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A B S T R A C T

Damage mechanisms in composite laminates are quite complex, and it is necessary to perceive
their effects on the degradation of laminate mechanical properties. This work employs acoustic
emission (AE) and digital image correlation (DIC) techniques to describe the evolution of
intra/inter-laminar damage modes in the CFRP laminates under in-plane/out-of-plane loading
conditions. In this study, laminates of stacking sequences [900]8, [450]8, [450∕− 450]2𝑠, and [00]8
under tensile load are investigated to distinguish the intra-laminar damages like matrix cracking,
fiber–matrix debond, and fiber breakage. Double cantilever beam, end notch flexure, and mixed-
mode bending specimens are used to characterize delamination failure in the laminate. An
unsupervised 𝑘-means clustering technique is used to classify the AE data based on peak
frequency and amplitude. The surface displacement and strain data are evaluated using the DIC
technique to understand the damage evolution in the laminates. Post failure analysis is carried
out using a digital microscope, and fractography studies are used to identify and assign the
damages to different AE clusters. This investigation yields a taxonomy of damage modes, their
sequence of occurrence, and failure strains that can be used for structural health monitoring
and progressive damage modeling of composite laminates.

. Introduction

Cognizance of the various damage modes like fiber failure, matrix cracking, delamination, and their progression leading to
ailure mechanisms are essential for damage tolerant design of composite structures. The damage evolution in composite laminate
nfluences the elastic stiffness properties, which in turn leads to a nonlinear constitutive relationship governing the mechanical
ehavior of the laminate. The quantification of damage information using the available experimental techniques is essential for the
evelopment of progressive damage models at multiple spatial scales of the laminate. Various non-destructive evaluation (NDE)
echniques are used to identify and characterize the damage modes in composites. Acoustic emission is one such NDE technique
hat is widely used to detect and classify the damage modes in real-time by analyzing the transient waves generated by crack
ropagation in the laminate [1–3]. When an array of AE sensors are used, the damage location in the laminate can be accurately
etermined if the velocities of the propagating elastic wave modes are known [4–8]. Another technique that is widely used for
amage characterization of laminates is digital image correlation (DIC). It is a non-contact optical measurement technique that
onitors the surface displacement/strain field evolution of the laminate with the applied load [8,9]. In this work, the experimental

esults from AE and DIC techniques are combined together to understand the damage evolution in composite laminates.
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Numerous works have been reported on classifying AE signals based on the damages like matrix cracking, fiber failure, delamina-
ion, etc., which helps in real-time structural health monitoring (SHM) applications. Many researchers have studied specimens under
n-plane and out-of-plane loading to categorize damage modes in laminated composites using various AE parameters [10]. Open
ole tension (OHT) [11–15] and compression tests [16–18] were carried out to characterize various damages and their interactions
eading to final failure in composite laminate using AE. Also, the AE technique is used to identify damage modes under out-of-plane
oading like indentation and low-velocity impact [19,20]. Andraju et al. [21,22] used the AE technique to differentiate damage
odes and their sequence in the CFRP laminate under flexural loading. Further, AE technique was used to characterize damage
odes in the adhesive bonded composite laminates [23,24].

Prior knowledge of the AE features related to individual damage may help in characterizing the damage modes in composite
aminate under various loading conditions. Giordano et al. [25] carried out a single fiber test under tension to characterize the fiber
reakage using various AE parameters. Huguet et al. [26] carried out tensile tests on pure resin and composite laminate specimens
450 and 900 off-axis unidirectional samples) and used Kohonen’s map to cluster the AE signals to differentiate various damages. Ech
t al. [27] developed an incremental clustering method to classify different damages in specimens of epoxy and composite laminates
ith different orientations, and the results were verified with the 𝑘-means clustering technique. Delamination is characterized using
E parameters based on double cantilever beam (DCB) [28–30], end notch flexure (ENF) [31], and mixed-mode bending (MMB)

ests [32–34].
Various AE parameters are extracted from the waveform [35] for damage classification, but it is challenging to select the

ppropriate ones to differentiate damage modes in composite laminates. Among all the AE parameters, amplitude and peak frequency
re the most commonly used to cluster AE data [13,14,20,36–38]. Also, other parameters like duration [39–41], rise time [40,42],
requency centroid [24,43] etc., have been used to cluster the AE events. In addition, Barile et al. [44] used the Lempel-Ziv (LZ)
omplexity [45] to identifying different damage modes in CFRP laminates at elevated temperature. Studies have shown that selection
f few AE parameters helps in reducing the dimension of data used for clustering and assists in better damage classification. Pearson
orrelation coefficients [14], principal component analyses [38], Laplacian score [24,46], spectral feature selection method, and
ulti-cluster feature selection method [47] are some of the traditional approaches used for clustering of AE data.

