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A B S T R A C T

This study is conducted to thoroughly scrutinize the role of nanotubes on the physics behind the deformation
mechanisms and damage development in fiber reinforced polymer composites by using acoustic emission, digital
image correlation, infrared thermography, fractography, and non-local meshless-numerical analysis, namely,
Peridynamics. Carbon fiber laminates with and without Halloysite nanotubes (HNTs) are prepared and tested
under flexural and in-plane shear loads. In depth analysis of the cumulative counts for acoustic emission data
shows that the addition of HNTs mainly promotes the failure mechanisms associated with matrix cracking.
Digital image correlation and infrared thermography analysis clearly prove that nanotubes prevent the coales-
cence of microcracks by blocking crack propagation or diverting its path. Fractography analysis shows that HNTs
addition improves the interfacial strength despite promoting microcracks in the matrix. The hindrance of crack
growth, crack tip splitting, and prevention of crack coalescence by HNTs clusters, are supported successfully by
performing Peridynamic analysis.

1. Introduction

Carbon fiber reinforced polymeric (CFRP) composites have been
extensively used for both structural and non-structural applications in
many different industries due to their high specific strength and im-
proved fatigue life [1]. However, due to their layered structure, they
possess relatively inferior through-thickness strength and low fracture
toughness which readily leads to interlaminar failures such as delami-
nation and debonding between the constituents [2]. One of the widely
explored approaches for improving the interlaminar and also the in-
tralaminar properties of the composite materials is to modify the matrix
and/or the interface between the matrix and the fibers through the
incorporation of nanomaterials [3–5]. The integration of nanomaterials
helps to increase the interfacial affinity between carbon fibers and
epoxy resin [6]. In literature, one can find a profound amount of effort
on the incorporation of carbon based nanomaterials (i.e., carbon na-
notubes, or graphene) into composite materials to improve their me-
chanical, thermal, thermomechanical and electrical properties, among

others [4,7]. On the other hand, there exist a lesser amount of research
on the integration of other types of nanoparticles such as nano clay and
silicon oxide into fiber reinforced polymeric (FRP) composites [8–10].
Bozkurt et al. [11] studied the nano clay incorporation into the glass
fiber reinforced polymeric composite in order to form an adhesive layer
on the fiber surfaces to increase the interfacial interaction. Their results
showed that a 13% increase in the flexural strength can be achieved at
6 wt% load of nano clay. Additionally, Tessema et al. [12] used silicon
oxide nano powder in between prepreg layers during the stacking
process and enhanced the in-plane shear modulus and shear strength of
the pristine composite by 15% and 16%, respectively. Another clay-
derivative nanoparticle such as halloysite nanotubes (HNTs) was in-
vestigated as an alternative nano reinforcement candidate for FRP
composites owing to its high aspect ratio. It was reported that the
geometry of halloysite and the absence of entanglement compared to
carbon nanotubes augments the surface interaction between the fibers
and the matrix, and in turn transfer the load from the matrix to the
fibers more efficiently, thus improving the numerous structural and
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non-structural properties of FRP composites [13,14]. Moreover, Ye
et al. [15] used HNTs to reinforce woven carbon fiber epoxy composites
and ameliorated the flexural modulus by 5%. Besides, Han et al.[16]
reported that they enhanced flexural modulus by 11% at the expense of
a loss in ductility upon adding HNTs into composites. In literature,
existing studies associated with HNTs reinforced composite materials
have been mainly dedicated to improving certain mechanical properties
of FRP composites, namely, fracture toughness [17–20], tensile [21],
and interlaminar shear behavior [8,15]. Nevertheless, there is no de-
tailed study with combined experimental and numerical approaches to
understand the physics behind how HNTs integration into composite
materials improves mechanical properties.

