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Abstract: In addition to measuring the strain, stress, and Young’s modulus of materials through
tension and compression, in-plane shear modulus measurement is also an important part of parameter
testing of composites. Tensile testing of £45° composite laminates is an economical and effective
method for measuring in-plane shear strength. In this paper, the in-plane shear modulus of T800
carbon fiber/epoxy composites were measured through tensile tests of +45° composite laminates,
and acoustic emission (AE) was used to characterize the damage of laminates under in-plane shear
loading. Factor analysis (FA) on acoustic emission parameters was performed and the reconstructed
factor scores were clustered to obtain three damage patterns. Finally, the development and evolution
of the three damage patterns were characterized based on the cumulative hits of acoustic emission.
The maximum bearing capacity of the laminated plate is about 17.54 kN, and the average in-plane
shear modulus is 5.42 GPa. The damage modes of laminates under in-plane shear behavior were
divided into three types: matrix cracking, delamination and fiber /matrix interface debonding, and
fiber fracture. The characteristic parameter analysis of AE showed that the damage energy under
in-plane shear is relatively low, mostly below 2000 mV x ms, and the frequency is dispersed between
150-350 kHz.

Keywords: in-plane shear; acoustic emission; digital image correlation; factor analysis; Fuzzy C-Means

1. Introduction

Fiber-reinforced polymer materials have broad application prospects in engineering.
In the aerospace field [1-5], components such as aircraft engine turbine blades and tail
wings require materials with sufficient shear strength to ensure the stability and maneu-
verability of the aircraft. There are generally three methods for testing the in-plane shear
strength of materials: the torsion method; the tensile method such as +45° tensile test;
and the shear method such as the track shear test or V-shaped open-track shear test [6-8].
The thin-walled tube torsion method has high accuracy while £45° tensile test has good
practicality. Meanwhile, when structural components are subjected to external loads, in-
ternal damage may cause structural deformation and decrease in mechanical properties.
Consequently, realizing and understanding the damage evolution process of materials
under in-plane shear behavior is crucial for structural health monitoring.

There are usually two ways to conduct damage assessment. One type of active tech-
nology requires external sources such as thermal imaging [9,10] and eddy current [11],
while the other type of passive technology requires sources inside the material. AE has
unique advantages in damage localization and assessment. As a passive technology, it
cannot directly measure material damage, but rather analyzes the correlation between
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hidden information in the signal and the observed structural state by collecting signal
responses. Various AE parameters were extracted to evaluate the degree of material dam-
age under external forces. Qu et al. [12] used AE energy and peak frequency parameters
to evaluate the damage of C/SiC composite materials under shear monotonic loading.
Rubio-Gonzélez et al. [13] compared the damage characteristics of glass fiber/epoxy resin
laminates with/without carbon nanotubes under three-point bending state through AE
amplitude and count, and verified the coordination of AE and other technologies in study-
ing composite material damage. Liu et al. [14] studied the damage behavior of several
lattice-reinforced concretes under three-point bending using peak frequency, energy, and
amplitude of AE signal. AE can not only characterize damage under quasi-static test-
ing, but can also be used for dynamic damage characterization such as impact [15] and
fatigue [16,17].

In addition to characterizing damage characteristics, the damage patterns of materials
can also be identified by clustering appropriate AE parameters [16,18-25]. Mi et al. [18] com-
pared the impact of compilation methods on the damage of fiber-resin composite materials
by clustering the amplitude, energy count, and duration of AE parameters. Azadi et al. [20]
studied the damage mode characteristics of carbon/epoxy resin laminates under tension
at different loading rates by performing clustering on the three types of acoustic emis-
sions including average frequency. Ozaslan et al. [21] studied the damage development
of composite plates with a single hole or two holes with different orientations relative
to the load direction, and obtained the damage modes in both cases using AE and DIC.
Andraju et al. [23] conducted tensile tests on carbon-fiber-reinforced composite laminates
with different fiber stacking directions and orders, and the peak frequency and ampli-
tude range of damage in the laminates with different stacking methods were compared.
Sawan et al. [24] studied damage types and development modes corresponding to different
clusters of epoxy resin composite material specimens under tension and compression by
clustering five AE time-domain characteristic signals. Xu et al. [25] analyzed the mechanical
behavior response and damage mode of joints under humid and hot conditions using time-
frequency domain analysis and clustering analysis of four AE characteristic parameters.
However, for the clustering of polymer materials, existing research tends to choose two
or a small amount of AE signals, which may result in a lack of information contained in
the acoustic emission signals. It is possible to consider recombining multiple AE feature
parameters to identify the damage mode of the material while preserving information in
dimensionality reduction. Various clustering methods have been developed, such as the
k-Means method [16,24,26], Fuzzy C-Means [20,27], and Self-Organizing Map [28]. Differ-
ent clustering methods are suitable for different classification scenarios; k-Means is suitable
for simple classification. However, it does not perform well in handling classification tasks
with high mixing and is prone to falling into local optima, while Fuzzy C-Means specifies
the membership degree of sample classes between (0, 1) instead of assigning them to specific
categories making it suitable for complex classification tasks. Simultaneously, to evaluate
the clustering results, multiple indicators can be used for clustering evaluation such as the
Silhouette Index, Dunn Index, Davies—Bouldin Index, and Rand Index [16,19,23,29].