Recently, various machine learning algorithms have been applied to analyze AE data to classify the damage modes in composite
aminates. Ozaslan et al. [14] used 𝑘-means clustering algorithm to classify various damage in CFRP composite laminate in OHT

specimens, and the AE results are complemented with DIC measurements. Xu et al. [48] used the 𝑘-means++ clustering technique
to identify different damage modes in single lap joint laminate subjected to hygrothermal aging. Godin et al. [49] used a combined
𝑘-means and 𝑘-nearest neighbor techniques to cluster the damages in GFRP composite laminate under tensile load. Sause et al. [50]
proposed an AE based approach using an artificial neural network (ANN) to predict the failure load under tension. McCrory et al. [51]
used ANN analysis, unsupervised waveform clustering and corrected measured amplitude ratio techniques to locate and classify the
type of damage modes occurring in a buckled CFRP panel. Saeedifar et al. [20] used various clustering techniques like 𝑘-means,
genetic 𝑘-means, fuzzy C-Means, Self-Organizing Map (SOM), Gaussian Mixture Model (GMM), and hierarchical model to classify
damages in quasi-isotropic laminates under indentation load. Bhat et al. [52] used ANN to remove the noise in the AE signals and
characterized the failures in the CFRP laminate under fatigue load. The main challenge in the clustering techniques is to select
the optimum number of clusters to classify the damage. Barile et al. [53] used AE spectrograms to train the Convolution Neural
Network (CNN), and then used for monitoring the delamination propagation in DCB specimen. Various indices are available to
select the optimum number of clusters for the given data set. Examples are Silhouette index [54], Calinski–Harabasz Index [55],
Davies–Bouldin Index [38,56], Gap Statistic [57], Elbow Method [58] etc,. These parameters are evaluated based on the given data
set, but they do not provide any damage information of the cluster.

Furthermore, employing AE alone may not be good enough to classify damages in the composite laminate under different
oading conditions. So it is better to combine AE with complementary experimental techniques to identify different damage modes
n composite laminates more precisely. Maillet et al. [59] combined acousto-ultrasonics and AE techniques for real-time damage
onitoring in SiC/SiC minicomposites. In addition to AE, DIC technique is used by various researches to be cognizant of failure
odes in composite laminates [14,21,22,60–62]. Munoz et al. [63] coupled AE and infrared thermography to identify damages in
FRP laminates under tensile load.

In this work, a unified approach is developed using AE, DIC, and fractography to characterize the intra/inter-laminar damage
odes in CFRP laminates. In literature, a specimen of specific stacking sequence is mainly studied to cluster and classify the AE
ata. This information may not be sufficient to create a sophisticated tool for structural health monitoring of composites under
ifferent loading conditions. Additional information, such as the failure strain of various damage modes, are required to develop
hysics based damage models, which are helpful in the SHM of composite structures. The current study addresses the issue by
onsidering specimens with different stacking sequences under in-plane/out-of-plane loading conditions. The laminates are chosen
n such a way that the damage is limited to one or two modes which can give more coherence on the individual damages based
n the AE and DIC data, which assist in their classification as well as provide failure strain information. The intra-laminar damages
re studied by tensile testing of laminates with different orientations under quasi-static loading, whereas the inter-laminar failure
ike delamination is investigated using standard mode-I, mode-II, and mixed-mode testing. The experimental AE data are analyzed,
nd various AE parameters are used to differentiate the damage modes in composite laminate at the coupon level. An unsupervised
-means clustering algorithm is used to cluster the AE events. Later, the DIC displacement and strain data evolution with damage
s investigated to extract the failure strain of damage modes, and fractography studies are carried out to identify different damage
odes in the laminates. Further, DIC and fractography results are used to assign AE clusters to different damage modes in the

aminates. The combined AE and DIC results provide insights into the development of damage models for studying failure in
2

omposite laminates.
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Table 1
Stacking sequence and dimensions of CFRP laminate tensile test specimens for intra-laminar damage characterization.
Name Stacking sequence Gauge length Laminate thickness Width

UD90 [900]8 100 mm 1.6 mm 20 mm
UD45 [450]8 100 mm 1.6 mm 20 mm
Q±45 [450∕ − 450]2𝑠 100 mm 1.6 mm 20 mm
UD0 [00]8 100 mm 1.6 mm 20 mm

Table 2
CFRP laminates with initial delamination to characterize the mode-I, mode-II, and mixed-mode delamination.
Name Length Width Thickness Initial crack length (a)

Double cantilever beam (DCB) 150 mm 25 mm 4 mm 50 mm
End notch flexure (ENF) 205 mm 30 mm 4 mm 50 mm
Mixed mode bending (MMB) 150 mm 25 mm 4 mm 35 mm

Fig. 1. Schematic of the tensile test specimens considered to characterize intra-laminar damage and the fiber orientation with respect to the loading direction.