To investigate the behavior of HNTs integrated FRP laminates or
general composite materials, several structural health monitoring sys-
tems such as acoustic emission (AE), digital image correlation (DIC),
and infrared thermography (IRT) can be used. Acoustic emission (AE)
relies on the detection of elastic waves (i.e., bursts of energy) which are
generated upon micro failure event and their propagation inside solid
materials. AE technology employs ultrasonic transducers to collect real-
time information on damage progression inside structures. Several
studies utilized AE to characterize the failure behavior of composite
materials under flexural and in-plane shear test [27,28]. For example,
Tabrizi et al. [22] have recently investigated damage accumulation in
carbon/glass fiber hybrid polymer reinforced composite subjected to
tensile and flexural load by using AE measurements. They successfully
predicted the onset of major damages and classified the micro damage
types. In an investigation by Cho et al. it has been found that the
thermal conductivity of composite materials can be altered through the
integration of nano materials [23]. Variation in thermal properties
means that the IRT method which scans and detects the infrared ra-
diation on the surface of materials can be used to identify damage in-
itiation and propagations as well. Therefore, coupled AE- and IRT
analysis can be helpful to monitor damage evolution within laminated
composite structures. For instance, Yilmaz et al. [24] conducted in-
plane shear tests via Iosipescu fixture on glass fiber reinforced com-
posites without nano-integration and used AE with IRT to compare the
effect of two types of glass fibers on micro-damage initiation under in-
plane shear stresses.

Besides, it is almost inevitable not to have variations in the nano-
tube’s distribution throughout the nanomaterial integrated laminated
structure. As a result, any local or global inhomogeneity in nanotube
distribution might lead to strain gradients inside the material [25].
Monitoring the full field strain map of the nanomaterial modified
composites can be a logical approach to analyze the global effect of
nanomaterials on a laminated structure. In fact, such a full field mea-
surement would be more reliable as compared to monitoring local
measurement systems such as strain gauge. The DIC is a highly efficient
full field monitoring technique, is used to characterize the strain evo-
lution on various types of materials [26]. Principally, the DIC technique
is based on the comparison of two images taken before and after de-
formation from the surface of the material which has a random speckle
pattern applied on it [27]. The surface of the material should have a
non-repetitive, high contrast pattern so that the displacement of a
subset (i.e., one point and a set of points around it) can be readily
tracked [28]. The subset displacement can be used to exactly determine
the displacement of the material at one point on the surface. Cumula-
tive examination of many subsets provides a full field displacement map
of the surface which is readily transformed to strain values. Based on
these strain maps, DIC can provide useful data such as the elastic
modulus, poisons ratio, etc. [29].

Apart from the experimental investigations on composites materials
for failure prediction, various theoretical approaches are also available
based on classical continuum mechanics [30]. However, in general,
these techniques suffer from the presence of structural discontinuities
such as crack occurrences/propagations when modelling the failure/
damage in the composite material. A mesh-free non-local formulation

of classical continuum mechanics, referred to as Peridynamics (PD)
[31], circumvents these difficulties and in turn has become a powerful
tool in solving complex engineering problems, especially the ones in-
volving fracture mechanics, namely, modeling fracture behavior of
various materials including isotropic [32] or orthotropic [33] materials,
structural topology optimization [34,35], and enhancement of fracture
toughness [36], among others.

In this study, we have aimed to shed light on the failure behavior of
HNTs integrated FRP laminate under flexural and in-plane shear
loading conditions through experimental and numerical approaches,
namely, AE, DIC, IRT, fractography, and PD. Given that each of these
experimental methods provides a distinctive set of information from
one another, e.g., being volumetric or surface related, the combined
usage of them enables one to in-depth understanding of failure me-
chanisms in HNTs integrated CFRP (CFRP/HNT) composites, which are
not reliably and convincingly explainable by a single method. To our
best knowledge, for the first time in literature, the effect of HNTs on the
interface and the matrix failure mechanisms under shear forces are
studied by utilizing a hybrid system of structural health monitoring
techniques. Besides, we have theoretically investigated the effect of the
nanomaterials on the shear response of composite materials through a
novel computational model analyzed using the PD approach.
Experimentally observed physical behavior during failure development
by using the findings of AE, DIC, and IRT analyses is successfully cross-
validated and explained by the computational PD model.

