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The paper applies the cluster analysis methodology to thermoplastic Polyphenylene sulphide (PPS) carbon woven com-posites. The 
experimental quasi-static tensile tests were assisted by: a digital camera for digital image correlation (DIC) evaluation of the full field strain; a 
digital camera for local damage observation; acoustic emission (AE) sensors for mea-surement of the acoustic emission features during loading. 
The experimental data and the subsequent cluster analyses of the AE events show a similar distribution of the AE clusters for the considered 
thermoplastic carbon composites and other thermoset woven composites described in the literature. The boundaries of those clusters are 
different for some extent, while a typical damage mechanism, namely transverse cracks inside the yarns, was clearly correlated to the first 
cluster with lower amplitude and lower frequency acoustic events.
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1. Introduction

Acoustic emission (AE) registration with subsequent analysis of
the AE event parameters is a recognised and widely used method
for damage monitoring during loading of fibre reinforced compos-
ites, which provides information of damage processes in the specimen
without stopping the test, at a good time resolution, also identifying
the spatial origin of the events. Quasi-static tension test is probably the
most common type of loading for which AE registration is routinely
used.

AE is useful for identification of damage thresholds: load (or
strain) levels which manifest different stages of damage development
(Fig. 1). The first damage in textile composites typically appears in
the form of transverse (to the loading direction) cracks inside the
yarns or on the yarn boundaries (short designation: t). Cracks are de-
veloped by coalescence of initial micro-debondings on the fibre-ma-
trix interface. Upon further load increase, the transverse cracks prop-
agate along the yarn length. They also increase in numbers until a
certain critical number is reached (saturation). Transverse cracks in
resin rich pockets (tm) are usually cracks that originated inside yarns
but then propagated into these areas. When the transverse cracks are
well developed, they cause appearance of the local delaminations (l),
triggered by shear stresses resulting from interaction of the trans-
verse cracks with the longitudinal reinforcement. The longitudinal
yarns are subject to Poisson contraction under tension; this defor-
mation is constraint by the presence of the transverse yarns, which
leads to development of tensile transverse stresses in the longitu-
dinal yarns. When the transverse strength of the longitudinal yarns

is exceeded by these stresses, they can start splitting (sp). The local
delaminations progress, leading to larger inter-ply delaminations (L).
The onset and propagation of delaminations between plies is depen-
dent on the interlaminar fracture toughness of the composite. In the fi-
nal stage, massive breakage of fibres in longitudinal yarns begins (f).
The strain at which this happens in textile composites is typically be-
low the ultimate strain of fibres. This reduction is caused by the fi-
bre crimp and developed delaminations, which prohibit efficient stress
transfer inside fibre bundles.

Fig. 1 presents this sequence of damage events. It suggests pres-
ence of two thresholds of the applied load. The first, designated as ε1,
corresponds to the onset of the transverse cracking (t-cracks), which
may not at this stage span the whole width of the specimen, being lim-
ited by the yarn crimp and/or presence of stitching in the textile rein-
forcement structure. The second, designated as ε2, corresponds to, on
one hand, the onset of local delaminations (l-cracks) and, on the other
hand, to the formation of “strong” transverse cracks, which span the
width of the specimen.

The damage thresholds can be identified using acoustic emission
(AE) registration during the tensile loading. In [1–3], it was proposed
to use a curve of cumulative energy (E) of the AE events for identifi-
cation of the damage thresholds. The reader is referred also to [3] for
details of the procedure of the damage thresholds identification using
logarithmic and linear scales for the E(ε) curve, as adopted for the ma-
terial studied in the present paper (see Section 4.2). This methodology
was also applied in [4] for damage investigation in 5H satin carbon/
PPS composites.

In the last five years, studies for the identification of the dam-
age modes in fibre reinforced composites using cluster analysis added
frequency and other descriptors of the AE events (e.g. [5–8]). The
role of the frequency descriptors is not, however, generally accepted.
For example, in [9] the cluster analysis has led to a conclusion that
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Fig. 1. A typical sequence of damage development in textile composites under tension
loading.

for flax reinforced thermoplastic composites the amplitude is the dis-
criminating parameter for damage modes; frequency is not included in
the set of descriptors. In [10], similar conclusion is drawn for the case
of glass/epoxy composites in an open hole tensile test.