2. Experimental studies

2.1. Materials and fabrication procedure

The CFRP laminates are fabricated in-house using hand layup and vacuum bagging technique. The uni-directional carbon dry
fabric (HinFab® Uni-directional fabric) of 200 GSM supplied by Hindoostan composite solutions limited is used for the laminate
fabrication. The matrix material used in the present study is a mixture of epoxy-based resin Araldite® CY230 and hardener Araldite®
HY951 in the ratio of 10:1, respectively. After the hand layup process, the laminate is allowed to cure for 24 h under vacuum. After
the curing process, the specimens are cut as per the required dimensions, and the fiber volume fraction is ≈ 55%. Table 1 and Table 2
summarize the stacking sequence and dimensions of different laminates considered to evaluate the intra-laminar and inter-laminar
damages, respectively, using the AE and DIC techniques. Fig. 1 shows the schematic of tensile test specimens and the fiber orientation
with respect to the loading direction. According to ASTM D3039 standard [64], the tensile specimen are tested for intra-laminar
damage characterization. In addition, specimens are fabricated as per ASTM D5528 [65], ASTM D7905 [66], and ASTM D6671 [67]
standards for mode-I, mode-II, and mixed-mode delamination failures.

2.2. Experimental testing

A 100 kN MTS universal testing machine (UTM) (for UD0 specimens) and a 10 kN quasi-static INSTRON UTM (for all other
specimens) are used for the testing of specimens. The specimens are loaded at a rate of 1 mm/min under displacement control, and
the experiments are conducted at room temperature. Fig. 2 shows the experimental setup involving the INSTRON testing machine,
DIC, and AE.

In this study, two wideband piezoelectric AE sensors (WS𝛼) from Physical Acoustics Corporation with an operating frequency
range of 100–1000 kHz and a peak sensitivity at 55 dB are used as shown in Fig. 2. The signals captured by the sensors are amplified
using a 2/4/6-AE preamplifier with a gain setting of 40 dB. A threshold of 35 dB is used to remove the unwanted noise in the AE
signal. The AE setup is calibrated using the standard pencil lead break test before the actual test. The acquired signals by the sensors
3
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Fig. 2. Experimental setup involving AE and DIC techniques for intra/inter-laminar damage characterization.

are stored in a computer using the AE data acquisition card with a sampling frequency of 10 MHz. The signals are filtered through a
bandpass filter of frequency range 20 kHz to 1000 kHz. Later, the AE data is post-processed using AEwin software (MISTRAS Group,
Inc.) to identify and distinguish various damages in the specimen. Besides, a 3D DIC technique is used to obtain the whole-field
displacement and strain field on the surface of the specimen. The 3D-DIC system consists of two Grasshopper® charge-coupled device
(CCD) cameras (Point Grey-Grass-5055M-C), and they are integrated with Tamron zoom lens (see Fig. 2). White paint is applied over
the surface of the specimen, and a random speckle pattern is sprayed using an airbrush to perform the DIC measurements. Two LED
light sources of 50 W capacity are used to illuminate the specimen surface. Stereo calibration is used for calibrating the DIC cameras
with a uniformly spaced dot pattern with 7 mm spacing. The calibration target is imaged simultaneously in both cameras, and the
synchronized target images are used to calibrate the system [68]. The Vic-Snap software from Correlated Solutions Inc (Columbia,
SC, USA) is used to capture the images of the test specimen at a rate of 2 frames per second with a spatial resolution of 4096 × 3000
pixels. Subsequently, the images are stored in the computer and post-processed using Vic-3D 7 software to obtain the whole-field
surface displacement and strain fields. A subset size of 33 × 33 pixels is used with a step size of 3 pixels for performing the DIC
post-processing. For the strain calculation, a filter size of 5 pixels is used. All the contour plots are visualized with an opacity of
100% in the color map option available in the software.

3. Experimental results

The force–displacement response of the specimens that characterize the intra-laminar and inter-laminar failure are shown in
Figs. 3 and 4, respectively. The force–displacement response of UD90 laminate shown in Fig. 3(a) is initially linear, with multiple
load drops observed in all the specimens. The primary failure in the UD90 laminate is the matrix failure, which initiates due to fiber–
matrix debonds. After the matrix failure, the glass fibers that hold the carbon tows in place support the load and lead to multiple
load drops. Fig. 3(b) shows the force–displacement response of the UD45 laminate for all the specimens. The force–displacement
curve is nonlinear due to the matrix shear nonlinearity.