This study is structured as follows. In the methodology section
which covers experimental and numerical approaches, firstly, the
manufacturing process of CFRP and CFRP/HNT composites by resin
transfer molding (RTM) is described. Then, the mechanical tests i.e.,
flexural test coupled with AE, and in-plane shear test monitored with
DIC, AE, and IRT are given in detail. To support the reasoning of the
experimental results, PD analysis is conducted wherein the HNTs
clusters are modeled as arbitrarily distributed multiple circular defects
in the matrix system. The parameters used in the experimental proce-
dures and in the numerical analysis are also provided in full detail. In
the results section, the mechanisms involved in improvements of me-
chanical properties of CFRP composites due to the addition of HNTs are
discussed thoroughly. Moreover, the results are supported by fracto-
graphy analysis on the surface of fractured flexural specimens. Finally,
the numerical results of PD analysis are discussed and correlated to the
finding of the experimental part, and the concluding marks are briefly
provided.

2. Experimental

2.1. Materials

The following materials were used to prepare CFRP and CFRP/HNT
composites: HNTs (ESAN, Turkey), LY 1564 SP resin, and XB 3403
Hardener (HUNTSMAN), and TORAY T300 3 K plain-weave (2D)
carbon fibers with 5 picks/cm and an aerial weight of 200 gsm ± 3%
purchased from Kordsa. In order to prepare the surface of RTM mold,
three solvents are used: the XTEND-CX500 mold cleaner, XTEND-AMS
semi-permanent mold sealer, and XTEND-838 as semi-permanent mold
release (AXEL company).

2.2. Preparation of CFRP/HNT composites

The hardener was mixed with HNTs by a probe sonication for
40 min to have homogenously distributed nanoparticles and afterward,
the hardener/HNT mixture was added into the epoxy resin. The overall
mixture was stirred manually for five minutes, degassed for 20 min, and
maintained under vacuum until the injection step. The mass amount of
resin, hardener and HNTs in the final mixture was 67, 23, and 10 wt%,
respectively. Before manufacturing, the mold surface of the RTM system
is processed with cleaning, sealing, and releasing agents in the given
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order to ensure that the manufactured part can be easily demolded.
Twelve layers of precut woven carbon fibers (814 mm × 614 mm) were
stacked in the mold cavity, and then vacuum was applied to the closed
mold before the start of the resin injection. The prepared mixture which
contained HNTs was infused into the mold cavity while monitoring
impregnation of the dry fibers through glass top-lid of the RTM system.
The injection process was terminated once the complete and bubble
free impregnation was ensured. The impregnated fabrics were cured for
18 h at 80 °C. Following the same procedure described, one pristine
CFRP plate was also manufactured as a reference sample. Manufactured
composite plates with and without HNTs were post cured at 80 °C in the
oven for twelve hours and then cut into the geometry of the relevant
test specimens for mechanical characterization.

2.3. Characterization

To obtain the weight fraction of different constituents of composite,
thermal gravity analysis (TGA) test was performed. Ten samples were
collected from various locations of CFRP and CFRP/HNT plates. The
samples were ramped from ambient temperature to 1000 °C by a rate of
20 °C/min under N2 gas in order to burn out the organic phase (i.e., the
polymer matrix). Afterward, the temperature was maintained at
1000 °C and dry air was purged into the test chamber for 10 min,
therefore, burning out the carbon fibers.

Mechanical tests were conducted using Instron 5982 equipped with
a static load cell of ± 100 kN. To find the flexural modulus of com-
posite material, flexural tests were performed in accordance with the
ASTM D790-03, with a constant speed of 2 mm/min, and a span-to-
depth ratio of 16:1. The dimensions for flexural test samples of the
CFRP laminate are 76 mm × 12.7 mm × 4 mm, while the dimensions
of CFRP/HNT specimens are 76 mm × 12.7 mm × 3.5 mm. AE tech-
nique was also used to monitor the damage evolution during the test.
Two wideband AE sensors were adhered by hot melt glue on the top
surface of each specimen, with a 24 mm distance from the edges of the
specimens (Fig. 1a). MISTRAS Micro II Digital AE system was used to
collect the data from the AE sensors with the sampling rate of 2 MHz.
The sensor output was amplified by 20 dB using a preamplifier in single
mode, and the sensitivity threshold level was set as 40 dB. The filtering
of collected signals was performed between 20 kHz and 1000 kHz using
the Bessel band-pass filter. The calibration of the system was done using
the pencil lead-breaking method, and the data were processed by Noesis
7 Software. K-means algorithm was used for clustering the data. Bray-
Curtis dissimilarity function was employed as the distance function for
clustering, and the chosen number of clusters was evaluated with Sil-
houette criteria [24].

