microdamages, frequencies 130—
220 kHz indicate to the formation of delamination, and
frequencies 230-310 kHz, 180-290 kHz and over 380 kHz
indicate to debonding, slipping and breaking of glass
fibers, respectively. Inthisstudy, inthe frequency range
characterizing microdamage to the matrix, 4 peakswere
confirmed: 25-40, 55-70, 80, and 100-105 kHz.

During three-point bend test of the specimens made
of only binder at the moment of diding of specimen
over the supports, AE signals with a peak frequency of
about 68 kHz were recorded. During tensile test of the
specimen at the moment of insertion of the clamps of
the testing machine into the surface of the binder and
its damage, AE signals with peak frequencies of 27 and
67 kHz were recorded. When three-point bend testing
PCM, matrix damages are characterized by a peak fre-
quency range of 24—110 kHz. Based on these data, it
was assumed that frequencies of 30—70 and 80 kHz char-
acterize matrix damage of scales1 and 2 (shear and com-
pression microdamages), 100 kHz characterize matrix
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Table 1. Characteristics of the damage types by fre-
quency.

Frequencies,kHz  Type of damage

30-70,80and 100  Matrix damagesof scalel, 2and 3

respectively

130-150 Critical matrix damage (interlayer
damage)

150-220 Delamination

180-260 Fibers dipping

270-310 Fibers debonding

360-400 Fibersfailure

damage of scale 3 (chips, breaks), and 130—150 kHz indi-
cate delamination damage. The correspondence of peak
frequenciesto the types of formed damages adopted in
thiswork isgivenin Table 1.

Table 2 shows the peak frequencies of the obtained
clustersof the AE signal's spectra. Addition of the mixed
damage cluster can partially solve the problem of high
activity AE, resulting in various damages of registration
inthe form of one long acoustic signal [12].

Solving the problem of determining the destruction
process stages, the sequence and compatibility of the
resulting defectsisimportant. Therefore, for each clus-
ter, the periods were determined in which the intensity

Table 2. Characteristics of the clusters by peak frequencies.

Ne Frequencies, kHz Description
RC1 35,100, 380400 (low 60 and 80) Matrix and fibers combined damage
RC2 370-400 Fibersfailure
RC3 35-400 Mixed types damage
RC4 ) Matrix damageof scale 1
RC5 170-260, 300, 360-400 (low 35-130) Debonding, dipping and fibersfailure
RC6 300-310,360-380 (low 240-250) Debonding and fibersfailure
RC7 30, 80 (low 60 and 100) Matrix damage, scales1 and 2 prevail
RC8 30-60 (Ilow 80-100) Matrix damage, scale 1 prevails
RC9 100 Matrix damage of scale 3
RC10 60-80 Matrix damage of scale 2
RC11 100 (low 30-80) Matrix damage, scale 3 prevails
RC12 60-80, 380 (low 30 and 100) Matrix of scale 2 and fibers combined damage
RC13 200-240 (low 270-300 and 360—400) Delamination forming, fibersfailure
RC14 170-180,360-380 Slipping and fibersfailure
RC15 & Matrix damage of scale 2
RC16 180 (low 30-130 and 380) Interlayer damage (delamination)
RC17 30,80-130, 150 Critical matrix damage
RC18 100,360-380 Matrix scale of 3 and fibers combined damage
18 T T T T | T 1 T T T
17J| ll" 1 |"| . |II|V | |V
16 11 11 | | (A [ |
]2 n' ¢ 1 L B N 1 [
13 H 11 1| (I [
12 H 11 11 (B 1 1 ——
) 1 1 L 11 I 'l 'II ] B =i (| i I I
% 18 L " 11 ! ! 1] d ! = , ! -
L_D) aH 11 [ 1 (R
A et T o - 1 1 I £ [ | 1 ]
g:'—- L --" I- l‘-.- '5—-
4 H mm nn mmmmi el o oemeaw! o e el dn 1 b um
g-'-Fll :'FIII 1' : | HENI ll::ll-
(1) W
0 100 200 300 400 500 600 700 800
Time, s

Fig. 3. Exceeding the threshold intensity of accumulation of each type clusters during testing.
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Table 3. Frequency ranges of decomposition levels.