The force–displacement response of the Q±45 specimen shown in Fig. 3(c) is nonlinear, and stiffness reduction is observed at
≈ 1600 N. The damage initiates at a load of 1600 N, and its progression occurs gradually till the peak load of 2700 N. Fig. 3(d)
shows the force–displacement response of UD0 laminate with the same stiffness for all the specimens. Initially, fiber failure occurs
in clusters at random locations in the specimen, and the final failure in the specimen is sudden due to the cumulative effect of all
the cluster failures.
4
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Fig. 3. Force–displacement response of the specimens subjected to tensile loading. (a) UD90 (b) UD45 (c) Q±45 (d) UD0.

Fig. 4 shows the force–displacement response of the DCB, ENF, and MMB specimens. For the DCB specimen, the force–
isplacement response is initially linear and becomes nonlinear before reaching the peak load (see Fig. 4(a)). After the first load
rop, the force–displacement response shows the stick–slip behavior in all the specimens. This is due to the misalignment of fibers
nd fiber bridging, which arrests the crack propagation and results in multiple load drops. The force–displacement response of ENF
pecimen under three-point bending is shown in Fig. 4(b). The response is linear until the load reaches the maximum value, and
he delamination propagates suddenly, leading to a sharp load drop. The force–displacement response of the MMB specimen is
hown in Fig. 4(c). In this study, the test specimen configuration is loaded with the % mode ratio (𝐺𝐼𝐼

𝐺𝑇
= 50%). Initially, the force–

displacement response is linear and changes to nonlinear before reaching the peak load, where the delamination starts propagating.
The force–displacement response shows a similar stick–slip behavior observed in DCB but with a very sharp load drop compared to
ENF results.

4. Classification of AE events

4.1. 𝑘-Means: unsupervised clustering

In this study, an unsupervised machine learning algorithm, namely, 𝑘-means clustering algorithm [69] is used to study the AE
signals. The 𝑘-means algorithm is an efficient and popular method for data clustering but requires the number of clusters as input
for analyzing AE data. Also, the knowledge of damage evolution is required to assign physical meaning to the obtained clusters.
5
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Fig. 4. Force–displacement response of the specimens considered to characterize inter-laminar delamination. (a) DCB (b) ENF (c) MMB.

4.2. Feature selection and optimum number of clusters

In this study, the AE parameters, namely, the amplitude and peak frequency are used in the 𝑘-means clustering technique [70–
2]. The Elbow Method, Silhouette Index, and Davies–Bouldin Index are used to determine the optimum number of clusters for
nalyzing the AE data.

The Elbow method index is the sum of squared error (SSE) and is given by

𝑆𝑆𝐸 =
𝑘
∑

𝑖=1

∑

𝑞∈𝐶𝑖

|𝑞 − 𝑚𝑖|
2 (1)

here 𝐶𝑖 is the 𝑖th cluster, 𝑞 is the data point of 𝐶𝑖, and 𝑚𝑖 is the centroid of 𝐶𝑖 that denotes the mean value of all points [58].
The Silhouette score for each specimen is calculated using the following expression

𝑆𝑖 =
𝑏𝑖 − 𝑎𝑖

𝑚𝑎𝑥(𝑎𝑖, 𝑏𝑖)
(2)

where 𝑎 is the average intra-cluster distance, and 𝑏 is the average inter-cluster distance [38,54]. The Silhouette index/score varies
between −1 to +1, and the highest value shows good similarity to its own cluster and poorly matches to other clusters.

The Davies–Bouldin index is evaluated using the following expression

𝐷𝐵 = 1
𝑘
∑

𝐷𝑖,𝑗 , 𝐷𝑖,𝑗 =
𝑑𝑖 + 𝑑𝑗 (3)
6
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Fig. 5. Optimum number of clusters for composite specimens evaluated using different indices. (a) UD90 specimen (b) DCB specimen.

where 𝐷𝑖,𝑗 is the within-to-between cluster distance ratio for the 𝑖th and 𝑗th clusters [38,56].
Fig. 5 shows the SSE, Silhouette score, and Davies–Bouldin index variation with the number of clusters for UD90 and DCB

specimens (see Appendix for remaining specimens data). The plots show that the SSE and Davies–Bouldin index is low, and the
Silhouette score is high when the number of clusters is equal to three. The optimum number of clusters depends on the type of
specimen tested and the damages that occurred in the laminate under different loading conditions. Most of the studies reported
the optimum number of clusters to be four [14,30,58] and few studies stated three clusters [20]. In this study, the specimens are
considered such that the failures are limited to a minimum number. Thus, the results from this study conclude that three clusters
are sufficient to differentiate AE events for all the specimens.

4.3. Clustering of AE data using 𝑘-means

Fig. 6 shows the clustered AE signals of all the specimens considered to characterize the intra-laminar damage. In the UD90 and
UD45 specimens, the failure happens locally, and it is governed by matrix damage resulting in more events in clusters 1 and 2.
Also, the number of events in cluster-3 is less in UD45 laminate compared to UD90 laminate. In Q±45 and UD0 laminates, a higher
density of events is observed in all the clusters as all the damage modes are distributed throughout the specimen.

