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This study provides a novel approach for damage classification and failure sequence evaluation in sandwich
panel composite materials under flexural loading condition merely by using acoustic emission monitoring in
interrupted mechanical tests and postmortem lock in thermography analysis. The studied sandwich panels
consist of glass fiber reinforced phenolic skins and Nomex honeycomb core which are used extensively in the
aerospace industry. While one of the standard flexural samples is mechanically tested up to global failure, the
other specimens are loaded till a certain load level and the tests are interrupted. Acoustic emission hits are
recorded throughout the mechanical tests by using piezoelectric sensors, and are classified using a well-
established clustering algorithm. The damaged samples are then investigated via lock in thermography tech-
nique to identify the hidden failure progress inside the sandwich structure. Acoustic emission monitoring is
successfully used to mark the change of mechanical response under flexural loading condition. The results of
acoustic emission analysis indicated four different clusters associated with four major failure modes occurring
due to mechanical loading. Correlating failure progress observed in thermography results with the fraction of
acoustic emission clusters registered during mechanical tests helped to attribute each class of acoustic emission
hits to a specific failure type. Upon using the interrupted test methodology together with the lock-in thermog-
raphy technique, one can reliably identify the damage types and their sequence of manifestation during flexural
tests. The results show that successful analysis of visually hidden failure progress in sandwich panel composites
under out of plane loading condition can be attained by using structural health monitoring techniques and quasi
static tests.

1. Introduction

Sandwich panels composites (SPCs) consisting of thin but rigid
facesheets and thick lightweight core are developed for achieving su-
perior out of plane strength at remarkable low weight. Such panels have
found a place in many application in areas such as aerospace, marine
and civil structures where weight reduction and mechanical reliability
are essential. Despite their advantages, SPCs are prone to stiffness
degradation and out of plane strength reduction due to the initiation and
growth of damages including fiber breakage in facesheets, core/face-
sheet debonding and core crush (Olsson, 1998). These root causes of

these might be associated with the individual or concurrent presence of
factors such as manufacturing defects, unexpected loads, and environ-
mental factors. Hence, understanding the initiation and evolution of
damage inside sandwich panels is an important step to optimize their
design and prevent possible failures (Sikdar et al., 2018).

Due to key importance of out of plane strength in SPCs, investigation
regarding damage growth in these composite materials under flexural
loading condition has been carried out in numerous studies. These ef-
forts discuss the effect of material, facesheet/core bonding, geometry
and loading rate on out of plane response of sandwich structures and
consequent stiffness reduction stages. Some of the relevant studies are
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summarized as follows. Li et al. (Li and Ma, 2020), divided ductile
flexural response of basalt fiber resin-based sheets and Nomex honey-
comb sandwich panels into five stages namely, initial elastic region,
yielding, stacking (complete crush of core material), sheet bending and
sheet breakage. Shi et al. (2014), investigated the effect of short
Kevlar-fiber interfacial toughening at the interface between the
carbon-fiber facesheets and aluminum-honeycomb core under flexural
loading. Their results revealed that interfacial toughening prevented
interface debonding and promoted facesheet breakage at peak load.
Zaharia et al. (2017), confirmed that higher quality of the bonding be-
tween CFRP facesheets and Nomex honeycomb core prevented interfa-
cial delamination under various loading conditions. In another study,
Topkaya et al. (Topkaya and Solmaz, 2016), showed that thickness
increment of honeycomb core increased the fatigue life of sandwich
composites under cyclic bending loads. Liu et al. (2019), exhibited that
Nomex honeycomb with high shear strength could increase the effect of
thick facesheets and improve the overall strength of sandwich com-
posite. Giglio et al. (2012), classified the degradation modes of sandwich
panels with aluminum skins and Nomex honeycomb core under flexural
loading into face yielding, face wrinkling, intra-cell dimpling, core shear
and local indentation. Anandan et al. (2020), used experimental
approach and a numerical model to show that high temperatures
decreased the load bearing capacity of sandwich panel while having
small effect on stiffness. Finally Medina et al. (2020), have mentioned
that manufacturing defects can harden the prediction of damage prog-
ress under flexural loading for sandwich composites. Despite all these
efforts, proper scrutinization of damage mechanisms in sandwich panels
can only be achieved via real time monitoring methods.

Using structural health monitoring techniques such as digital image
correlation (Tabrizi et al., 2021), thermography (AlKhateab et al., 2020;
Khan et al., 2020), fiber Bragg gratings (Yilmaz et al., 2016; Akay et al.,
2016; Kocaman et al., 2017; Kefal et al., 2021), acoustic emission (AE)
(Yilmaz and Yildiz, 2017; Oz et al., 2017, 2018) and guided waves
method (Yilmaz et al., 2020; Seno et al., 2019) have proven to be effi-
cient tools for understanding the damage mechanism and shape sensing
in composite materials (Kefal et al., 2021). However, the necessity of
real time fulfillment of four stages of structural health monitoring
approach namely, damage initiation detection, damage classification,
damage severity assessment and damage localization are best satisfied
by using acoustic emission analysis (Saeedifar et al., 2021).

