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Due to the extensive use of composites in various industries, and the fact that defects reduce ultimate
strength and efficiency during operation, detection of failures in composite parts is very important. The
aim of this paper is to use Acoustic Emission (AE) non-destructive method in four-point bending test
of carbon/epoxy composite to analyze and examine the failure mechanisms. This method is based on
waves activated from defects in structures which are built during loading. Sensors collect acoustic
signals which created by the separated layers. Each stage of failure is in specific frequency range and
indicates a specific mechanism. Clustering of these signals is done with C-means and K-means
algorithms then compared with the results of previous works. The failure process was shown to
proceed through four stages. In both algorithms, each cluster coincides with one part of these stages.
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1. INTRODUCTION

Composites are used in many industries today to enable
high-performance products at economic costs. These
industries range from space to sports and include
manufactured products for aircraft, transportation,
energy, construction, sports, marine, and medical
applications [1, 2]. Most of the requirements in industry,
for instance in aerospace, cannot be satisfied with
ordinary materials and need to widely change
mechanical properties of materials. In these industries,
light materials with high strength, erosion and impact
resistance are needed.

This fact is accepted that composites like other
engineering materials have defects, such as crack,
delamination, fiber failure and vacancy. Thus,
inspection and identification of these defects are
important. Many researches have worked on flaws in
structure of composites and their influence on their
properties and proceeds [3-7].
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Non-destructive testing (NDT) methods can identify
defects without damaging the part. Since the failure
mechanisms of composites are not so well known
compared with metals, usually after detecting defects
with NDT, it is difficult. Some of the latest NDT
techniques are thermography, AE and acousto-
ultrasonic [8, 9].

NDT is multi-faceted and diversified. Most of these
methods allow no real-time control of structural damage
evolution, in contrast to AE [10]. AE refers to the
generation of transient elastic or stress waves during the
rapid release of energy from localized sources within a
material. The source of these emissions in metals is
closely related to the dislocation ~movement
accompanying plastic deformation and the initiation and
extension of cracks in a structure under stress [11]. AE
has also been done to monitor composites in bending
[12,13].

Carbon fiber-reinforced epoxy composites exhibit
high specific strength, high specific stiffness and good
fatigue tolerance, which have led to numerous advanced
applications ranging from military and civil aircraft
structures to recreational consumer products [14, 15].
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Many researches have been done on carbon/epoxy to
access mechanical and physical properties and
mechanisms of failure [16]. Arumugam et al. [17]
predicted the residual strength of post impacted
carbon/epoxy composite laminates using an online AE
monitoring. Liu et al. [18] adopted the AE technique to
study the failure mechanisms and damage evolution of
carbon fiber/epoxy composite laminate.

Many methods are done to analyze AE signals such
as wavelet and clustering [19-23]. The objective of the
cluster analysis is to separate a set of data into several
classes that reflect the internal structure of the data.
Indeed, cluster analysis is an important tool for
investigating and interpreting data [24]. The cluster
identification creates a framework for analysis of a link
between damage mode and AE parameters of the
corresponding AE event [25]. Moevus et al. [26]
distinguished the different types of matrix cracking in
the composite by clustering analysis with K-means
method. Godin et al. [24] worked on polyester resin and
glass/polyester unidirectional specimens, subjected to
tensile loading, using K-means algorithm of clustering
method in AE signals.

In this work, four-point bending test on
carbon/epoxy composite is done and AE parameters are
monitored. These data were analyzed with clustering
method. K-means and C-means algorithms are used to
validate and compare the results with previous works
[27-29]. The results reveal a strong relationship between
failure modes and cluster-based analysis.

2. MATHERIALS AND
PROSEDURES

EXPERIMENTAL

2. 1. Properties of Materials An EC157 epoxy
(density at 25 °C = 1.15 g /cm?®, viscosity at 25 °C =
700 mPa.s) was mixed with a W152 MR amminic
hardener (density at 25 °C = 0.95 g /cm?, viscosity at

25 °C =30 mPa.s) at a weight ratio of 100/30.

The prepreg (GG205PIMP503) used for specimens
fabrication is a 0/90 woven epoxy resin/carbon fiber
(density at 25 °C =1.5 g /cm?®, weight at 25 °C =353

gr/mz) kindly provided by Impregnatex Compositi
S.r.l. (Milan, Italy).