The clustered AE data based on amplitude and peak frequency for the inter-laminar failure specimens is shown in Fig. 7. In all
these specimens, delamination is the dominant damage mode compared to other failures. Also, more AE events are observed in the
DCB and MMB specimens compared to the ENF specimen.

Table 3 summarizes the peak frequency and amplitude range of three clusters of laminates considered to characterize the
intra/inter-laminar damage modes. In cluster-1, hits greater than 58 kHz are observed for all specimens. So, the minimum frequency
range for cluster-1 is considered as 58 kHz. The maximum frequency range for cluster-1 is obtained as 175 kHz. For clusters 1 and
2, there is no overlap region. However, for clusters 2 and 3, an overlap region of 29 kHz is observed (390 kHz to 419 kHz). The
events in this region are very low, and the average value of 400 kHz is considered at the boundary of clusters 2 and 3. Only in
the specimens where the fiber failure is dominant (UD0 specimen), the events with peak frequency up to 1000 kHz are observed.
Similarly, the amplitude ranges for clusters 1, 2, and 3 are summarized as 35–75 dB, 35–75 dB, and 35–95 dB, respectively.

The ranges of AE parameters for different damages depend on factors like fiber and matrix material properties, composite
manufacturing process, stacking sequence, type of loading, sensor type, sensor placement, etc. Even though there is no clear picture
of the amplitude ranges for different failures, there are some commonly accepted ranges for peak frequency for different types of
damage. The matrix failure has the lowest frequency range, whereas fiber failure has the highest frequency range. The failures like
delamination and debonding have a frequency range between matrix and fiber failure [36,37].

5. Damage identification

Once the AE data is clustered, assigning each cluster to its respective damage is very challenging. At first, it is necessary to
understand the damage modes and the failure mechanisms that occur in the laminates. In this section, the surface displacement
and strain data of the laminate evaluated using DIC and the fractography studies on the post-failure specimens are analyzed to
understand the failure mechanisms in composite laminates. This study helps in assigning the damage modes to the cluster results
obtained in the previous section.

The DIC images are post-processed, and the variation of longitudinal displacement and strain (𝜀𝑥𝑥) contours in the region of
interest (ROI) within the gauge length at different load levels for the UD90 specimen are shown in Fig. 8. In this study, the global
7
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Fig. 6. Clustered AE signals for different specimens subjected to tensile load. (a) UD90 (b) UD45 (c) Q±45 (d) UD0.

Table 3
Summary of peak frequency and amplitude ranges of the clusters for different laminates obtained using 𝑘-means clustering.

Laminate type Optimum
number of
cluster

Cluster peak frequency ranges (kHz) Cluster amplitude ranges (dB)

Cluster-1 Cluster-2 Cluster-3 Cluster-1 Cluster-2 Cluster-3

UD90 ([900]8) 3 78–146 185–371 390–781 35–75 35–75 50–75
UD45 ([450]8) 3 68–107 175–302 458–791 35–75 35–75 –
Q±45 ([±450]2𝑠) 3 58–175 175–419 429–820 35–75 35–75 35–70
UD0 ([00]8) 3 68–166 185–380 390–966 35–90 35–90 35–95
DCB 3 68–166 175–371 380–888 35–75 35–65 35–75
ENF 3 78–146 205–371 400–625 35–65 35–70 35–70
MMB 3 58–166 175–380 390–908 35–75 35–75 35–80
Min-Max 58–175 175–400 400–966 35–75 35–75 35–95

and local coordinate systems are designated as 𝑥, 𝑦, 𝑧 and 1, 2, 3 axes, respectively, to represent the strain field evaluated on
he surface of the specimen. Fig. 8(a) shows the axial displacement contour at different load steps. With the increase in load, the
ariation in displacement contour is observed due to the damage evolution along the 900 fiber direction (perpendicular to the loading
irection). Fig. 8(b) shows the axial strain (𝜀𝑥𝑥) contours with strain localization happening at multiple locations along the length
f the specimen. Finally, failure occurs locally at the top region of the specimen, which has a higher strain concentration.
8
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Fig. 7. Clustered AE signals for different specimens studied to characterize delamination failure. (a) DCB (b) ENF (c) MMB.

Fig. 8. Displacement and axial strain contours on the surface of the specimen for UD90 specimen. (a) Longitudinal displacement contour (𝑢 in mm) (b) Axial
strain contour (𝜀𝑥𝑥 in micro strain (𝜇𝜀)).
9
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Fig. 9. Failure mechanism in UD90 laminate subjected to tension.