Due to the fact that AE cannot directly measure the damage mode of materials, it is
often combined with other damage assessment methods. In many studies [14,30-34], the
DIC method had been used as another complementary detection method in conjunction
with AE detection of material damage, with non-contact methods used to measure the
surface strain and deformation fields of objects. Although DIC cannot obtain internal de-
formation and strain information of materials, it can still provide a reference for evaluating
material damage.

Existing studies tends to choose two parameters—peak frequency and amplitude
not affected by damage for clustering, or extract a small number of parameters based
on principal component analysis. However, fewer parameters can lead to the loss of
information of AE signal. Therefore, the focus of this paper is using factor analysis to
reorganize the original AE parameters into three factors and cluster them. Due to the
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difficulty in identifying the membership categories of the reorganized factors, the FCM
clustering method was chosen, and the number of clusters was evaluated. The results
indicate that clustering after factor recombination of eight AE characteristic parameters can
obtain the damage mode of the laminates while retaining most of the AE signal information.
DIC can provide reference for damage analysis by conducting strain detection on the
surface of the laminates.

2. Experimental Details

The T800 carbon fiber/epoxy-resin-reinforced polymer laminates were produced by
the AECC Beijing Institute of Aeronautical Materials (Beijing, China). The laying angle
is +45°, and each layer of carbon fiber has a thickness of 0.1 mm, totaling 20 layers.
The laminates were formed using a hot-pressing process, maintaining a vacuum during
the pre-treatment and curing processes. After the pre-impregnated material was laid,
the pre-formed parts were pressurized at 320-330 °C, and the curing temperature was
set between 330-380 °C after pressurization. Curing stress was reduced through multi
temperature layered curing, with a maximum curing temperature of 380 °C and a curing
time of 1 h. Five specimens were cut according to the ASTM D3518 standard, with the size
of 250 mm x 25 mm X 2 mm. The strain pattern was pasted on the one side before the
experiments and speckles were sprayed on the opposite side surface of the specimens.

Figure 1 shows the experimental setup of AE and image data acquisition equipment.
The loading equipment is a DNS electronic universal testing machine with an accuracy of
£0.5% of the numerical display, with a maximum experimental force of 100 kN. According
to ASTM D3518, the in-plane shear test should be completed within 1-10 min. As a result,
the loading rate should be set to 4 mm/min according to prior experiments.

(b)

Figure 1. The experimental setup. (a) The AE and DIC experimental device. (b) Specimen installa-

tion diagram.

Throughout the in-plane shear experimental process, an image acquisition device
was used to capture images, and the image collection frequency was set to 15 images per
second. The image acquisition device was composed of a five-megapixel CCD camera,
a 0.072 magnification telecentric lens, and a light source. Concurrently, the AE signals
were collected through the DS2-8A AE signal analyzer produced by Ruandao (Abu Dhabi,
United Arab Emirates) including a 40 DB integrated preamplifier and a cylindrical probe
with a diameter of 8 mm, which was fastened to the specimen using coupling agent and
insulation tape. The experimental acquisition accuracy was 16 bits, with the rate of 3 and
threshold set to 30 mV. The strain rosettes were glued to the center of the specimens with a
resistance value of 120 () and a sensitivity coefficient of 2 &= 1%. It adopted a 1/4 bridge
connection method and temperature compensation. The sampling frequency of strain data
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is 1 Hz. A lead breaking test was tried out before conducting an in-plane shear experiment
on each specimen.