Damage initiation and accumulation inside materials is accompanied
by emission of elastic waves which can be detected using surface
mounted piezoelectric sensors. Each propagating acoustic wave inside
the material has its specific descriptors associated with the wave source
and failure characteristics. Time and frequency domain features of
waves such as energy, counts, rise time and amplitude can be utilized to
analyze damage evolution under various loading conditions (Tabrizi
et al., 2019). Accordingly, investigators have correlated damage growth
rate in composite materials with observed trends in AE results (He et al.,
2021). Recent studies provide a comprehensive overview about damage
characterization in composite materials via AE analysis (Barile et al.,
2020; Saeedifar and Zarouchas, 2020). Several studies in literature have
focused on the usage of AE to localize damages in sandwich panels
(Leone et al., 2008; Masmoudi et al., 2015; Wu et al., 2021; Sikdar et al.,
2019; Dikshit et al., 2021; Ciampa and Meo, 2010) while other in-
vestigators have used in-situ damage AE monitoring under various
loading conditions to understand failure progress in sandwich panels
(Masmoudi et al., 2015; Lee et al., 2009; Quispitupa et al., 2004;
McGugan et al., 2006; Ben Ammar et al., 2014; Selmi et al., 2020; Uzal
et al., 2018; Lainé et al., 2020; Essassi et al., 2020; Beylergil et al.,
2020a; Harizi et al., 2021).

Selmi et al. (2020), clustered AE hits by using k-means algorithm
under compression loading condition for a novel honeycomb core made
of short flax fibers reinforced epoxy. Their results revealed that matrix
failure was the dominant failure mode and an increase in fiber content of
honeycomb structure could promote abrupt failure in the system. Uzal
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et al. (2018), investigated the flexural behavior of novel sandwich panel
material in which both egg-crate shaped core and facesheets were made
of E-glass fiber reinforced resin. Detailed analysis based on AE energy
and cumulative AE counts successfully indicated the first ply failure
moment under flexural loading condition. In another work, investigators
studied damage mechanisms under internal pressure for two types of
bottle shaped sandwich structures by using average frequency and RA
values of AE hits (Lainé et al., 2020). They have signified that the
damping capacity of sandwich structure could make damage monitoring
through AE very challenging. Essassi et al., studied the bending behav-
iour of 3D-printed bio-based sandwich structures composites under fa-
tigue cycles by monitoring the peak amplitude values of AE hits (Essassi
et al.,, 2020). Low amplitude and high amplitude AE events were
correlated with initiation of damage at skin, and propagation in core and
skin/core debonding respectively. Harizi et al. (2021), used AE ampli-
tude and cumulative absolute AE energy to monitor damage growth
under flexural loading of carbon-reinforced thermoplastic sandwich
composites. They have divided AE data into three clusters namely,
matrix cracking, delamination and fiber rupture in the order of ampli-
tude increment. Recently authors investigated usage of AE to determine
failure types in glass fiber reinforced composite/metal sandwich struc-
tures interleaved with nonwoven thermoplastic layers (Beylergil et al.,
2020b). They applied k-means clustering algorithm to distinguish
various failure types and show that specific AE events correlated with
debonding would decrease due to interface modification.

In addition to AE, several studies have indicated advantages of using
active thermography as a non-destructive method to characterize dam-
ages in SPCs (Toscano et al., 2014; Zhao et al., 2017). Meola et al., used
lock in thermography to reveal the locations of thick adhesive layer, cell
edge cutting, frayed edge cells and absence of adhesive in carbon fiber
reinforced polymer skins/Nomex core sandwich panels (Meola et al.,
2006). Taraghi et al., used to thermography to reveal the effect of adding
multi-walled carbon nanotubes in reduction of facesheet/core debond-
ing due to impact loading in sandwich laminates (Taraghi and Fer-
eidoon, 2016). Shrestha et al., used various image processing algorithms
to post-process lock in thermography results and detect water ingress
region inside honeycomb sandwich panels (Shrestha et al., 2019). They
have concluded that the best data analysis algorithm for damage
detection can be chosen via quantification of signal to noise ratio at
damage location. Zhao et al., used lock in thermography to investigate
debonding between titanium alloy skin/honeycomb panels (Zhao et al.,
2017). Recently, Moghaddam et al., used thermography to quantify
impact damage area in sandwich panels with hybrid facesheets and
embedded shape memory alloy wires (MasoudiMoghaddam et al.,
2020). All these methods have investigated damages and/or artificial
defects in sandwich panels after mechanical loading or under no load
condition. There are no studies to investigate damage growth inside
SPCs via interrupted thermography inspection.