Further, the images captured by the DIC cameras for the UD90 specimen at two different time frames show the matrix cracks
in Fig. 9. These matrix cracks are termed as transverse cracks as they initiate at the edges of the specimen at different heights and
propagates towards the middle of the specimen due to fiber–matrix debonding (see Fig. 9(a)). Later, the transverse cracks interact
with each other and results in fiber peel-off failure, as shown in Fig. 9(b).

In addition, fractography studies are carried out on the failed UD90 specimen, and the results are shown in Fig. 9(c). The failure
in the specimen is governed by matrix cracking and fiber–matrix debond throughout the thickness of the laminate. Here, the uni-
directional carbon fabric consists of glass fiber at regular intervals in the transverse direction to keep the tows aligned along the
longitudinal direction. As the loading direction is transverse to the carbon fiber direction, the glass fibers are parallel to the loading
direction and they support the tensile load after the matrix failure occurs. The failure of glass fiber strands produces AE hits with
high frequency that is observed after the first load drop. The contact between the top and bottom part of the specimen is not entirely
lost after the first load drop, and they are held through fiber bridging [73]. The schematic of fiber bridging phenomenon due to the
nesting of the fibers and fiber–matrix debonding is shown in Fig. 9(d) [74,75].

Fig. 10 shows the axial displacement and strain (𝜀𝑥𝑥 and 𝜀𝑥𝑦) contours for UD45 specimen before and after failure. The axial
iso-displacement contour plots shows the gradient of displacement in the width direction along the length of the specimen. This
10
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Fig. 10. Displacement and strain field on the surface of the specimen and failure in UD45 specimen. (a) Longitudinal displacement contour (𝑢 in mm) (b)
Longitudinal strain contour (𝜀𝑥𝑥 in 𝜇𝜀) (c) Shear strain contour (𝜀𝑥𝑦 in 𝜇𝜀) (d) Failure mechanism in UD45 specimen.

deformation is attributed to the presence of extension-shear coupling in the laminate. Figs. 10(b) and 10(c) shows the non-uniform
axial and shear strain distribution in the specimen with strain concentration observed along the 450 fiber directions. The magnitude
of shear strain is more compared to the axial strain when transformed to the material coordinate system, and the failure is governed
by the complex biaxial strain in the specimen. The failure mechanism of UD45 laminate is shown in Fig. 10(d), and it is due to
fiber–matrix shear failure along the 450 fiber direction. Also, some amount of fiber bridging is observed between the top and bottom
parts of the specimen, as seen in Fig. 10(d).

For Q±45 specimen, the longitudinal displacement and strain (𝜀𝑥𝑥 and 𝜀𝑥𝑦) contours at different load levels are shown in Fig. 11.
The axial displacement contour is uniform along the laminate width due to the symmetric arrangement of +450 and −450 plies in the
specimen. The strain distribution is heterogeneous and shows strain concentration along the +450 and −450 directions. This is due
to the matrix failure and fiber–matrix debonding happening in the +450 and −450 lamina throughout the length of the specimen.
The matrix failure is shear dominated and subsequently interacts with the delamination between the ±450 plies resulting in the final
failure of the laminate. The fractography results shown in Fig. 11(d) also supports the above observations.

Fig. 12 shows the longitudinal displacement, axial strain (𝜀𝑥𝑥) contour plots, and the failure evolution in UD0 laminate at different
load levels. With the increase of load, the localized changes in displacement contour show the damage evolution in the laminate.
In UD0 laminate, the fiber fracture happens in small clusters at low loads, and as the load increases, they do not grow into large
clusters (see Fig. 12(c)). Instead, these clusters happen at random locations, and the damage events remain localized. Also, there
is no clear understanding on the roles of matrix failure and fiber–matrix debonding in the transfer of loads from the broken fibers
to the adjacent intact fibers. Later, the failure in local clusters interacts with each other and leads to catastrophic failure of the
specimen. Further, DIC results are shown partially in the specimen as it becomes difficult to perform DIC correlation in certain
regions due to fiber splitting failure in the laminate. The longitudinal strain 𝜀𝑥𝑥 shows strain concentration along the width of the
laminate, and this is attributed due to the presence of glass fibers transverse to the carbon tows. Due to this, resin-rich areas form
11
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Fig. 11. Displacement and strain field on the surface of the specimen and failure in Q±45 specimen. (a) Longitudinal displacement contour (𝑢 in mm) (b)
Longitudinal strain contour (𝜀𝑥𝑥 in 𝜇𝜀) (c) Shear strain contour (𝜀𝑥𝑦 in 𝜇𝜀) (d) Failure mechanism in Q±45 specimen.

locally, lead to less fiber volume fraction in the loading direction, and result in high strain values compared to the adjacent regions
of the specimen.