2. 2. Four Point Bending Test for Carbon/Epoxy
Composite  This test method (ASTM D6272) covers
the determination of flexural properties of unreinforced
and reinforced plastics, including high-modulus
composites and electrical insulating materials in the
form of rectangular bars molded directly or cut from
sheets, plates, or molded shapes [30]. These test
methods apply to rigid and semi rigid materials.
However, flexural strength can be determined for those

materials that break or fail in the outer fibers. This test
method utilizes a four point loading system applied to a
simply supported beam (Figure 1) [30].

A bar of rectangular cross section rests on two
supports and is loaded at two points, each at equal
distance from the adjacent support point. The distance
between the loading noses (the load span) is either one
third or one half of the support span. A support span-to-
depth ratio of 16:1 shall be used unless there is reason to
suspect that a larger span-to-depth ratio may be
required. The specimen is deflected until rupture occurs
in the outer fibers or until the maximum fiber strain of
5% is reached, [30].

The tangent modulus of elasticity is calculated by
drawing a tangent to the steepest initial straight-line
portion of the load-deflection curve and using Equation
(1) [30] for a load span of one third the support span
and Equation (2) [30] for a load span of one half of the
support span, as follows:

Eg =0.213m/bd® 1)

Eg =0.17L%m/bd® )
where Egis modulus of elasticity in bending, L is

support span, b is width of beam tested, d is depth of
beam tested, and m is slope of the tangent to the initial
straight-line.

3. ANALYZING METHODS

3. 1. Clustering in C-means Algorithm Fuzzy
C-means (FCM) is a method of clustering which allows
one piece of data to belong to two or more clusters.
Objective Function (3) [31] is minimized in C-means
algorithm:

N C
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i=1 J=1
where m>1is any real number, u; is the degree of
membership of x; in the clusterj, x; is theith of
d-dimensional measured data, Cj is the d-dimension

center of the cluster, and ||*|| is any norm expressing the
similarity between any measured data and the center.
Fuzzy partitioning is carried out by (4) [31] and (5) [31]
through an iterative optimization of the objective

Function (3), with the update of membership U; and
the cluster centers c;:
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when maxij{ ‘uiﬁkﬂ) ~u }<g, this iteration will

stop. where O<&<1is a termination and kis the
iteration steps. This procedure converges to a local
minimum or a saddle point of J_. The following steps

(Figure 2) describe the algorithm:

Figure 1. Bending point test
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Figure 2. Flowchart of C-means algorithm

Data are bound to each cluster by means of a
membership function, which represents the fuzzy
behavior of this algorithm. To do that, an appropriate
matrix named U is built whose factors are numbers

between 0 and 1, and represent the degree of
membership between data and centers of clusters [31].

3. 2. Clustering in K-means Algorithm The
procedure of K-means unsupervised algorithm follows a
simple way to classify a given data set through a certain
number of clusters fixed a priori. Defining K centroids
(one for each cluster), is the main idea. These centroids
should be placed in a cute way. The better choice is to
place them as much as possible far away from each
other. The next step is to take each point belonging to a
given data set and connect it to the nearest centroid. The
first step is completed when no point is pending and an
early groupage is done. At this point it is needed to re-
calculate K new centroids as centers of the clusters
resulting from the previous step. After owing these K
new centroids, a new connecting has to be done
between the same data set points and the nearest new
centroid. A loop has been created. As a result of this
loop, it is noticed that the K centroids change their
location step by step until no more changes are seen.
Finally, this algorithm aims at minimizing a squared
error function as an objective function (6) [33]:

k n
>3

=1 i1

x| ®)

. 2 . R
where |x(? —c;|" is a chosen distance measure between

a data point x{) and the cluster center cj, is an

indicator of the distance of the n data points from their
respective cluster centers. The following steps (Figure
3) describe the algorithm:

Although it can be proved that the procedure will
always terminate, the K-means algorithm does not
necessarily find the most optimal configuration,
corresponding to the global objective function
minimum. The algorithm is also significantly sensitive
to the initial randomly selected cluster centers. The K-
means algorithm can be run multiple times to reduce
this effect [32].

4. RESULTS AND DISCUSSION

In these tests each AE signal has five parameters
(Counts, Amplitude, Rise Time, Duration and Energy).
Thus, the signal makes five dimension spaces. Principal
Components Analysis (PCA) reduces the dimensions of
the observation space in which given objects are
studied. The reduction is obtained by creating new
linear combinations of variables characterizing the
objects studied. These combinations, termed principal
components, must satisfy certain mathematical and
statistical conditions [33]. Variance percentage of
eigenvalues of PCAs is shown in Figure 4.
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Place K points (initial group centroids)
into the space represented by the objects
that are being clustered.

!