To the extent of authors’ knowledge, no comprehensive investigation
has been conducted to scrutinize failure progress in sandwich panels
consisting glass fiber reinforced phenolic skin and Nomex® core.
Moreover, stepwise study of flexural behavior of sandwich panels using
AE analysis and lock-in thermography has not been reported yet.
Although numerous studies have presented visual monitoring of samples
as a method to define failure stages for sandwich structures, no specific
study has used an interrupted test approach accompanied by structural
health monitoring techniques to determine damage sequence in these
materials. Moreover, the acoustic emission based damage identification
relying on visual inspection is limited to visually discernible damages
through the thickness of the sandwich panel. Considering the evermore
utilization of these types of sandwich panels in aerospace and civil
structures, and incapability of visual inspection to determine the inter-
nal failure progress in sandwich structures, a detailed and systematic
study for their damage mechanisms is deemed. Therefore, this study
aims to fill these gaps and provide an efficient approach for damage
growth analysis in sandwich panels where the failure progress is
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monitored and followed by a detailed postmortem analysis. Experi-
mental approach used in this investigation utilizes correlation between
AE, active thermography and microscopy to provide reliable evidence of
failure stages of a sandwich panel used in aerospace structures. In other
words, the results of this study not only are expected to validate other
studies in the field, but they will offer new data for failure mechanisms
in sandwich panels.

The subsequent sections of the manuscript are given as follows. In
the first part, materials and manufacturing technique as well as exper-
imental procedure used for flexural tests is explained thoroughly. The
aspects of interrupted bending tests accompanied by AE monitoring and
subsequent details of lock-thermography are explained. The next section
describes the details of clustering AE data and their correlation with
observed thermography images. Finally, the different stages of flexural
behavior in tested sandwich panels are defined according to obtained
results and concluding remarks are briefed.

2. Materials and experimental procedure
2.1. Sandwich panels

The studied composite material is a sandwich panel structure pro-
duced for aircraft interiors by Kordsa and is comprised of single layer
glass fiber reinforced phenolic skins and Nomex® honeycomb cores.
Surface plies have 8-harness-satin weave style with 300 gr/m? and 50%
resin content. The core material had a height of 9.65 mm, a cell size of
3.2 mm and a density of 48 kg/m°>. The upper and lower skins and the
Nomex honeycomb core of the specimens were stuck together using a
non-woven 0.11 mm thick nylon adhesive film. The schematic of
stacking sequence for sandwich panel is given in Fig. 1. The produced
sandwich panels were cut into size of 250 mm x 75 mm according to the
geometrical requirement of ASTM C393 test standard (International,
2020). Since honeycomb cores show higher strength in W direction
(perpendicular to ribbon edges) as compared to L-direction, this
anisotropy of strength is used as a design parameter for the design of
interior parts in aviation industry. Hence, the length of samples in this
study was aligned with W-direction of the honeycomb core.

2.2. Flexural tests and acoustic emission monitoring

In order to investigate the mechanical behavior of the honeycomb
core sandwich samples, 3-point bending tests were conducted according
to procedure given in ASTM C393 (International, 2020) test standard as
seen in Fig. 2 (a). A 3-point bending test can only provide failure
strength and stiffness of a structure. It is not sufficient to determine
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Fig. 1. Schematic of sandwich panel stacking sequence.
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damage evolution before final failure. Because of this, acoustic emission
(AE) is preferred to detect damage initiation and progression under
loading. AEwin PCI2-4 software and Mistras PCI 2 acoustic emission
apparatus were used to register AE hits throughout the test. Two
piezoelectric sensors named PICO from Physical acoustic were used and
fixed linearly along the midline of the top surface of bending test
specimens using hot glue adhesive as shown in the Fig. 2a. The used AE
sensors had operating frequency range of 250-750 kHz and a resonant
frequency of 550 kHz. Two 0/2/4 type preamplifiers were used to
amplify the strength of the logged acoustic signals. The preamplifiers
were set to 20 dB gain value and single mode input. Pencil lead break
test was conducted to make sure that both attached sensors could obtain
required sensitivity before the test. Data acquisition parameters based
on AE hardware manual were set to 40 dB for threshold, 50 ps for peak
definition time (PDT), 100 ps as hit definition time (HDT) and 300 ps for
hit lock-out time (HLT). The sampling rate during data acquisition was 2
MHz for each sensor. Necessary features (i.e. Amplitude, Average fre-
quency, Peak frequency, Counts, Rise time, etc.) were extracted from
recorded hits in time and frequency domains simultaneously as the tests
proceeded. Noesis 7 software was used to further post-process of the
data using a Bessel band-pass filter between 20 kHz and 800 kHz.