3. Results and Discussion
3.1. Tangential Shear Modulus Calculation and Parameter Analysis of AE Signals

Figure 2a shows the force-time curve with the time-domain composition curves:
energy, hit, and peak frequency extracted from the obtained AE signals of specimen 1,
while Figure 2b shows in-plane shear stress-strain curves of specimens. In the AE and
force time-domain signal graph, the tensile process was divided into three stages based
on the trend of force over time. In stage I, the response curve between force and time is
linear elastic, with relatively few AE signals and a peak frequency basically below 200 kHz.
In stage II, the force-time curve begins to exhibit a non-linear response, with a decrease
in the rate of force growth over time and an increase in AE signals at medium to high
peak frequencies, while the acoustic emission signals are relatively sparse. In stage III,
the growth rate of force increases with time and reaches its peak; afterwards, it briefly
decreases and the specimen underwent fracture and failure. In addition, at the failure
time of stage III, a sudden change in the AE energy signal can be clearly observed, with
an energy value of 12,000 mV x ms. This is because the fracture of the sample released
a significant amount of energy. Other energy points were lower, with energy values not
exceeding 200 mV x ms. At the same time, the AE hit also showed a straight upward trend
due to the generation of more AE signals caused by specimen fracture.
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Figure 2. The AE time-domain signals and stress-strain curves of specimens. (a) The AE time-domain
signals of specimen 1. (b) The stress-strain curve of specimens.

In Figure 2b stress-strain curve exhibits a linear response during the initial stage.
After the strain reaches 2000 ¢, the stress trend of the sample is relatively stable. At this
stage, a strain point was selected as the starting point, then the shear strain was increased
by 4000 = 200 pe as the endpoint to calculate the tangential shear modulus. The calculation
results are shown in Table 1. The average value of tangential shear modulus is 5.42 GPa
and the dispersion coefficient value is 0.95%.

Table 1. Tangential shear modulus of specimens.

Number of specimens 1 2 3 4 5

Value (GPa) 5.31 5.23 5.69 5.35 5.48

3.2. DIC Analysis

The longitudinal strain and displacement were calculated through setting the soft-
ware spectrum to 16, and the area from the center of the sample to the failure range was
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selected. The sample image at 527 s was selected as the reference image and the subsequent
images were processed. The image processing results before 527 s can refer to the trend of
displacement and strain changes at 711 s and 991 s.

As shown in Figure 3a, when the strain is relatively small, the longitudinal strain
is more uniform. As the strain increases, higher strain regions gradually appear. As the
specimen approaches failure, necking and strain concentration occur in the failure area.
In addition, as shown in Figure 3b, the longitudinal displacement of the sample before
failure presents a stepped shape. Due to the fixed clamp at the upper end of the testing
machine during stretching, the displacement shows an increasing trend from top to bottom,
and the displacement contour line is basically horizontal. During failure, the deformation
of the displacement contour is more pronounced in the upper part of the specimen.

3.3. Factor Analysis

The damage modes of carbon fiber laminates can be analyzed by clustering the AE
characteristic parameters. In this regard, existing studies are mostly based on peak fre-
quency and amplitude. However, a small number of AE characteristic parameters cannot
fully characterize the characteristics of AE signals, and excessive AE characteristic pa-
rameters will increase the difficulty of analysis. Therefore, the AE parameters were first
dimensionally reduced through FA before implementing clustering, and new components
that contain most of the AE signal information were obtained through factor recombination.

The eight characteristic parameters of amplitude, duration, rise time, ring counts, rise
counts, energy, center frequency, and peak frequency reflecting the characteristics of AE
signals in the time-frequency domain were extracted for FA analysis. Parameters data were
standardized to reduce the impact of data magnitude.

Table 2 showed the Pearson correlation between eight parameters by calculating
Pearson coefficient and significance, where significance less than 0.01 indicates a very
significant correlation and the data are marked with “**, and significance less than 0.05
indicates a significant correlation and the data are marked with “*’. The results indicate
that there is a strong correlation between the eight AE parameters; therefore, FA can
be performed.

Table 2. Pearson coefficient of AE parameters of specimen 1.

Amplitude Duration Rise Time Ring Counts  Rise Counts Energy FrS;EZny FreIc);;a;cy
Amplitude 1 0.051 0.243 ** 0.064 0.618 ** 0.053 0.105 ** 0.065
Duration 1 0.119 ** 0.994 ** 0.087 * 0.993 ** 0.005 0.038
Rise time 1 0.106 ** 0.529 ** 0.099 * 0.091* —0.015
Ring counts 1 0.101* 0.999 ** —0.002 0.022
Rise counts 1 0.091 * 0.110 ** 0.048
Energy 1 —0.006 0.016
Center frequency 1 0.683 **

Peak frequency

1

*—significance less than 0.05 indicates a significant correlation; **—significance less than 0.01 indicates a very
significant correlation.