In order to find the shear modulus, in-plane shear test was per-
formed according to ASTM D5379 using Iosipescu shear test fixture,
with a constant load speed of 2 mm/min. (Fig. 1b). Biaxial rosette strain
gauges from Micro-Measurements were used with an exposed solder tap

area of 1.0 mm × 1.8 mm, a grid resistance of 350 ± 0.6% ohms, and
a gauge factor of 4.728. In order to monitor the behavior of composite
specimens under in-plane shear loading, three techniques were utilized
simultaneously, AE, DIC, and IRT. The same set-up of AE as mentioned
above was employed with only one piezoelectric sensor attached at the
back of the specimen. To get the full field strain map of the gauge
length, the DIC system manufactured by GOM company was used with
12 M sensors. The calibration of DIC instrument was carried out in
snapshot mode using coded calibration object provided by the manu-
facturer with a size of 55 × 45 mm2. The results of calibration in-
dicated a calibration deviation of 0.028 pixels and a scale deviation of
0 mm which are both under the limitations defined by the manu-
facturing company. The frame rate of image acquisition during the test
was set to 5 Hz, and the post processing of the recorded images was
done using subsets with the size of 25 × 25 pixels and a step size of
15 × 15 pixels at ARAMIS professional software.

Moreover, IRT is used to monitor thermal activity due to deforma-
tion under in-plane shear stress. FLIR X6580sc camera was used with
temperature ranges from 20 °C to 3000 °C, 50 mm lens, an Indium
antimonide photon detector, and reading accuracy of 1%. Thermal data
was collected with a sampling rate of 10 Hz, and then processed with
FLIR ResearchIR Max software. In order to position all the tests appa-
ratuses properly with respect to the inspected specimens, both of DIC
system sensors, and thermal camera were placed in front of the
Iosipescu specimens at 450 mm, 500 mm, respectively. The strain gauge
was fixed at the back of the specimen in order to prevent its induced
temperature from interfering with the thermal camera, and the AE
sensor was glued next to it as seen in the inset image of Fig. 1b.

The fracture surface of failed CFRP and CFRP/HNT specimens under
flexural load was analyzed by using a Leo Supra35VP field emission
scanning electron microscopy (SEM). The SEM images were produced
using an electron power of 2 kV, with a 5.8 mm working distance. Prior
to microscopic analysis, the examined surfaces of SEM samples were
sputter coated with a thin layer of gold to allow for electric con-
ductivity.

3. Numerical modeling (ordinary-state-based peridynamic
formulations)

For numerical modeling purpose, we have used an ordinary-state-
based PD formulation, where the continuum is represented as the en-
semble of infinitesimally small volumes (represented as material points
or particles) interacting with each other in a non-local manner.
According to PD theory, an arbitrary material point interacts with its
neighbors within a finite distance referred to as horizon, , and these
interactions are called the PD bonds. The horizon size is generally taken
as = dx3 where dx represents the particle spacing (Fig. 2).

In PD theory, unlike classical continuum mechanics, the divergence
of stress in the equation of motion is replaced by integrals of PD bond
force densities that are defined in terms of displacements and associated
bond constants. To model the intra-family interactions in the con-
tinuum, let us consider that the continuum undergoes a deformation
causing displacements of Ui and Uj for the material points i and j, re-
spectively, as shown in Fig. 3. Let the deformed positions of material

Fig. 1. (a) Flexural test with AE sensors, (b) In-plane shear test with DIC
system, and thermal camera at the front side of the specimen, and (Inset) (strain
gauge, and AE sensor) at the back side of the specimen. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.) Fig. 2. PD continuum in two dimensions.
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points be Yi and Yj, and their relative initial and final positions be
= X Xij j i and = Y Yij j i, respectively. Hence, for any material

point i, with an initial position of Xi, the PD form of the equation of
motion can be written as:

= +t dH tX U X t t B X( ) ¨ ( , ) ( ) ( , )i i i i
H

ij ji i i i

i (1)

where the parameter i is the density of the continuum at point i, and
the vectors Üi and Bi are the acceleration and body force density acting
on material point i, respectively.