In [11–13], some of the present authors applied the approach of the
damage mode identification based on the cluster analysis of AE events
parameters to textile composites with thermoset matrices, which al-
lowed physically based identification of the damage thresholds. These
papers advance the methodology of the damage type identification,
previously adopted by the authors (see e.g. [1–3,14]), which was based
only on the acoustic energy thresholds, to the unsupervised cluster
analysis, accounting also for the signal frequency. The pair of AE
parameters (amplitude + a frequency parameter) was found to be the
most important to discriminate the damage modes in tension load-
ing of glass/epoxy and carbon/epoxy 2D and 3D woven composites.
The cluster analysis of the AE events (presented briefly in Section 3)
identifies typically three clusters of the events in the multi-paramet-
ric event space. The most important of the event parameters are the
AE signal amplitude (expressed in dB and strongly correlated with the
logarithm of the AE event energy) and one or another frequency-re-
lated parameters (peak frequency or frequency centroid). As shown in
[11–13], in carbon/epoxy woven laminates the three clusters contain
events originated from transverse matrix cracks (events with low fre-
quency and low amplitude), local delaminations (low frequency and
high amplitude) and fibre breakage (high frequency). The load values,
corresponding to the onset of the AE events in the first and the second
cluster correspond to the damage threshold values ε1 and ε2, respec-
tively.

The present paper for the first time, in the Authors’ knowledge, ap-
plies the cluster analysis methodology to thermoplastic (PPS) carbon
woven composites. The research questions of the paper are: (1) is clus-
tering of AE events in carbon woven composites with a brittle ther-
moplastic matrix the same as in similar composites with thermoset-
ting matrix? (2) is there a difference in the cluster boundaries between
these two types of composites? (3) can AE events in different clusters
be identified with different damage modes?

The experimental investigation and the subsequent cluster analyses
show a similar distribution of the AE cluster for the considered ther-
moplastic carbon composites and other thermoset woven composites
described in the literature. The boundaries of those clusters are differ-
ent for some extent, while a typical damage mechanism, namely trans-
verse cracks inside the yarns, was clearly correlated to the first cluster
with lower amplitude and lower frequency acoustic events.

2. Composite material and experimental procedure

Composite panels (41 × 41 cm) were fabricated using Polypheny-
lene sulphide (PPS) matrix (Ticona Fortron® 0205 [15]) and a
five-harness satin weave carbon textile as reinforcement, whose main
features are in Table 1a. The composite ([(0, 90)]3) is similar to that
adopted for the investigation detailed in [16], with the difference in

Table 1
Main characteristics (a) of the fabric reinforcement and (b) of the composite panels.

(a)
Carbon Fibres Torayca T300 J
Yarns 3 K
Yarn linear density [tex] 198
Fabric density [g/m2] 285
Ends count [yarns/cm] 7
Pick count [yarns/cm] 7
(b)
Number of plies 6
Fibre volume fraction [%] 57.6 ± 1.8
Thickness [mm] 1.65 ± 0.09

fibre volume fraction, which is higher in the material studied in the
present paper.

Measurements of the thickness and fibre volume fraction of the
panels are listed in Table 1b.

Specimens for tensile test were extracted having the dimensions,
according to standard ASTM D3039: total length 260 mm, gage length
160 mm, width 25 mm.

Tensile tests were performed using an Instron 4505 with a
crosshead speed of 1 mm/min applying the load in the warp direction
(considering the reinforcement balanced).

The experimental tests were divided in three sets.
Specimens of the first set were loaded up to failure to measure the

main mechanical properties (elastic modulus and strength).
Specimens of the second and third set were equipped with two

AE sensors (Digital Wave B-1025), 15 mm from each tab, to record
the acoustic emission up to the 70% of the average ultimate tensile
strength (from the first set of tests). This load level was set to avoid
damage of the acoustic equipment. Details of the software and sensors
for the AE recording are in Table 2. The parameters of the AE signals
(energy, amplitude, frequency, etc.) were calculated using the standard
functionalities of the adopted software (see Table 2).