Extracting the number of factors is a process of comprehensive selection, usually
determined by variance contribution rate and eigenvalues to determine the number of
factors extracted by FA. The variance contribution rate and eigenvalues demonstrate the
ability of factors to interpret raw AE parameter information, and the larger their values, the
stronger their explanatory power. At the same time, the component matrix was calculated,
which displays the relationship between factors and original parameters. By rotating the
component matrix, the relationship between factors and original parameters can be better
explained. The factor matrix is shown in Table 2, the cumulative contribution rate and
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eigenvalues are shown in Figure 4a, and the factor loading diagram of the component

matrix is shown in Figure 4b.
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Figure 3. Results of DIC. (a) Longitudinal strain at different times. (b) Longitudinal displacement at
different times.
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Figure 4. The extraction results of FA. (a) Eigenvalues and cumulative contribution rate of FA.
(b) The spatial distribution of factor loading.

The number of factors can be selected based on different situations. In this analysis,
the criterion for selecting is that the eigenvalues are greater than 1. From Figure 4a, it can
be seen that the first three factors meet the selection requirements and have a cumulative
contribution rate greater than 80%. Therefore, the number of factors was determined
to be 3 in this analysis. As shown in Table 3, factor loading with the three parameters
duration, ring counts, and energy are greater than 0.95, and they are positive to Factor
1. Similarly, amplitude, rise time, and rise count have a positive effect to Factor 2 while
duration, ring count, and energy are negative to Factor 2. Center frequency and peak
frequency have a positive effect on Factor 3. Factor 1 and Factor 2 reflect the time domain
characteristics of AE signals and Factor 3 representative frequency domain characteristics.

Table 3. The factor loading of AE signal parameters.

Factor 1 Factor 2 Factor 3

Amplitude 0.192 0.694 —0.300
Duration 0.980 —-0.178 0.059

Rise time 0.246 0.580 —0.340
Ring counts 0.982 -0.178 0.045

Rise counts 0.259 0.783 —0.384
Energy 0.979 —0.189 0.045
Center frequency 0.055 0.514 0.756
Peak frequency 0.065 0.423 0.815

The score coefficients of the three components were calculated as shown in Table 4
and the value of Factor 1, 2, and 3 were obtained on this basis. As for Factor 1, the score is
calculated as follows:

Sy = 0.063x; + 0.321x) + . .. + 0.021xg

where S represents the score of Factor 1, xq, x3,. . ., Xg represents the value of amplitude,
duration. .. peak frequency of every AE events.
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Table 4. The score coefficient matrix of factors.

Factor 1 Factor 2 Factor 3

Amplitude 0.063 0.352 —0.188
Duration 0.321 —0.090 0.037

Rise time 0.080 0.294 —-0.213
Ring counts 0.321 —0.090 0.028

Rise counts 0.085 0.397 —0.241
Energy 0.321 —0.096 0.028
Center frequency 0.018 0.261 0.473
Peak frequency 0.021 0.214 0.510

3.4. Fuzzy C-Means

To further explain the relationship between factors and clusters, score statistics were
performed on the clustering results. The FCM algorithm is a fuzzy partitioning-based
algorithm that maximizes the similarity of the same cluster and minimizes the similarity of
different clusters by calculating the membership of different categories of sample points.

Assuming the number of clusters in the sample set X = {x1,x2,...,xn} is ¢, and the
FCM objective function is as follows:

JU, V) =3y (uy)"di; (1)
i=1j=1
iy = ||ei — x|

where u;; is membership matrix value between (0, 1); m is the fuzzy weighted index; d;; is
the Euclidean distance between sample and cluster center; U is the fuzzy membership set.
Set the constraint condition that the sum of all sample membership degrees is 1:

C
Zuijzl,Vj:L...,n (2)
i=1

To minimize the objective function, the Lagrange method is used to solve the Lagrange
function, which is as follows:

n C C n n C
JWU,c1,.. ¢, A, An) = J(U,c1,...,¢c) + Z /\](2 Mi]'—l) = 2 Zuudfj + Z )\](Z Ujj — 1) 3)
j=1 =1 i=1j j=1 =1
The clustering center and membership degree were obtained by solving the following;:
n
L Uijx;
j=1
Ci = (4)
Y ujj
j=1
1
Uij = = a5\ 2/ (1) ®)
x ()

When clustering data, determine the clustering center and membership matrix by
following these steps:

Step 1: Initialize the membership matrix U and randomly assign values to (0, 1),
satisfying the constraint conditions;
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| Factor 3

Step 2: Calculate cluster center;

Step 3: Calculate the objective function. If it is less than the set threshold or if the
difference between adjacent calculations is less than the threshold, stop;

Step 4: Bring in the membership degree calculation formula to recalculate the U and
return to step 2.