Mechanical tests were performed up to specific load levels, i.e.
interrupted tests, to conduct the progressive damage monitoring as
shown in Fig. 2b. The critical points of flexural behavior were charac-
terized by conducting a complete bending test up to failure point of a
sample henceforward known as Sp. 1. Then the evolution acoustic
emission cumulative energy for Sp. 1 was recorded up to maximum
failure load of 950 N and the load levels at which sudden upsurge of
cumulative acoustic emission energy appeared were indicated as the
critical load levels. These vital load levels were used as test end points
for other samples. Accordingly, flexural tests for other samples namely,
Sp. 2 and Sp. 3 were conducted up to 900 N and 920 N load levels,
respectively. The registered AE data is clustered using the k-means++
pattern recognition algorithm to identify the damage types due to
bending deformation in the sandwich laminates. The used algorithm has
been successfully implemented previously at various investigations and
its robustness for damage characterization in composite materials has
been proven (Oz et al., 2017, 2018, 2019, 2020; Li et al., 2014, 2015).
Even though the details of this algorithm has been given in referred
papers, a concise information is provided for the sake of improving the
self-consistency and readability of the current manuscript.

The used clustering scheme consists of 5 steps. First stage is trans-
ferring registered acoustic emission data for post processing in the al-
gorithm. The second step comprises of choosing statistically
representative and relevant acoustic emission features which possess
highest Laplacian scores and minimum inter-correlation. Using these
scoring schemes, the representative AE descriptors are ranked based on
their statistical importance and the ones with the least correlation are
distinguished. Third step of the utilized algorithm involves reduction of
the multidimensional AE data into lower dimension sub-space with a
new coordinate system comprised by Principal Component Analysis
(PCA). At fourth step, the best possible number of clusters are chosen
using two distinct evaluation indices namely, Silhouette coefficient and
Davies-Bouldin index. Using these indices less dispersion of data with-in
clusters and maximum possible partitioning of clusters is achieved.
Finally, the k-means++ algorithm is implemented based on the chosen
number of clusters at as presented in the complete flow chart of Fig. 3.

2.3. Lock-in thermography (LT) measurements

Even though AE can provide insight about damage progression, it
cannot be reliable to interpret about the damage mode. An optical
observation is required for a reliable identification. The performance of
thermography was not tested previously for this aim. So, the interrupted
flexural experiments were followed by lock-in thermography tests as
seen in Fig. 4a to correlate and confirm the results of AE analysis with
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Fig. 2. a) Flexural test setup with attached AE sensors, b) Test interruption levels of specimens with respect to load vs. displacement diagram.
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Fig. 3. Flowchart of k-means++ clustering algorithm.

thermography observations.

Xenon halogen lamps were used as heat source with the capability of
producing modulated sinusoidal waveforms. FLIR X6580 thermal cam-
era with 25 mm lens, Indium antimonide (InSb) photon detector and
thermal sensitivity of 20 mK was used. The camera frame rate was set to
50 frames per second and the programmable generator named OTvis
6000 was used for stimulation of heat flux. Using Fast Fourier Trans-
formation (FFT) capability of the Edevis Displaylmg 6 software, various
informative images of the sample namely, phasegrams, temperature
maps and real/imaginary parts of transformed photos were obtained.
The thermal diffusion length, y, inside a semi-infinite homogeneous

Halogen

*1 Lamps

k/

stimulating
modules

material can be obtained from Fourier’s law in one dimension as:

u=va/w)= (/) )

where o is the modulation frequency, f is the wave frequency in Hz and
a is the thermal diffusivity of the material. Effective thermal images that
can present homogeneity status and the depth of defects (P) could be
achieved at about double the thermal diffusion length as (Toscano et al.,
2014):

P=18xu @

To ensure that thermal diffusivity is reasonable for inspection of
anomalies through the thickness of the sandwich panels, lock in ther-
mography was performed for one sample with a piece of black tape
adhered to its rear side. The black tape exemplified debonded areas and
inner failure at back surface of the samples on opposite side of the
excitation lamps of lock in thermography procedure. The process of lock
in thermography was performed at modulated frequencies of 1 Hz, 0.5
Hz, 0.1 Hz, 0.02 Hz, 0.01 Hz, and 0.002 Hz as seen in phasegrams of
Fig. 4b. The results showed that the usage of lock in frequency equal to
0.002 Hz could clearly project the location and size of black tape with
reasonable contrast to detect possible failure.