For the second set of tests, AE were recorded in the complete zone
between the two sensors (distance of 130 mm, see Fig. 2), while for
the third set of specimens AE localized in the centre for a length of
5 mm were distinguished. This was used for the correlation of the
acoustic emissions and the damage mode. In the same central zone,
crack development was observed taking images (frequency 2 Hz) of
the thickness of the specimens by the first CCD camera (size
1392 × 1040, 1.45 MP) (Fig. 2).

Before tests with AE recording, pencil tests were carried out on
each specimen. Three 0.7 mm 2H pencil leads were broken in the cen-
tre of the specimen while registering AE. This allowed to check the
accuracy of the AE location registered by the sensors and the actual
location of events.

During loading of all specimens, images were acquired (frequency
2 Hz) using a LIMESS system, consisting of the second CCD camera
(same features of the first one) (Fig. 2), and software for calibration

Table 2
Features of the software and sensors for the acoustic emission recording.

Software Vallen AMSY-5
Amplifiers Vallen AEP4
Amplification [dB] 34
Discrimination time [ms] 0.4
Rearm time [ms] 3.2
Range [MHz] 0.0025÷1.6
Sample rate [MHz] 5
Sensors Vallen VS375S-M
Sensor diameter [mm] 20
Threshold [dB] 40



Fig. 2. Test set-up.

and recording. The images post-processing allowed the measurement
of the full field strain on the external surface of the specimen by the
digital image correlation technique (DIC) adopting the vic-2D soft-
ware [17]. For this purpose, one side surface of the specimen, for a
length of about 80 mm in the centre, was speckled with white and
black acrylic paints (Fig. 2). Some parameters adopted for the DIC
analyses were: subset size 40, step size 3 and filter size 15.

3. Theoretical background of the AE clustering

The AE clustering technique adopted is detailed in [11] and [13].
Here a brief description is summarized for symbols and concepts.

The acoustic emission features considered here were nine: peak
amplitude (A); duration (D); energy (E), i.e. the area under the volt-
age-time envelope; counts (CNTS), i.e. the comparator output pulses
corresponding to the threshold crossings; rise time (R), i.e. the time
interval from the first threshold crossing to the maximum amplitude;
frequency centroid (FCOG); peak frequency (FMAX); weighted fre-
quency value (WF); RA value, i.e. rise time divided by amplitude.

The statistically representative features for further analysis were
selected considering two parameters:

Bul-
let Laplacian Score (LS): it ranges between 0 and 1, a larger score

indicates a higher cluster ability of the investigated feature;
Bul-

let Correlation Coefficient (CC): it ranges from 0 to 1 and shows
how features are correlated and dependent one with the other.

The features with the best LS and CC were used for the clus-
ters generation by the principal component analysis (PCA) and the
k-means++ algorithm [11].

PCA is an orthogonal linear transformation of multidimensional
AE data into lower dimension set (a new coordinates system) of un-
correlated features that are the principal components.

The k-means++ is a modified release of the k-means algorithm,
based on an iterative algorithm in which a predefined number ‘k’ of
centroids is spread throughout the data and the data samples are allo-
cated to the closest centroid.

The proper number of clusters was evaluated considering [11]:

Bul-
let Silhouette coefficient (SC): it has a value between 0 and 1, the

score is higher when clusters are dense and well separated;
Bul-

let Davies-Bouldin index (DB): based on a ratio of within-cluster
and between-cluster distances and it relates to the cluster cen-
troids.

The best cluster quality has the lower DB index and the higher SC
coefficient.

4. Results and discussion

The available specimens were divided in three sets for different
measurements and observations. Two specimens were loaded up fail-
ure to measure the tensile elastic modulus and strength. Eight spec-
imens were loaded up the 70% of the tensile strength for recording
the AE and selecting the main AE features for clusters construction.
Three specimens of the latter set were adopted for crack monitoring in
a small portion of the thickness and for the correlation of the acoustic
emissions and the observed cracks.

For each set, the number of specimens could not be statistically sig-
nificant but, however, they provide a clear understanding on the clus-
ter analysis and cracks correlation.

4.1. Tensile mechanical properties

The quasi-static tensile tests up to failure were necessary for the
tensile static strength, which is needed, in turn, for setting the maxi-
mum stress level for further tests with AE recording.