Decomposition level Frequency range, kHz Damage type

1 1250-2500 -

2 625-1250 -

3 312,5-625 Fibersfailure

4 156,25-312,5 Adhesion loss (delamination, fibers debonding)
5 78,13-156,25 Critical matrix damage

6 39,06-78,13 Matrix macrodamage

7 19,53-39,06 Matrix microdamage
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Fig. 4. — Change in the median value of the peak frequencies and their standard deviations for decomposition levels

from 3to 7 (fromtop to bottom).

of registration of each damage type events exceeds the
threshold of AE activity, equal to 2 s*. The periods of
active accumulation of each cluster are shownin Fig.3.

First of all, the periods of damage only to the matrix
of scale 1 and glassfibers were taken as the boundaries
of the stages. As aresult, 5 stages were identified. All
stages of material destruction can be characterized by
the permanent formation of combined damage to the
matrix with fibersand separate damage to the matrix. In
addition, the accumulation of damage to only glass
fibers, which becomes moreintense from stage to stage,
stands out separately.

Stage |. Mostly characterized by the matrix damage
on a scale of no more than 2. Fibers damage is most

likely caused by damage to the specimen in the grips of
the testing machine at the beginning of the stage.

Stage 11. Combined matrix and fibers damage is
formed. Aninterlayer crack isinitiated, which resultsin
scale 3 matrix damage aswell as more complex and in-
tense fiber damages.

Stagel 1. Theformation of combined matrix and fibers
damage continue; the growth of interlayer cracks. From
the middle of the stage, periodic critical damage to the
matrix registered, theintensity of the formation of dam-
ageto the matrix of scale 3 increases significantly.

Stage V. The process of combined matrix and fibers
damages formation becomes more uniform and is ac-
companied by periodic registration of mixed damages of
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Fig. 5. PlaneA microscopy: (a-d) surfacelayers, (e-f) inner layers.

the material. The matrix damage isrepresented by scale
1, and the mechanism of fiber damage is mainly repre-
sented only by fracture of the fibers.

Stage V. Thescal e of matrix damagein the combined
formation of damage with fibersincreasesto a scale of
2. Mixed damage to the material and matrix damage of
scales 1 and 2 with apredominance of scale 2 areformed.

3.2. Wavelet-decomposition

Table 3 shows the frequency ranges calculated by the
levels of the wavelet decomposition, with the corre-
sponding types of damage established to them. The
analysis was performed using the median values and
the values of the standard deviation of the peak fre-
quencies(Fig. 4).

At the first stage of the material destruction, the
matrix damage of scale 1 and larger damage occurs lo-
cally with a tendency to reduce the scale of the result-
ing damage. Damage associated with glass fibers is
mainly represented by adhesion loss to the binder.

The scale of matrix damage at the second stage be-
ginsto take on a global character. The intensity of the
fibers debonding decreases, and their fracture beginsin
the volume of the material.

At thethird stage, matrix damage occurslocally, but
with an increase in their scale (in the center of the sam-
ple). Fracture of thefibersagain acquiresalocal charac-
ter, and damage of the adhesion loss type is formed
chaotically.

At the fourth stage, matrix damage occurs locally
and damage scale continues to growth. Active global
debonding and dlipping of fibers with their subsequent
fracture.

Thefifth stageischaracterized by globa critical dam-
age to the material and destruction of the specimens.

3.3. Microscopy

As aresult of microscopic studies, images of the struc-
tures presented at Figs. 5-7 were obtained.

In the surface layersin the plane A, delamination is
observed passing at the boundary of the warp fibers
bundles with a damage of the bundle structure (Fig. 5).
Intralayer damagesarein thefiber bundles of thefabric
warp, asmall part of the fibers debond and dlipped out
(Fig. 10a). At higher magnification, the fibers slipping
found which is characteristic of stretching (figs. 5¢ and
5d).
In the central part of plane A, the scale of the
interlayer crack islarger, however, the crack itself islo-
cated between the bundles of warp and weft fibers (Fig.
5f). The debonds of the fibers of thefiberglasswarp has
amore concentrated distribution (Fig. 5e).