Figure 5a shows the spatial distribution of the three factors; it can be seen that each
sample point does not have a specific category, making it suitable to use the fuzzy clustering
method. Before clustering, it is first necessary to determine the appropriate number of
clusters. The Dunn index (DI) and Davies-Douldin index (DBI) were applied to evaluate
the number of clusters. DI represents the ratio of the minimum distance between any two
clusters to the maximum distance between two sample points in any cluster. DBI evaluates
the number of clusters by calculating the similarity between each cluster and other coarse
values. The larger the DI, the better the clustering effect, while the smaller the DBI, the
better the clustering effect. For carbon fiber composite materials, the damage modes are
generally divided into four categories. The corresponding evaluation indicators for the
number of 2-6 clusters were calculated as shown in Figure 5b. It can be determined that
the optimal number of clusters is 3. The clustering results are shown in Figure 5c.
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Figure 5. FCM results on specimen 1. (a) Spatial distribution of three factors. (b) DBI and DI of FCM.
(c) FCM three-dimensional diagram result on the scores of factors.

Score intervals for the corresponding factors of three clusters were obtained. The sta-
tistical results were summarized in Table 5. There are a total of 619 AE data sample points,
with 134 in Cluster 1, 176 in Cluster 2, and 309 in Cluster 3. The larger the absolute value of
the numerical value, the greater the impact of the factor on the cluster. The positive and
negative values represent the positive and negative effects of the factor.
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Table 5. Results of cluster statistics.
Factor 1 Factor 2 Factor 3
Cluster 1 —0.333, 0.079 —1.544, —0.260 —1.122, —0.040
Cluster 2 —0.076,1.542 —0.086, 4.516 —3.230, 0.514
Cluster 3 —0.245, 24.061 —5.403,1.739 —0.384, 3.794

Overall, Cluster 1 has the smallest and mostly negative cluster score values on the
three factors, while Cluster 3 has the highest cluster score on the three factors. Therefore, the
AE parameters of Cluster 1 have relatively low intensities, exhibiting characteristics such
as low amplitude, low duration, and low frequency. In addition, three types of damage
including fiber breakage can be identified from fracture images, as shown in Figure 6.
Therefore, Cluster 1 is matrix cracking. Cluster 3 has the highest intensity of AE parameters,
exhibiting high amplitude, high energy, and high frequency characteristics. It is worth
noting that the upper limit of the score interval for Factor 1 in Cluster 3 is 24.06, which is
significantly higher than the upper limit of the interval for the other two clusters. According
to the previous section on factor analysis, energy has a strong contribution to Factor 1.
It can be inferred that Cluster 3 includes the AE event of enormous energy generated by
the failure and fracture of the specimen. Therefore, Cluster 3 is a fiber fracture. The AE
parameter properties of Cluster 2 are between the two; therefore, Cluster 2 is delamination
and fiber/matrix interface debonding.

Figure 6. Fracture image of specimen 1.

Finally, based on the clustering results, the AE hits were divided to obtain the devel-
opment and evolution trends of each mode. The evolution of damage modes is shown in
Figure 7. The results indicate that the development of each damage mode is similar. Before
failure, the development of various damages is relatively slow. As the failure approaches,
the trend of damage evolution turns and randomly increases rapidly. Overall, there are
more fiber fractures during in-plane shear, occupying a dominant position. The mini-
mum number of delamination and fiber/matrix interface debonding may be related to the
properties of the material.
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Figure 7. The distribution of the cluster. (a) Specimen 1. (b) Specimen 2. (c) Specimen 3. (d) Specimen 4.