The recorded stress-strain curves are depicted in Fig. 3 and show
good reproducibility of the results. The strain component was calcu-
lated as average in the speckle portion by DIC. In Fig. 3, two curves
are for loading up to complete failure, while the others are for speci-
mens equipped with AE sensors loaded up to almost 70% of the av-
erage strength. Those curves provide the main average tensile me-
chanical properties of the thermoplastic composite collected in Table
3. The measured modulus, according to standard ASTM D3039, of
63 GPa, after scaling with fibre volume fraction (57% for the material
studied here) is in agreement with the ones reported for the same re

Fig. 3. Stress vs. strain curves: dashed line up to failure; continuous line up to 70% of
the strength.

Table 3
Longitudinal quasi-static mechanical properties of the composite. Ultimate properties
(σu, εu), average of two measurements; initial elastic modulus (E), average and standard
deviation of seven measurements.

E [GPa] 63.2 ± 1.9
σu [MPa] 764.5
εu [%] 1.19



inforcement/matrix system in [4] (57 ± 1 GPa for FVF = 50 ± 3%)
and in [16] (58.5 ± 1.2 GPa for FVF = 53 ± 0.5%).

The stress-strain curves are almost linear. However, considering
the tangent modulus, the non-linearity is evident. Table 4 shows the
average tangent modulus determined from two stress-strain curves as a
function of the applied strain. The modulus increases by 12% with the
increase of the strain from 0.05% to 0.8%; similar measurement was
recorded in [1,14] for carbon multiaxial multiply stitched composites
and carbon 3D braided carbon/epoxy composites, respectively. This is
attributed to two factors: the inherent stiffening of carbon fibres under
tensile loading ([18,19]); the weave structure of carbon fabrics chang-
ing the local fibre orientation in the composite due to their straighten-
ing under increasing tensile load.

The observed decrease of the tangent modulus highlights the “soft-
ening” behaviour of the material at the higher strain levels, above
0.8% (see Table 4). It can be explained by a dominant effect of matrix
cracking on the fibre stiffening, leading to failure. This is the main rea-
son the specimens equipped with AE sensors were loaded up to 70%
of the average strength, meaning strain level of about 0.8% (see Fig.
3).

4.2. AE events and clusters analysis

The AE equipment records acoustic events and registers the energy
and other features of the individual events.

Energy of the AE events (Fig. 4a) and their locations in between
the two sensors (Fig. 4b) are shown for a representative specimen,
together with stress-strain relationship. For all specimens, most of
the AE events had energy lower than 103 and few events had rela-
tively high energy more than 106. Similar distribution was observed in
[5] for unidirectional carbon/epoxy and for E-glass plain weave/epoxy
in [11], while for a single-ply non-crimp 3D orthogonal E-glass wo-
ven/epoxy the large part of the events had energy in the range 105–106

[11].
A processing of the AE energy generates the curve of cumulative

energy. The cumulative energy curves of five specimens, in the sec-
ond set, show a good repeatability of the tests, as detailed in Fig. 5a.
From the cumulative energy curve, the strain levels for damage initi-
ation and development can be detected as abrupt slope variations, i.e.
“knees”. In particular, three characteristic strain levels are selected ac-
cording to [2], namely: εmin, ε1 and ε2. The average of those strain lev-
els are detailed in Fig. 5b. The recorded values of the strain thresholds
reveal an earlier initiation and development of the damage compared
to epoxy matrix reinforced carbon composites. The 3D rotary braided
carbon/epoxy composite investigated in [14] had the first threshold for
an average strain of 0.12%, while the second was for 0.35%. Similarly,
the three-axial braided carbon/epoxy composite detailed in [2] had as
first and second strain levels 0.3% and 0.5%, respectively. The early
damage events in the PPS composite compared to epoxy ones could
be consequence of the thermal residual stresses accumulated during
the manufacturing, as observed in [4] and based on the literature on
thermo-plastic composites (see e.g. [20,21]). The release of the resid-
ual stresses leads to an initial steep increase of the cumulative energy
(see Fig. 5a).