3. Results and discussion
3.1. Clustering of acoustic emission events

The results of the used algorithm in Fig. 5a-c show that the registered
acoustic emission data is best represented with amplitude, peak fre-
quency, weighted frequency and duration according to the Laplacian
score and correlation coefficients. As seen in Fig. 5d, high Silhouette
Coefficients and low Davies-Bouldin index meet at four and that is the

Fig. 4. a) Test set up for lock in thermography; b) Lock in thermography phasegram results to find the appropriate modulated frequency for inspection.
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optimal cluster number. The clusters are best represented based on Peak
Frequency (kHz) and Duration (pis) parameters graph. Fig. 5e shows the
distribution of collected AE hits for Sp.1 during non-interrupted test
with respect to the aforementioned two features. Clustering with k-
means-++ algorithm indicates the presence of 4 different classes of AE
hits based on their similarities where each single AE hit recorded during
the test is attributed to a specific group. According to a recent review by
Barile et al. (2020) using Peak Frequency (kHz) besides relatively less
utilized AE descriptors such as Duration (ps) can provide more reliable
results. Moreover, the principal component analysis indicates that these
two AE features have the least correlation among the other selected AE
parameters. Accordingly, the k-means+-+ clustering of the registered AE
events shows that the clusters are best represented with these parame-
ters. The classification of clusters are shown in Table 1. The first cluster
shown as CL1 is related to AE events with peak frequency between 0 and
70 kHz and duration between 0 and 350 ps. The AE hits with peak fre-
quency between 70 and 250 kHz and duration between 0 and 550 ps are
categorized in the second cluster, i.e. CL2. The AE hits which possess the
highest peak frequency between 300 and 500 kHz and have duration in
between 0 ps and 500 ps are registered as CL3. Finally, the AE hits
classified as fourth cluster have peak frequency between 0 and 120 kHz
and duration between 350 and 1000 ps. The apparent boundaries of
clusters in two-dimensional space i.e. Peak Frequency vs Duration are
given as dashed line in Fig. 5 for clarity.

Fig. 6a presents the load-displacement curve resulted from non-
interrupted test combined with clustered AE hits recorded during
loading. The initial elastic region of the test does not show any registered
AE events which is consistent with the observations of previous studies
(Li and Ma, 2020; Shi et al., 2014), in which no visible
deformation-induced damage was reported in SPCs at the beginning of
the flexural loading. Thus, the collected AE data at the elastic response
region indicates no major failure under flexural loading. At about 2.5
mm of extension, the initial AE hit corresponding to CL3 is recorded
which is characterized with high peak frequency and low duration.
Almost immediately after the first recorded AE hit, other events corre-
lated with CL2 are registered which have smaller peak frequency and
less duration. These new AE hits are few individual events, and it must
be noted that initiation of few signals should not be considered as a
major damage mode. AE hits related to CL1 occur just after CL2 at about
2.5 mm deflection. Finally, the AE hits with low peak frequency and high
duration characteristics associated with CL4 appear at 4.5 mm deflec-
tion. As seen in Fig. 6b, the occurrence frequency of AE activities in-
creases continuously up to global failure of the Sp.1, thereby indicating
the release of energy due to damage accumulation inside the material.
According to (Liu et al., 2019; Giglio et al., 2012), the damage accu-
mulation after elastic region of 3-point bending test for sandwich panels
are related to core crushing, facesheet/core debonding, facesheet fiber
breakage and matrix cracking damage types. Moreover, a previous study
by authors (Tabrizi et al., 2019) has revealed that the loss of stiffness in
laminated composites under flexural loading condition is correlated
with simultaneous occurrence of different damage types, and initial AE
cumulative energy release marks the start point of nonlinear behavior in
material due to stiffness reduction. As seen in Fig. 6a, the linear region at
the beginning of the test for Sp.1 can be represented by fitting a dashed
line. Moreover, the initial AE hit observed at about 590 N is well
correlated with the deviation point of load-displacement curve from the
dashed fit line for linear elastic region. However, it must be noted that

Table 1
Classification of clusters.

Peak Frequency (kHz) Duration (us)

A CL1 0<...<70 0<...<350
v CL2 70 < ... < 250 0 < ... <550
o] CL3 300 < ... < 500 0 < ... <500
] CL4 0<..<120 350 < ... < 1000
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the occurrence of single or handful of AE incidents cannot cause stiffness
reduction, whereas simultaneous and dense accumulation can be
considered as initiation and progression of a damage mode that can
result in major change of material behavior. The AE hit fraction asso-
ciated with each cluster is given in Table 2, where the maximum failure
types associated with 4th cluster and 1st cluster shows the lowest hit
fraction.