4. Conclusions

This paper investigated the in-plane shear failure mode and damage evolution behav-
ior of T800 carbon fiber /epoxy composite materials through AE and DIC. FA was used to
evaluate the relevance between AE parameters. It is difficult to distinguish the member-
ship categories of factors after restructuring the acoustic emission feature parameters, and
the Fuzzy C-Means cluster algorithm was used. The characteristic parameter analysis of
AE showed that the damage energy under in-plane shear is relatively low, mostly below
2000 mV x ms, and the frequency is dispersed between 150-350 kHz. The fracture of lami-
nates is in a sudden and the energy at fracture is close to 12,000 mV x ms, with frequency
concentrated between 0-200 kHz. The AE hit increased slowly before fracture, reaching a
cumulative count of 100 at 1000 s, and then showed a straight upward trend, increasing to
600 in a short period of time, which indicated that the accumulation of damage in laminates
is slow and the damage mainly accumulates at the moment of fracture. The FA indicated
that there is a high correlation between the AE characteristic parameters under in-plane
shear, and the development and evolution of three damage modes were obtained through
an unsupervised Fuzzy C-Means cluster algorithm. The clustering effect is better for Clus-
ter 3, corresponding to matrix cracking, delamination, fiber /matrix interface debonding,
and fiber fracture. Cluster 3 dominates the in-plane shear process, with more events than
Cluster 1 and 2. Overall, the trends of development of the three damage patterns were
similar. The DIC analysis results indicate that the strain and deformation on the surface of
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the specimen are relatively uniform, and there is a significant strain concentration when
the specimen is near failure. This can be verified by the flat growth trend of the three
identified damage modes before 1000 s and the rapid upward trend around 1000 s. DIC
can be well combined with AE to evaluate the damage of specimens. There are also some
shortcomings in this work that require further research, such as the impact of specimen
damage on the transmission of AE signals in the specimen. However, the result of the study
can still refer to the establishment of structural health monitoring standards, evaluations,
and related databases.

Author Contributions: Z.L.: Conceptualization, Investigation, Data curation, Writing—Original draft
preparation. C.S.: Investigation, Data curation, Writing—Original draft preparation. X.H.: Software,
Data curation, Validation, Methodology. C.T.: Conceptualization, Methodology, Writing—Reviewing
and Editing. Y.Y.: Conceptualization, Methodology, Writing—Reviewing and Editing. All authors
have read and agreed to the published version of the manuscript.

Funding: The authors are grateful for the financial support provided by the Six Talent Peaks Project
in Jiangsu Province (Grant No. 2019-KTHY-059) and Self-made experimental instruments and
equipment project of Yangzhou University (Grant No. zzyq2022zy05).

Data Availability Statement: Data will be made available on request.

Conflicts of Interest: Author Zikai Lin and Xiaochu Huang was employed by the company Shen-
zhong Link Management Center. The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed as a potential
conflict of interest.

References

1.

10.

11.

12.

13.

14.

Golzar, M.; Sinke, J.; Abouhamzeh, M. Novel thermomechanical characterization for shrinkage evolution of unidirectional
semi-crystalline thermoplastic prepregs (PPS/CF) in melt, rubbery and glassy states. Compos. Part A Appl. Sci. Manuf. 2022, 156,
106879. [CrossRef]

Tang, S.; Hu, C. Design, Preparation and Properties of Carbon Fiber Reinforced Ultra-High Temperature Ceramic Composites for
Aerospace Applications: A Review. J. Mater. Sci. Technol. 2017, 33, 117-130. [CrossRef]

Wysmulski, P. The effect of load eccentricity on the compressed CFRP Z-shaped columns in the weak post-critical state. Compos.
Struct. 2022, 301, 116184. [CrossRef]

Rozylo, P.; Debski, H. Failure study of compressed thin-walled composite columns with top-hat cross-section. Thin-Walled Struct.
2022, 180, 109869. [CrossRef]

Muflikhun, M.A.; Higuchi, R.; Yokozeki, T.; Aoki, T. Failure mode analysis of CFRP-SPCC hybrid thin laminates under axial
loading for structural applications: Experimental research on strain performance. Compos. Part B Eng. 2019, 172, 262-270.
[CrossRef]

Panchal, M.; Kaushik, L.; Ravi, K.R.; Khatirkar, R.; Choi, S.-H.; Singh, ]. Recent advances in the in-plane shear testing of Mg alloy
sheets. J. Magnes. Alloy. 2023, 11, 405-424. [CrossRef]

Mandegarian, S.; Samareh-Mousavi, S.S.; Taheri-Behrooz, F. Experimental investigation on in-plane shear fatigue failure criteria
of & 45° angle-ply carbon epoxy composite. Int. ]. Fatigue 2022, 160, 106873. [CrossRef]

Yu, G; Xie, C.; Du, J.; Ni, Z; Chang, L.; Gao, X.; Song, Y. In-plane shear experimental method and mechanical behavior of ceramic
matrix mini-composites. J. Mater. Res. Technol. 2023, 24, 5541-5551. [CrossRef]

Harizi, W.; Chaki, S.; Bourse, G.; Ourak, M. Mechanical damage assessment of Polymer-Matrix Composites using active infrared
thermography. Compos. Part B Eng. 2014, 66, 204-209. [CrossRef]

Marani, R.; Palumbo, D.; Reno, V.; Galietti, U.; Stella, E.; D’Orazio, T. Modeling and classification of defects in CFRP laminates by
thermal non-destructive testing. Compos. Part B Eng. 2018, 135, 129-141. [CrossRef]