The measured values of the damage thresholds of
ε1 = 0.10 ± 0.03% and ε2 = 0.15 ± 0.05% are significantly lower than
the ones measured in [4] for the similar material as ε1 = 0.3÷0.35%

Table 4
Average (two tests) longitudinal tangent modulus as function of the applied strain.

Strain [%] 0.05 0.3 0.5 0.8 0.9 1.1
Tangent modulus [GPa] 60.73 64.87 65.13 68.54 67.83 63.51

Fig. 4. Representative (a) AE events, AE cumulative energy and stress vs. strain (b) po-
sition of the AE events and stress vs. strain.

and ε2 = 0.4÷0.45%. The reason for this shift of the damage thresholds
can be found in the different fibre volume fraction, which is 57% for
the present material and 50% for the one in [4]. This difference of the
overall fibre volume fraction (FVF) is translated in large difference in
fibre volume fraction inside the yarns (called FVFy below for brevity).
The value of FVFy given in [22] is 70%. With the increase of the over-
all fibre volume fraction from 50% to 57%, assuming the same volume
fraction of the yarns, FVFy will increase to 80%. This high fibre vol-
ume fraction is impossible to achieve without tightly compacted fibre
configurations, which lead to extreme stress concentrations between
the fibres, early damage initiation and facilitate also formation of a
continuous transverse crack from micro-level fibre-matrix debonding.

The proper AE features for the cluster analysis were selected con-
sidering the Laplacian score and the Correlation coefficient [11]. The
selection procedure allowed to distinguish the irrelevant and redun-
dant AE features and to choice those to be used in the cluster analysis.
Four AE parameters, out of nine, were chosen, namely: peak ampli-
tude (A), peak frequency (FMAX), frequency of centroid (FCOG) and
RA value. The same parameters were selected by the same algorithm
for other glass and carbon textile composites in [11] and [13].

Principal component analysis (PCA) provided the variance per-
centage and cumulative variance of each principal AE component.
A representative illustration is detailed in Fig. 6a. The first and the



Fig. 5. (a) AE cumulative energy vs strain of all specimens of the second set and (b)
average strain thresholds (bars represents the standard deviation of five tests).

second principal components generates more than 80% of the total
variance, meaning that the two components can visualize the AE data.
The coefficients of the two principal components indicate that the
largest is that of A, while those related to FMAX and FCOG are quite
similar (see Fig. 6b). For the clusters representation, A and FCOG
were selected for the better separation of the clusters points in the
space of these two parameters (see Fig. 8).

The number of clusters for the analysis of a complete set of AE
was supposed considering the Silhouette coefficient (SC) and the
Davies-Bouldin index (DB). The typical comparison in Fig. 7 shows
that the best choice is three clusters, as obtained for other thermoset
reinforced carbon textile composites in [13]. The representation of the
AE events, in the A-FCOG coordinates, highlighted a good separa-
tion (Fig. 8), as mentioned, of the three clusters (CL1, CL2, CL3).
The separation of the clusters, in term of A and FCOG are summa-
rized in Table 5. The present carbon textile reinforced thermoplastic
resin (PPS) had similar value for the A bound to other carbon tex-
tiles reinforced thermoset resin (epoxy), while the frequency is al-
most double (Table 5). The variation of frequency bound becomes
even higher (about five times) comparing with glass textile reinforced
epoxy materials investigated in [11]. It must be mentioned that the
comparison in Table 5 is supposed considering either the peak fre

Fig. 6. Representative Principal Components Analysis: (a) Variance (bars) and cumu-
lative variance (line) of each principal component; (b) component coefficients of AE
parameters for the first two principal components.

quency (FMAX) or the frequency centroid (FCOG), according to the
better cluster subdivision for the different materials. Data listed in
Table 5 from [13] were measured with the same AE events recording
system and the same two sensors placed at the same distance on spec-
imens of similar dimensions, as in the present investigation.