Fig. 13(a) shows the micrographs of delaminated surface in DCB specimen under mode-I loading. The micrographs show that,
apart from delamination, fiber bridging failures like fiber failure and fiber peel-off (see Fig. 13(a)) are observed. Fig. 13(b) shows the
delaminated surface in the ENF specimen under a three-point bending load. The failure surface observed in mode-II delamination
due to inter-laminar shear is smoother than the DCB specimen micrograph (mode-I delamination).

6. Damage classification

DIC and fractography observations show that the failures in UD90 and UD45 are governed by matrix damage and fiber–matrix
debond, which helps in assigning the frequency ranges 58–175 kHz and 175–400 kHz with the micro/macro matrix cracking and
fiber–matrix debonding, respectively. The amplitude range of these two clusters is observed to be the same as 35–75 dB. The cluster-3
events predominantly represent delamination failure (using ENF specimen), and it is associated with peak frequency range of 400–
600 kHz with corresponding amplitude range of 35–70 dB. The frequency range > 600 kHz belongs to the fiber failure, and this
range of hits are observed primarily in UD0 laminate (see Fig. 6(d)), with an amplitude range of 35–60 dB.
12
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Fig. 12. Displacement and strain field on the surface of the specimen and failure in UD0 specimen. (a) Longitudinal displacement contour (𝑢 in mm) (b)
Longitudinal strain contour (𝜀𝑥𝑥 in 𝜇𝜀) (c) Failure mechanism in UD0 specimen.

There is no evidence of delamination in UD90, UD45, and UD0 specimens, but it still shows events in the cluster-3 frequency
range of 400–600 kHz. This corresponds to failures like fiber peel-off and pullout in the UD90, UD45, and UD0 specimens. The
amplitude range for fiber peel-off damage observed from UD90 and UD45 is 50–75 dB, and fiber pullout from UD0 is 35–95 dB.
The summary of the range of peak frequency and amplitude of each damage mode is shown in Fig. 14.

7. Results and discussion

The results in the previous section show the capabilities of combining AE and DIC in discriminating different damage modes
using AE parameters. In this section, the failure initiation strain and the cumulative energy of different failure modes for all the
specimens are evaluated, which can assist in developing progressive damage models for composite laminates.
13
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Fig. 13. (a) Micrographs of delaminated surface in DCB specimen and fiber bridging. (b) Micrographs of delaminated surface in ENF specimen under bending.

7.1. Intra-laminar failure

Fig. 15 shows the variation of in-plane strain components in the local coordinate system (𝜀11, 𝜀22 and 𝜀12) and cumulative energy
of different failure modes with respect to the applied displacement. In UD90 specimens, the strain and the cumulative energies
are considered till the first load drop as it represents the transverse matrix failure. The strains are averaged over a small area
(see Fig. 8(a)) in the central region of the specimen and transformed into the material coordinate system for understanding strain
evolution. The variation of strains and the cumulative AE energy of different clusters with respect to the applied load is shown in
Fig. 15(a). The strain 𝜀 variation is almost linear, and it is high compared to other strains. The cumulative energy of the matrix
14
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Fig. 14. Range of AE parameters for different damage modes in CFRP composite laminate. (a) Peak frequency (b) Amplitude.

amage is high compared to the other damage modes, and the steep rise in AE energy corresponds to the transverse matrix cracking
n the UD90 specimen with a failure strain magnitude of 3500 𝜇𝜀.

In the case of UD45 specimen, the variation of strains 𝜀12 and 𝜀22 is shown in Fig. 15(b). The shear strain and axial strain to
racture is about 6000 𝜇𝜀 and 3500 𝜇𝜀 respectively. The cumulative energy of the matrix failure is very high, which is observed at
he load drop. The failures in the UD90 and UD45 specimens are localized, but their failure mechanisms are different due to the
resence of different stress states in the laminates.

Fig. 15(c) shows the variation of in-plane strain components and cumulative energy of different failure modes with respect to the
pplied displacement. Only shear strain 𝜀12 is present, and strains 𝜀11 and 𝜀22 are zero, which shows that the specimen is subjected
o pure shear. It is observed that the specimen is subjected to a large strain (≈ 9% of shear strain), which leads to significant fiber
ngle rotation (fiber rotation of 10 takes place for every 3.5% of shear strain). Due to this, ASTM D3518 [76] suggested calculating
ll the measurements by considering the data to 5% of strain. So, the cumulative energy for different failures is considered till 5%
f shear strain. Three critical points A, B, and C are marked on the force–displacement response (see Fig. 15(c)), which corresponds
o different failures in the laminate. At point A, a sudden jump in the cumulative energy is observed due to matrix failure in the ±
50 lamina and reduces the stiffness of the laminate. The shear strain at this point is evaluated as ≈ 6000 𝜇𝜀, which is same as the
ailure strain in the case of UD45 laminate. This shows that the failure shear strain 𝜀12 for matrix damage is ≈ 6000 𝜇𝜀. Later, the
oad increases till point B, and the delamination failure between +450 and −450 plies initiate without any change in the stiffness.
t point C, the strain decreases, multiple matrix cracks are observed in the laminate (along 450), and the delamination propagates
etween +450 and −450 plies in the laminate. After reaching maximum load (point C), the fiber/matrix failure occurs in the laminate
eading to the final load drop. The cumulative energy for matrix damage and fiber–matrix debond are high compared to the other
ailures, showing that the damage is governed by matrix-related failure in the specimen.