Zeng, Z.; Tian, Q.; Wang, H.; Jiao, S.; Li, ]. Testing of delamination in multidirectional carbon fiber reinforced polymer laminates
using the vertical eddy current method. Compos. Struct. 2019, 208, 314-321. [CrossRef]

Qu, J.; Xu, C.; Meng, S. Experimental investigation on interlaminar and in-plane shear damage evolution of 2D C/SiC composites
using acoustic emission and X-ray computed microtomography. Ceram. Int. 2023, 49, 11711-11717. [CrossRef]

Rubio-Gonzalez, C.; del Pilar de Urquijo-Ventura, M.; Rodriguez-Gonzalez, J.A. Damage progression monitoring using self-
sensing capability and acoustic emission on glass fiber /epoxy composites and damage classification through principal component
analysis. Compos. Part B 2023, 254, 110608. [CrossRef]

Liu, J.; Kanwal, H.; Tang, C.; Hao, W. Study on flexural properties of 3D printed lattice-reinforced concrete structures using
acoustic emission and digital image correlation. Constr. Build. Mater. 2022, 333, 127418. [CrossRef]


https://doi.org/10.1016/j.compositesa.2022.106879
https://doi.org/10.1016/j.jmst.2016.08.004
https://doi.org/10.1016/j.compstruct.2022.116184
https://doi.org/10.1016/j.tws.2022.109869
https://doi.org/10.1016/j.compositesb.2019.05.049
https://doi.org/10.1016/j.jma.2023.02.006
https://doi.org/10.1016/j.ijfatigue.2022.106873
https://doi.org/10.1016/j.jmrt.2023.04.139
https://doi.org/10.1016/j.compositesb.2014.05.017
https://doi.org/10.1016/j.compositesb.2017.10.010
https://doi.org/10.1016/j.compstruct.2018.10.027
https://doi.org/10.1016/j.ceramint.2022.12.089
https://doi.org/10.1016/j.compositesb.2023.110608
https://doi.org/10.1016/j.conbuildmat.2022.127418

Polymers 2023, 15, 4319 13 of 13

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Seyyednourani, M.; Akgun, S.; Ulus, H.; Yildiz, M.; Sas, H.S. Experimental investigation on Compression-After-Impact (CAI)
response of aerospace grade thermoset composites under low-temperature conditions assisted with acoustic emission moni-toring.
Compos. Struct. 2023, 321, 117260. [CrossRef]

Wang, M.; He, M,; Liang, Z.; Wu, D.; Wang, Y.; Qing, X.; Wang, Y. Fatigue damage monitoring of composite laminates based on
acoustic emission and digital image correlation techniques. Compos. Struct. 2023, 321, 117239. [CrossRef]

Ferreira Motta, R., Jr.; Alderliesten, R.; Shiino, M.Y.; Cioffi, M.O.H.; Voorwald, H.].C. Scrutinizing interlaminar fatigue loading
cycle in composites using acoustic emission technique: Stress ratio influence on damage formation. Compos. Part A: Appl. Sci.
Manuf. 2020, 138, 106065. [CrossRef]

Mi, Y,; Zhu, C; Li, X.; Wu, D. Acoustic emission study of effect of fiber weaving on properties of fiber-resin composite materials.
Compos. Struct. 2020, 237, 111906. [CrossRef]

Liu, Y,; Zhang, L.; Li, Z.; Chen, Z.; Huang, K.; Guo, L. Investigation on damage evolution of open-hole plain woven composites
under tensile load by acoustic emission signal analysis. Compos. Struct. 2023, 305, 116481. [CrossRef]

Azadi, M.; Sayar, H.; Ghasemi-Ghalebahman, A.; Jafari, S.M. Tensile loading rate effect on mechanical properties and failure
mechanisms in open-hole carbon fiber reinforced polymer composites by acoustic emission approach. Compos. Part B Eng. 2019,
158, 448-458. [CrossRef]

Ozaslan, E.; Yetgin, A.; Acar, B.; Giiler, M. Damage mode identification of open hole composite laminates based on acoustic
emission and digital image correlation methods. Compos. Struct. 2021, 274, 114299. [CrossRef]

Barile, C.; Casavola, C.; Pappalettera, G.; Kannan, V.P. Laplacian score and K-means data clustering for damage characterization
of adhesively bonded CFRP composites by means of acoustic emission technique. Appl. Acoust. 2022, 185, 108425. [CrossRef]
Andraju, L.B.; Raju, G. Damage characterization of CFRP laminates using acoustic emission and digital image correlation:
Clustering, damage identification and classification. Eng. Fract. Mech. 2023, 277, 108993. [CrossRef]