Several investigations in the literature deduced a correlation of
some ranges of AE features with different damage mechanisms (for
glass reinforced, e.g., [12], [23], [24], and carbon reinforced, e.g.,
[5], [25] composites). Low-amplitude and low-frequency AE events
in CL1 were connected to matrix cracking; AE events in CL2 can be
attributed to fibre-matrix debonding; high-peak frequency AE events
(CL3) were related to delamination and to fibres breakage. The bounds
of each cluster depend on the peculiarities of the considered compos-
ite materials (see e.g., [13,5]). The relatively high frequency delim-
iting the clusters for the present thermoplastic carbon reinforced ma-
terial, as compared to other thermoset ones, could be supposed re-
lated to a reduced sequences of delamination, and fibres breakage are
mainly responsible of the AE in cluster CL3. This hypothesis is not
supported by direct observation and needs further in depth investi-
gations. Direct observations and correlations of damage mechanisms



Fig. 7. Representative diagram of the Silhouette coefficient and Davies–Bouldin index
for selection of the number of clusters considering the complete set of AE.

Fig. 8. Representative clusters in the plane A-FCOG for the complete set of AE.

Table 5
Cluster bounds for the present carbon textile reinforced PPS (CF/PPS), a 3D and a 2D
carbon textile reinforced epoxy.[13]

Cluster CF/PPS 3D carbon/epoxy [13] 2D carbon/epoxy [13]

A [dB] FCOG [kHz] A [dB] FCOG [kHz] A [dB] FMAX [kHz]

CL1 <60 <800 <60 <400 <70 <300
CL2 >60 <800 >60 <400 >70 <300
CL3 30–90 >800 30–90 >400 30–90 >300

with clusters of AE events was not extensively investigated and re-
ported in the literature. This is supposed to be covered in the next sec-
tion, where the connection of AE events in CL1 and a damage mecha-
nism is detailed.

4.3. Correlation of damage mechanism and cluster of AE events

The damage mechanisms in a small central portion of three spec-
imens were observed during tensile loading and, simultaneously, AE
were recorded and selected according to the localization in the consid-
ered zone. The continuous observation by a CCD camera of the thick-
ness surface allowed to detect the cracks initiation and development
and to link pictures to the average strain level, calculated by DIC post
processing, during the full loading history. The AE events recorded
between the two sensors were adopted for two clusters analyses: the
first considering the full set of events; the second using the AE local-
ized in the portion of the specimen, where the damage was detected on
the thickness side. The two cluster analyses were considered to assess
the accuracy and reproducibility of the information with two different
sets of events and to distinguish the cluster related to a specific dam-
age mechanism. Considering the AE events located in the central por-
tion of 5 mm under observation, the Silhouette coefficient (SC) and
the Davies-Bouldin index (DB) suggests the selection of three clusters
(see typical comparison in Fig. 9). This lead to a clear distinction of
the clusters by the amplitude and the peak frequency (Fig. 10a). It is
consistent with the analysis of the full set of AE events, whose clusters
have a better representation in the A-FCOG coordinates (Fig. 10b).
The comparison of the two representations is reasonable having simi-
lar coefficients of the two principal components related to FMAX and
FCOG (see Fig. 6b).

Pictures in Fig. 11 show the cracks observed at different strain
level for a representative specimens. Red circles highlight intra-yarns
matrix cracks generated by the manufacturing process (ε = 0%) or ex-
isting cracks from the previous load levels. Those pictures allowed the
counting of the new cracks (white circles) at each strain level and their
accumulation is represented in Fig. 12.

The appearance of a new crack generates an acoustic event lo-
calized in the zone of observation. The synchronization of the dif-
ferent signals allowed to link the AE in each cluster to the strain
level, as detailed in Fig. 13a, and, in particular, to have the number
of the AE at each strain level in the considered zone. The latter is
supposed to be generated by the same number of damage events. Fo-
cussing the attention on the cumulative number of AE belonging to

Fig. 9. Silhouette coefficient and Davies–Bouldin index for selection of the number of
clusters considering the set of AE in the zone for cracks observation. Same specimen as
for Fig. 6.



Fig. 10. Clusters including: (a) AE events in the zone for damage observation; (b) full
set of AE.