In the surface layers of the plane B, debonds fibers
of the fiberglass warp observed too, but their number is
less (Fig. 6a). Interlayer cracks affect the fiber bundles
less and are characterized at their boundary. Thus a
greater extent of damage observed in bundles of
fiberglassweft fibers (Figs. 6b-6d).

With distancefromthe specimenfailurein planeCin
the surface layers, the damages of the weft fibers ac-
quire a more distributed character with a decrease in
their number (Figs. 7a-7d). Inthe central part of theplane
C, aninterlayer crack is characterized at the border of
the fiberglass weft bundles and matrix. With distance
fromthe failure site, the crack width decreases, and the
damage is distributed in the structure of the fiberglass
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Fig. 7. Plane C microscopy: (a, ) surfacelayerscloser to failure site, (b-d) surfacelayerswith distancetofailure site,
(e) inner layers closer to failure site, (f) inner layerswith distanceto failure site.

weft bundles. Damage to the fibers of the warp fabric
retainsasimilar appearance with distance from thefail-
uresite (Fig. 7eand 7f).

4. DISCUSSION

In[22], the process of destruction of a CFRP specimen
under static tension was studied using an acoustic pulse
microscope. The onset of destruction wasregistered by
the formation of matrix microdamages along the fibers
and their debonding. The destruction process contin-
ues with the accumulation of damage inside the layers
with the development of macroscopic damage -
delamination, up to the rupture of the specimen. In[2], a

similar fracture characteristic of CFRP under static ten-
sion was obtained. Accordingly, it was concluded that
the process of damage accumulation during cyclic and
static tension has a similar nature and sequence, which
isalso noted in work [23]. In many studies, mechanical
tests are performed in accordance with accepted stand-
ards, whileduring the operation of PCM products, loads
with different values of force and vector of their appli-
cation are possible. Therefore, further studies of PCMs
under cyclic loading conditions with different load lev-
elsareimportant.

The stagesof destruction obtained in[22] iscompa-
rable to that obtained in this work, however, stage I,
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which precedes the fiber adhesion loss to the binder
matrix, allows one to register the onset of microscopic
destruction of the material. A similar result - separated
registration of damageto glassfibersat theinitial stages
of loading - was obtained for PCM filled with short fibers
[1]. Thus, it is possible not only to single out the proc-
esses leading to a decrease in the bearing capacity of
PCM, but also to register the previous processes of
damage formation.

Comparing the results of the wavelet decomposi-
tion analysis of AE signals of thiswork and the results
of astudy using asimilar method [24], information on
the statistic distribution of the of the wavelet decompo-
sition level parameters can be used to assess the scale
of damage and their distribution in the volume of the
material. Despite the obtained result, this technique
needs additional research with other types of PCM and
testing method.

Comparing the microscopic examination results of
the specimen with the analysis results of the registered
AE parameters, similar information about the resulting
damage formed. The registered damage by the AE pa-
rameters, characterized asamatrix and fibers combined
damage, is formed at the matrix/fiber interface and is
presented as cleavage of the matrix or fibers. When a
certain critical amount of thislocally generated damage
isreached, thefiber bundles are disrupted and their con-
tact with the matrix islost. If the scale of the matrix is
largein matrix and fibers combined damage, these dam-
ages lead to the formation of interlayer cracks.

At a distance from the failure site, in the zone of
lower stresses, microdamages arelocated globally. Closer
tothefailure site, the scale of damageislarger, and large
damageislocated in the center of microdamage. At stage
IV, clustersof critical interlayer damage wereidentified,
also detected during microscopic examination of the
sample, characterizing critical damageto the composite
structure and its final destruction at stage V.

5. CONCLUSION

On the basis of two analyzing methods for the AE data,
the types of fracture were identified and the stages of
damage accumulation in PCM specimens under cyclic
loading wereidentified.

The initiation of the PCM destruction begins with
matrix damage, leading to a loss of adhesion both be-
tween the binder and the fibers, and between the layers
of the PCM. Defectioning of the material structureturns
into a chaotic process, ending with a fracture of the
main part of the fibers and large-scale damage to the
matrix upto failure.

It has been found that by the local formation of ma-
trix microdamages and the fracture of apart of thefibers,

it is possible to identify and prevent the destruction of
the material, and by registering damage by the type of
loss of adhesion, it is possible to identify the beginning
of the material destruction
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