The failure progress of Sp.1 as per Fig. 6 indicates that the initial
failure is related to high peak frequency AE events. These types of events
are generally referred to as fiber breakages in literature. However, it
does not seem reasonable in this condition, since the failure of resin,
facesheet/core interface and core can be expected earlier than load
carrying fibers of the facesheet prepregs due to their lower strength.
Using cumulative AE energy plot of Fig. 6¢c to monitor damage accu-
mulation inside the sandwich laminate, one can see that energy release
for various clusters increases continuously up to final failure point. The
enclosed region by a dashed line in Fig. 6¢ marks the abrupt energy
release associated with cluster 4 at maximum stress level. These high
energy activities can be related to failure of the most recent load bearing
constituent in the composite, reinforcing fibers. So it can be concluded
that cluster 4 in this study is correlated with fiber damage in facesheets.
Thermographs of the final failure of the sandwich panel after the non-
interrupted test can be seen in Fig. 7 where the middle of core cells
are distinguishable from cell walls. Various modes of thermography
images are given to provide a better illustration of the failure region in
sandwich panel. As seen in phasegram of Fig. 7a, in the middle of the
sample, a transverse region with low phase is observed. This region in-
dicates the final failure location of the sample directly under loading tip
of the test apparatus. Such a vivid failure region is consistent with the
significant energy release of cluster 4 as seen in Fig. 6¢. Further analysis
via amplitude full field maps in Fig. 7b reveals presence of two regions at
the edge of the sample which are marked using dashed ovals. These two
locations appear due to Poisson’s effect in honeycomb core material
under flexural loading condition and show severe deformation of core
material. Moreover, Fig. 7b shows higher amplitude values (yellow color
in color legend) in the middle portion of the broken sample as compared
to upper and lower parts, thereby providing a relative assessment about
the overall size of the failed region in the core material. As shown by
black arrows in Fig. 7c, two high intensity locations along the transverse
crack on facesheet are seen. These signified locations indicate crush of
Nomex core honeycomb due to compressive stresses and buckling of cell
walls. Fig. 7d gives a clear image of the crack propagated in transverse
direction in fiber reinforced facesheet laminates. According to (Medina
et al., 2020), transverse crack of the facesheet occurs at maximum
flexural load level in sandwich panels and indicates failure threshold of
the laminated structure. Image of the edge of Sp.1 through the thickness
direction is presented in Fig. 7e, wherein the permanent crush in core
cells is enclosed by dashed red line. On the other hand, micrograph seen
in Fig. 7f shows the facesheet crack on the surface of sample reveals fiber
failures and interlaminar delamination on the face sheets. Although
several failure modes are indicated for uninterrupted test in thermog-
raphy results, the correlation of acoustic emission results with each
failure mode requires detailed investigation with interrupted test
approach as follows.

The force-displacement curve for the first interrupted test is shown in
Fig. 8a, where the initial elastic response of the sandwich panel is
determined using a dashed fitting line. The initial registered AE activity
related with CL4 cluster is linked to the deviation point of material
behavior from linear behavior as shown with an arrow in Fig. 8. Im-
mediate occurrence of AE hits related to clusters CL3 and CL1 after the
first AE hit indicates the creation of damage involving multiple failure
modes which reduce the stiffness of the sandwich material, being
inferred from the apparent slope of load-deflection curve. Further
loading of the sample is accompanied by damage accumulation and loss
of stiffness up to the test stop point. As seen in Table 2, the relative
fraction of AE hits for CL1, CL2, CL3 and CL4 at the interruption point of



1. Emami Tabrizi et al.

Mechanics of Materials 164 (2022) 104113

1000 600

0oL 500
<
400 5
Z 6004 é
3 300 2
| g
400 =
200
A~

200 100

0 0
0

Displacement (mm)

1000
1000
800
800
2 600 Z
3 600 F
) =
400 2
400 R
200 200
0 0

Displacement (mm)

(b)

(a)

1000 3.0E+6

2.5E+6
750 =
20E+6 3
g
Z m
= 1.5E+6 m
3 500 <
3 2
1O0E+6 E
250 4 §

5.0E+5

+
i 0.0E+0

Displacement (mm)

(c)

Fig. 6. a) Load - Peak Frequency vs. Displacement, b) Load - Duration vs. Displacement, c¢) Load - Displacement vs. Cumulative AE energy curves of the non-

interrupted 3-point-bending test.

Table 2
AE hits fraction recorded during the tests.

1st interrupted test 2nd interrupted test Uninterrupted test

A CL1 13 13 13
v CL2 20 40 26
o] CL3 62 39 28
O CL4 5 8 33

the test are 13%, 20%, 62% and 6%, respectively. Although the domi-
nant damage mode up to stop point of the first interrupted test is related
to CL3, its prevalence is reduced to 28% for uninterrupted test as shown
in Table 2. Moreover, the AE energy plot presented in Fig. 8b shows that
the damage accumulation associated with CL3 releases the highest
amount of energy at test stop point. So far, the final failure of the sample
has not occurred, and it can be concluded that major AE energy release
of CL3 seen in Fig. 8b is related to less stiff component of the sandwich
laminates, i.e., core material. Moreover, in previous studies (Li and Ma,
2020; Zaharia et al., 2017; Liu et al., 2019), the initial major failures in
sandwich structures are related to crushing of the soft-core material, and
this type of failure gradually diminishes as the core material loses its out
of plane strength and consequently stacking between the facesheets
occurs. Hence, the AE hits observed in CL3 are correlated with core
material failure as they appear in abundance at the beginning of the
flexural tests and their relative fraction declines as the test proceeds. As
seen in Table 2, the AE hits correlated with CL4 show the minimum
fraction of damage types in the 1st interrupted test, while they appear as