CL1, represented in Fig. 13b, events were recorded for strain higher
than 0.1% and intra-yarn matrix cracks appeared after the same strain
level (see Fig. 12). Moreover, the number of AE events of CL1 and
the number of cracks are quite similar. Therefore, comparing the num-
ber of new cracks and the AE events in CL1, at each strain level, a
perfect match was observed as shown in Fig. 14, at least up to a strain
of 0.6%. For higher strain, the number of AE in CL1 was higher than
the number of observed cracks. This means that similar cracks did not
occur on the observed surface of the thickness, but inside or on the op-
posite side of the same portion. However, the comparison in Fig. 14
gives a clear connection of the AE in the CL1 and the damage mode,
namely intra-yarn matrix crack.

The repeatability of the procedure and of the correlation was
demonstrated by other specimens of the same material, as detailed in
Fig. 15. The discrepancy in Fig. 15b is motivated, as mentioned, con-
sidering the cracks generated in positions outside the observed sur-
face.

The correlation, above presented, was suppose assuming the AE
in the CL1, being this considered in the literature related to matrix
cracking. This is confirmed in the present context. For the specimen
adopted for Fig. 13, the AE events belonging to CL2 were: 2 in the

strain range 0.2–0.3%; 2 in the strain range 0.3–0.4%; 1 in the range
0.8–0.83%. This is not compatible with the crack counting, being the
number of cracks observed in the same strain ranges: 3, 4 and 2, re-
spectively. Same argument is valid for AE in CL3, e.g., for strain be-
low 0.3%, the number of AE is lower than the nine cracks observed.
Therefore, assuming that each crack is associated to an AE event, a
higher amount of cracks than AE events cannot be justified. This al-
lowed to claim that AE events in CL2 and CL3 are not associated to
intra-yarn matrix cracking.

5. Conclusions

The main aim of the investigation was the application, for the first
time in the Authors’ knowledge, of the AE cluster analysis methodol-
ogy to thermoplastic (PPS) carbon woven composites.

The research got the following answers to the three research ques-
tions, namely: (1) is clustering of AE events in carbon woven com-
posites with a brittle thermoplastic matrix the same as in the similar
composites with thermosetting matrix? (2) is there a difference in the
cluster boundaries between these two types of composites? (3) can AE
events in different clusters be identified with different damage modes?

(1) The adopted clusters analysis methodology, for the complete set
and local set of AE events, suggested three as the optimal clus-
ter number for the considered thermoplastic reinforced carbon wo-
ven composite. The same number of distinct and well-separated
clusters was the best choice for previously studied thermoset rein-
forced carbon textile composites.

(2) The separation of the clusters for the present carbon textile re-
inforced thermoplastic resin (PPS) had similar value for the am-
plitude (dB) boundary to other carbon textiles reinforced ther-
moset resin, while the frequency centroid value is almost dou-
ble. The variation of frequency bound becomes even higher (about
five times) comparing with glass textile reinforced epoxy materi-
als. This reduces the credibility of the interpretation, in previous
works, which linked the frequency-related cluster boundary to the
properties of the fibres. Apparently this boundary is defined by a
combination fibres/matrix.

(3) The cracks development observed in a small central portion was
connected to the AE events located in the same zone of the spec-
imen. The number of new intra-yarn matrix cracks generates at
each strain level was compared to the number of acoustic event lo-
calized in the zone of observation. A good agreement was identi-
fied between the number of AE events of CL1 (low amplitude and
low frequency) and the number of observed cracks. Therefore, a
clear correlation of the AE events in CL1 and the intra-yarn matrix
cracks was established.

The latter understanding cannot be considered exhaustive and must
be corroborated by other direct correlations using different thermo-
plastic reinforced carbon woven composites.

However, based on the present achievements, future investigations
are supposed to confirm the present results and to have the same di-
rect correlation of the AE events belonging to CL2 and CL3 with other
damage mechanisms (fibre-matrix debonding, delamination and fibre
breakage), as supposed in the literature.
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Fig. 11. (Continued)



Fig. 12. Cumulative number of cracks in the observed zone vs. strain.

Fig. 13. (a) Amplitude of the AE in the zone for cracks observation vs. strain; (b) cu-
mulative number of AE in the Cluster 1 vs. strain.

Fig. 14. Comparison of the cumulative number of cracks and cumulative number of AE
in the Cluster 1 vs. strain.



Fig. 15. Comparison of the cumulative number of cracks and cumulative number of AE
in the Cluster 1 vs. strain for two other specimens.
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