Appoint each object to the group that
has the closest centroid. <

v

Recalculate the positions of the
K centroids when all objects have
been appointed.

Are the centroids still moving?

Figure 3. Flow chart of K-means algorithm
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Figure 4. Percentage of the variance of eigen values of PCA
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Figure 5. Clustering validation using silhouette

cluster, and which ones are merely somewhere in
between clusters. The entire clustering is displayed by
combining the silhouettes into a single plot. The average
silhouette width provides an evaluation of clustering
validity, and might be used to select an ‘appropriate’
number of clusters [34]. Figure 5 indicates this
validation.

As shown in Figure 5, clustering with maximum

validity occurs in 5 clusters. Clustering with C-means
algorithm is shown in Figure 5.
Clustering with K-means algorithm is shown in Figure
7. Based on C-means and K-means algorithm, Table 1
shows range of amplitudes which each cluster are
included.
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Figure 6. Data clustering with C-means algorithm
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Figure 7. Data clustering with K-means algorithm
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The axes 1 and 2, respectively, with 66.82% and
19.47% and the total variance percentage of 86.29% are
selected as the main axes. After the dimensional
reduction, the number of clusters must be specified. So,
silhouette function is used. Each cluster is represented
by a so-called silhouette, which is based on the
comparison of its tightness and separation. This
silhouette shows which objects lie well within their

Figure 8. Example of microstructure of the composite after
fracture by SEM [18]
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TABLE 1. Range of amplitudes with K-means algorithm

Clusters Range of amplitudes with K-means algorithm Range of amplitudes with C-means algorithm
First cluster 35-40dB 75-100 dB
Second cluster 48-70 dB 35-40 dB
Third cluster 35-85dB 45-70 dB
Fourth cluster 40-49 dB 39-45dB
Fifth cluster 75-100 dB 35-82dB
TABLE 2. Fracture mechanisms of carbon-epoxy composites [27]
70dB < 50-70 dB 40-50 dB <50 dB Amplitude Event duration
Carbon fiber fracture <1005
Initiation and slow growth of Average ~
delamination g¢ ~120s8
Friction of
delaminated faces <150z8
Rapid advances of > 2005

delamination

Kanji Ono [27] worked on AE behavior of flawed
unidirectional carbon fiber-epoxy composites. His paper
reported an experimental investigation on mechanical
and AE behavior of specially designed and
manufactured carbon  fiber epoxy composites.
Unidirectional composite laminates with various flaw
configurations were tested in tension and their
mechanical and AE responses were determined. Table 2
shows the reported results by Kanji Ono [27].

Norio Sato et al. [28] investigated the fracture
mechanism of unidirectional carbon/epoxy composite
by scanning electron microscope (SEM). Following four
stages indicated the failure process: (1) fiber breakage
began to occur at a load of about 60% of the failure
load; (2) as the applied load was increased, plastic
deformation occurred first from the broken fiber tip
along the fiber sides, followed by final matrix cracking
in the plastic region; (3) just before failure, partial
delamination occurred, originating from fiber breakage
and matrix cracking; (4) finally, a catastrophic crack
propagation occurred from the delamination, leading to
composite failure.

Comparing the results of C-means clustering with
[27-29], it is concluded that the fifth cluster is noise
because it is not in any ranges of Table 2 and has low
weight of data. Other four clusters have coincidence
with rapid advances of delamination, carbon fiber
fracture, initiation and slow growth of delamination and
friction of delaminated faces, respectively. Comparing
the  results of K-means  clustering  with
[27-29], it is concluded that the third cluster is noise.
Other four clusters have coincidence with carbon fiber
fracture, initiation and slow growth of delamination,
friction of delaminated faces and rapid advances of
delamination, respectively.

. CONCLUSION

AE non-destructive method in four-point bending
test of carbon/epoxy composite is used to analyze
and examine the failure mechanisms.
Clustering of these signals is
C-means and K-means algorithm.
K-means is an exclusive clustering algorithm; C-
means is an overlapping clustering algorithm. In
other words, C-means clustering is a soft version of
K-means, where each data point has a fuzzy degree
of belonging to each cluster.

C-means clustering indicates that the fifth cluster is
noise. Other four clusters have coincidence with
rapid advances of delamination, carbon fibre
fracture, initiation and slow growth of delamination
and friction of delaminated faces, respectively.
K-means clustering shows that the third cluster is
noise. Other four clusters have coincidence with
carbon fibre fracture, initiation and slow growth of
delamination, friction of delaminated faces and rapid
advances of delamination, respectively.

done with
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