dominant failure events in the uninterrupted test. Such an abrupt in-
crease in low frequency AE hits of CL4 from 6% to 33% can be inter-
connected with failures at skin components. According to experimental
observations of authors in (Oz et al., 2017), low frequency AE hits can be
related to fiber breakage in laminated composite materials. Since com-
plete failure of sandwich facesheets, i.e. fiber breakage, is only observed
in thermography images of Fig. 7 associated with uninterrupted test, one
can conclude that the AE hits with low frequency related to CL4 are
assigned to fiber failure events.

So far, the dominant failure mode in 1st interrupted test has been
related to CL3 which is correlated to Nomex core failure. As seen in
phasegram of Fig. 9a, there is a significant reduction of the width of core
material due to Poisson’s effect, and the thermography in Fig. 9b in-
dicates that honeycomb cells in the middle of sample are not as vivid as
the ones at upper and lower parts. These thermography images confirm
that the significant AE hits of CL3 are correlated with deformation in
honeycomb core and loss of out of plane strength for the sandwich
composite at early stages occurs due to deformation of the core material
rather than skin failure. To confirm this statement, the sample is cut
from the middle in longitudinal direction for microscopic analysis. As
indicated by enclosed red dashed lines in Fig. 9c the core material has
permanently deformed due to applied flexural load. Although failure is
permanent, it has not remained and it must be noted that other minor
number of events registered during the test (Carvelli et al., 2017) indi-
cate initiation of other damage modes in the sandwich structure namely,
fiber breakage, matric cracking and facesheet/core debonding.

The load-displacement curve for 2nd interrupted test is given in
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Fig. 7. (a—d) Thermograph of final failure of specimen 1 after non-interrupted test; (e) image of the failure area on the edge; (f) micrograph of the failure crack on
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Fig. 8. a) Load - Peak Frequency vs. Displacement, b) Load - Displacement vs. Cumulative AE energy curves of 1st interrupted test.

Fig. 10a. Like previous cases, the deviation from initial linear behavior
and start of the gradual loss of stiffness is corresponding to the first
registered AE hit associated with CL3. The end point for the test is higher
as compared to 1st interrupted test, therefore further development of
damages inside the sandwich structure is expected. As seen in Fig. 10b,
the highest AE energy release is related to CL3 which is followed by CL2.
Since CL3 is corresponding to crush of the core material, therefore AE
hits of CL2 will represent proximate damage mode to the failure of the
core. The abrupt increase of AE energy for CL2 at test stop point shows
that the relevant failure develops just after the crush of the core material
associated with CL3. Accordingly, the relative fraction of AE hits related

to CL1, CL2, CL3 and CL4 are 13%, 40%, 39% and 8%. The variation of
AE hit fraction related to CL2 from 1st interrupted up to uninterrupted
test in Table 2 implies that the relevant failure mode reaches to its
maximum in 2nd interrupted test. To determine the failure mode(s)
related to CL2, processed images of lock in thermography conducted
after mechanical loading are given in Fig. 11. A significant anomaly in
the middle of the sandwich panel is observed in phasegrams of Fig. 11a
and b, which implies severe debonding between the top facesheet and
the honeycomb core. Fig. 11c shows the micrograph of the middle of
sample in thickness direction, where debonding (region enclosed in red
dashed lines) between the facesheet and core cells is observed. While
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Fig. 9. (a-b) Thermographs of specimen at the end of 1st interrupted test (Sp.2 in Fig. 2); (c) micrograph of the thickness direction in the middle of sample.
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Fig. 10. a) Load - Peak Frequency vs. Displacement, b) Load - Duration vs. Cumulative AE energy curves of 2nd interrupted test.

debonding is seen at one side of the specimen, the opposite side does not
reveal any debonding failure. Hence, it is confirmed that failure between
facesheet and core cells occurs only at one side of the sample. Thus,
sudden increase in AE hits related to CL2 can be correlated with
debonding of facesheets from core material. The relative fraction of AE
hits correlated with CL3 and CL2 in interrupted tests are also consistent
with acceptable failure sequences provided in ASTM C393 standard
(International, 2020), wherein initial failure modes under 3-point
bending configuration must to be shear driven core failure and cor-
e/facesheet debonding. As shown in Fig. 11c, no significant failure in
facesheets is observed after growth of debonding between the core
material and facesheets. In contrast to the previous investigations, the
fraction of AE hits for CL4 attributed to fiber breakage of facesheets does
not show any significant increase even though the test is stopped after
maximum loading point. This observation implies that debonding of
core material from facesheets intensifies the loss of out of plane strength
for SPCs, and load drop is not necessarily due to the skin material failure.