Sawan, H.A.; Walter, M.E.; Marquette, B. Unsupervised learning for classification of acoustic emission events from tensile and
bending experiments with open-hole carbon fiber composite samples. Compos. Sci. Technol. 2015, 107, 89-97. [CrossRef]

Xu, D,; Liu, PE; Li, ].G.; Chen, Z.P. Damage mode identification of adhesive composite joints under hygrothermal environment
using acoustic emission and machine learning. Compos. Struct. 2019, 211, 351-363. [CrossRef]

Chen, C.; Chen, X.; Ning, Y. Identification of fracture damage characteristics in ultra-high performance cement-based composite
using digital image correlation and acoustic emission techniques. Compos. Struct. 2022, 291, 115612. [CrossRef]

Saeedifar, M.; Zarouchas, D. Damage characterization of laminated composites using acoustic emission: A review. Compos. Part B
Eng. 2020, 195, 108039. [CrossRef]

Lima, R.; Drobiazko, M.; Bernasconi, A.; Carboni, M. On crack tip localisation in quasi-statically loaded, adhesively bonded
double cantilever beam specimens by acoustic emission. Theor. Appl. Fract. Mech. 2022, 118, 103286. [CrossRef]

Yan, L.; Han, B.; Zhang, J.; Li, W.; Xie, H.; Gao, C.; Chen, L.; Yu, J.; Song, Z.; Zuo, B. Experimental study on fatigue damage of
continuous steel-concrete composite beam by acoustic emission. Structures 2023, 57, 105185. [CrossRef]

Zhou, W.; Zhao, W.-Z.; Zhang, Y.-N.; Ding, Z.-]. Cluster analysis of acoustic emission signals and deformation measurement for
delaminated glass fiber epoxy composites. Compos. Struct. 2018, 195, 349-358. [CrossRef]

Kalteremidou, K.; Murray, B.; Carrella-Payan, D.; Cernescu, A.; Van Hemelrijck, D.; Pyl, L. Failure analysis of CF/epoxy hollow
beam components using digital image correlation and acoustic emission analyses. Compos. Struct. 2021, 275, 114481. [CrossRef]
Murray, B.; Kalteremidou, K.; Carrella-Payan, D.; Cernescu, A.; Van Hemelrijck, D.; Pyl, L. Failure characterisation of CF/epoxy
V-shape components using digital image correlation and acoustic emission analyses. Compos. Struct. 2020, 236, 111797. [CrossRef]
Kalteremidou, K.-A.; Aggelis, D.G.; Van Hemelrijck, D.; Pyl, L. On the use of acoustic emission to identify the dominant
stress/strain component in carbon/epoxy composite materials. Mech. Res. Commun. 2021, 111, 103663. [CrossRef]

Zhang, X.; Li, Z.; Wang, X.; Wang, H.; Li, B.; Niu, Y. Thermal effect on the fracture behavior of granite using acoustic emission and
digital image correlation: An experimental investigation. Theor. Appl. Fract. Mech. 2022, 121, 103540. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.compstruct.2023.117260
https://doi.org/10.1016/j.compstruct.2023.117239
https://doi.org/10.1016/j.compositesa.2020.106065
https://doi.org/10.1016/j.compstruct.2020.111906
https://doi.org/10.1016/j.compstruct.2022.116481
https://doi.org/10.1016/j.compositesb.2018.09.103
https://doi.org/10.1016/j.compstruct.2021.114299
https://doi.org/10.1016/j.apacoust.2021.108425
https://doi.org/10.1016/j.engfracmech.2022.108993
https://doi.org/10.1016/j.compscitech.2014.12.003
https://doi.org/10.1016/j.compstruct.2018.12.051
https://doi.org/10.1016/j.compstruct.2022.115612
https://doi.org/10.1016/j.compositesb.2020.108039
https://doi.org/10.1016/j.tafmec.2022.103286
https://doi.org/10.1016/j.istruc.2023.105185
https://doi.org/10.1016/j.compstruct.2018.04.081
https://doi.org/10.1016/j.compstruct.2021.114481
https://doi.org/10.1016/j.compstruct.2019.111797
https://doi.org/10.1016/j.mechrescom.2021.103663
https://doi.org/10.1016/j.tafmec.2022.103540

	Introduction 
	Experimental Details 
	Results and Discussion 
	Tangential Shear Modulus Calculation and Parameter Analysis of AE Signals 
	DIC Analysis 
	Factor Analysis 
	Fuzzy C-Means 

	Conclusions 
	References