The variation of strains and cumulative energy with respect to the applied load for the UD0 specimen is shown in Fig. 15(d).
he final failure of the specimen occurs at a strain (𝜀11) of ≈ 20 000 𝜇𝜀 (2% of axial strain), which is significantly high compared
o the other damage modes. The cumulative energy for fiber failure is shown as the other damages do not lead to stiffness/strength
egradation. The cumulative energy increases continuously due to multiple fiber breaks at the different locations in the specimen.

.2. Inter-laminar damage

Fig. 16(a) the cumulative energy for different failures in DCB, ENF, and MMB specimens. In DCB, no events are observed until
he initiation of delamination. The increase in cumulative energy for all failures is observed with delamination propagation. As the
elamination propagates, the fiber bridging occurs (see Fig. 13(a)) due to the nesting of fibers in the DCB specimen, which results
n other failures. Nesting of fibers is common in unidirectional lay-ups during the curing process, and this results in a meandering
15
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Fig. 15. Variation of strain components and cumulative energy of different damage modes along with the applied load. (a) UD90 specimen (b) UD45 specimen
(c) Q±45 specimen (d) UD0 specimen.

crack path of delamination propagation [73]. Fig. 16(b) shows the cumulative energy of different failures for the ENF specimen.
After reaching the peak load, the cumulative energy suddenly increases, which is high for matrix damage and delamination failure.
The delamination propagation is rapid, and there is a sudden load drop after the delamination initiation at the peak load. This is due
to the unstable crack propagation in mode-II delamination [77]. The variation of cumulative energy of different failures for MMB
specimen is shown in Fig. 16(c). The failure is governed by both inter-laminar tensile and shear stresses in the MMB specimen. As
the failure is governed by mode-I and mode-II delamination, the damage modes of DCB and ENF are observed in the MMB specimen.
The cumulative energy for delamination failure increases with a load drop and remains constant when the load increases, which
shows that the delamination propagation leads to a sudden load drop. But, for matrix damage, the cumulative energy increases
continuously with the load due to mode-I loading. Thus, the damage modes due to mode-I and mode-II loading are differentiated
using the AE results.

This section gives the magnitude of failure strains for different damage modes in the laminates. Also, the cumulative energy of
different failure modes gives an in-depth understanding of the sequence of damages and their failure mechanism in the laminates.
Thus, the study using combined AE and DIC yields information about the damage modes in the laminates, which can be used as
input for developing physics-based progressive damage models for composite laminates.

8. Conclusion

This work employs combined AE and DIC techniques to understand and characterize intra/inter-laminar failure mechanisms
in CFRP laminate. Experiments are carried out on CFRP laminates under in-plane and out-of-plane loads to comprehend different
16
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d

Fig. 16. Variation of cumulative energy for different damages with respect to applied load. (a) DCB specimen (b) ENF specimen (c) MMB specimen.

amage modes and their sequence of occurrence based on AE and DIC observations. An unsupervised 𝑘-means clustering technique is
employed to classify the AE signals and resulted in three major clusters of data. Further, displacement and strain fields on the surface
of the specimen and fractography studies are used to identify the damage modes and their sequence of occurrence in all specimens
and assign damage modes to the clusters. Based on the AE results, it is observed that the matrix damage has a low-frequency
range (58–175 kHz), whereas fiber fracture has a high-frequency range (> 600 kHz). The fiber–matrix debond (175–400 kHz) and
delamination (400–600 kHz) frequency ranges fall between matrix and fiber damages. The frequency range for the delamination and
fiber pullout/peel-off is similar (400–600 kHz), but the amplitude range for these two failures is different. Failure strains for different
damage modes are evaluated using DIC. Thus the study using AE, DIC, and fractography results lead to a proper understanding
of damage modes and failure mechanisms which will help in the development of physics-based progressive damage models and
structural health monitoring applications.
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Fig. 17. Optimum number of clusters for composite specimens subjected to tensile loading evaluated using different indices. (a) UD45 (b) Q±45 (c) UD0.

Fig. 18. Optimum number of clusters for the standard specimens used to characterize delamination failure. (a) ENF (b) MMB.
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ppendix A

Figs. 17 and 18 show the SSE, Silhouette score, and Davies–Bouldin index variation with the number of clusters for UD45, Q±45,
UD0, ENF and MMB specimens.
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