Fig. 12 shows that CL1 and CL2 have similar duration characteristics

1000 2.0E+6
Load 9
800+ 1B+ g
e}
o
g 600 g
= 1.OE+6 m
E <
o
= 400 1 =
=
=
4 5.0E+5 g
2004
4 0.0E+0
0 . . . : : T
0 1 2 3 4 5 6

Displacement (mm)

(b)

as registered during 2nd interrupted test. Besides, their initiation se-
quences are very close to each other. It means that these two clusters
represent related damage modes. After initiation and growth of the
delamination between facesheet and core, composite laminate of the
skin provides the main resistance against the applied flexural load. In
other words, the out of plane stiffness of the sandwich material is
dependent on the strength of facesheets. According to previous studies,
AE hits with low duration (Oz et al, 2019), and low frequency
(Muhammad Awais Khan et al., 2021) are related to matrix micro-
cracking. Therefore, the AE hits associated with CL1 are attributed to
matrix failure in facesheets. It must be noted that the overall fraction of
AE hits related to CL1 does not change for interrupted and uninterrupted
tests, therefore indicating steady effect of matrix of facesheet in flexural
behavior. Table 3 presents the overall sequence of damage progress
under flexural loading condition for tested sandwich panels. According
to registered AE hits and their fraction, it can be concluded that major
damage initiates as core failure followed by debonding of face-
sheet/core. When the load carrying capacity of the core is diminished


astm:C393

1. Emami Tabrizi et al.

Phase
143,03
142,57
14211
14164
14118
140,72
140,25
139,79

139,33
138,86
13840
137,94

13747

—

137,01
136,55
136,08
135,62
13516

s . 4

134,69

Mechanics of Materials 164 (2022) 104113

Real/Imaginary

Fig. 11. (a—c) Thermographs of specimen at the end of 2nd interrupted test (Sp.3 in Fig. 2); (d) micrograph of the thickness direction in the middle of sample.
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Table 3
Classification of AE hits according to damage modes.

Failure Peak Frequency ~ Duration Damage Modes

sequence (kHz) (us)

1 o] CL3 300<..<500 0<..<500 Core failure

2 v CL2 70 <...< 250 0<...<550 Facesheet/core
debonding

3 FAN CL1 0<...<70 0<...<350 Matrix
microcracks

4 m} CL4 0<..<120 350 < ... < Fibre breaks in

1000 facesheets

due to debonding and stacking of sandwich layers, the facesheets start to
withstand to the applied load. Finally, failure of the facesheets due to
matrix cracking and fiber breakage with low peak frequency values
occurs almost concurrently sequence.

4. Conclusion

Single layer glass fiber reinforced phenolic skinned Nomex® hon-
eycomb core composite sandwich panels not only provide high flexural
rigidity and stiffness but also deliver flame retardancy which makes
them suitable for interior components of aircraft. The major advantage

10

of the proposed methodology is assessment of internal failure progress
based on thermography images obtained after interrupted tests rather
than visual inspection from side of the sample which is typically con-
ducted in other investigations. Moreover, the evaluation and clustering
of acoustic emission data to identify major damage sequence in sand-
wich structures is achieved via correlation of thermography results with
change of fraction of AE clusters. The results of this investigation pro-
vide a comprehensive insight about various stages of failure develop-
ment under flexural loading condition in sandwich composites. This
approach is shown to yield promising results in terms of identification of
damage modes during loading. k-means++ algorithm was implemented
to determine four clusters of acoustic emission hits relying on their
duration and peak frequency. Based on percentage of each cluster during
the interrupted and uninterrupted tests, and the observation of major
damages appearing in the thermography results after each test,
following sequence of failure is determined for sandwich panels under
flexural loading condition. It is concluded that the core failures in
honeycomb are detected with high frequency clusters as initial major
damage type. Then, the mid frequency acoustic emission cluster, which
is seen as delaminations between the facesheets and the core in ther-
mography results occurs. The next major failure is correlated with ma-
trix cracks in the facesheets, which preserves a constant fraction of all
acoustic emission hits. Finally, the fibre breakages with low frequency
and highest duration values mark the final failure of sandwich panel as
they only appear in thermography results of the uninterrupted test.
Comparison of postmortem thermography phasegram of interrupted test
with load-displacement curve showed that sandwich panel samples
could have exceeded the maximum load level without any major
transverse cracks in the facesheets. Therefore, it is concluded that the
main drop of out of plane strength could also be a result of debonding
between facesheets and core material. The novel approach based on the
interrupted tests along with active thermography used in this study
provide a solid methodology to determine the invisible failure stages
and damage progress in flame retardant composite sandwich panels
through utilizing structural health monitoring techniques.
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