The discrete form of PD equation of motion can be written using the
Gaussian quadrature method [37] by replacing the integral with the
summation operator over the family of the point i. The terms

tt t U U( , , )ij ij j i ij and tt t U U( , , )ji ji i j ji represent the pairwise
force densities between material points i and j as shown in Fig. 3. These
force densities can be expressed as = Ct 0.5 / | |ij i ij ij and

= Ct 0.5 / | |ji j ij ij where Ci and Cj constants are the auxiliary para-
meters established through interrelating force density vectors and the
strain energy density of the continuum [38]. These parameters can be
explicitly written as:
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where =S (| | | |)/| |ij ij ij ij is the stretch of the bond between i and j
material points. The terms i and j correspond to the PD dilatations of
points i and j, respectively, and can be calculated as:
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with Vi and Vj denoting the volume of the particles, i and j. In Eqs.
(2)–(4) the a, b, and d parameters are the PD bond constants dependent
on material properties and horizon size. These parameters are defined
by equating strain energies of PD theory and classical continuum me-
chanics and are given in [32]. The variable ij is an irreversible control
parameter for the breakage of the related bond. Thus, it is = 1ij if

< SSij 0(critical stretch) and = 0ij otherwise. Herein, the critical
stretch is a function of material properties such as the critical energy
release rate, Gc, and the horizon size [32]. One can think of the bond
between two material points as an elastic spring where any change in
the length of the bond causes a micro potential. The overall strain/
potential energy of a point is then calculated by integrating these micro
potentials over the family of the point. Accordingly, a critical strain
energy is obtained when the stretch of the related bond reaches a cri-
tical/threshold value at which any small increase in energy results in

the breakage of the bond and crack propagation. Hence, the amount of
failure of the bonds is directly proportional to the amount of energy
consumed.

Since the mathematical formulation of PD is written in the integral
form, it is straightforward to introduce any discontinuity, i.e., crack,
with static/dynamic interfaces. However, to calculate the amount of the
local damage of a particle, an extra damage parameter should be in-

troduced as =
= =

V V1 /i
j

H
ij j

j

H
j

1 1

i i
where = 1i if all the bonds of the

material point i are broken and = 0i in case of no broken bond [39].
Furthermore, when performing the explicit time-integration of the PD
equation of motion, a stable incremental time-step size should be de-
termined to achieve the convergence [40].

4. Results and discussion

4.1. Composition of CFRP and CFRP/HNT composites

Based on the results of TGA analysis, the weight fraction of CFRP and
CFRP/HNT constituents are calculated. The weight fraction of CF in both
composite systems is 48 wt% while the weight fraction of the epoxy resin
decreased from 52 wt% in CFRP to 48 wt% in CFRP/HNT laminates,
corresponding to HNTs content of 4 ± 1 wt% in the composite. Thus,
approximately 6 wt% of the infused HNTs has been infiltrated through the
woven fabric. Such infiltration can be attributed to possible entrapments
of some agglomerated HNTs clusters during infusion at certain locations of
the manufactured laminate. On the other hand, infiltration might also be
promoted due to possible variations in the pressure across the mold cavity.
These technical factors are mainly responsible for the variation in HNTs wt
% in the CFRP/HNT composite plate; therefore, precaution must be taken
when the size of HNTs clusters are used to interpret the damage me-
chanisms in the resin matrix.

4.2. Flexural performance in CFRP/HNT

Flexural property is one of the key parameters for evaluating me-
chanical performance and failure characteristics of FRP composites. The
flexural stress-strain curves obtained from flexural tests for CFRP and
CFRP/HNT are shown in Fig. 4. Moreover, in Table 1 are given the
average values of flexural modulus and strength and strain at maximum
load for three samples from each laminate. It is seen that the in-
corporation of HNTs into the composite structure has improved the
flexural modulus from 41 ± 0.5 GPa to 48 ± 1 GPa. Furthermore, the
flexural strength of CFRP and CFRP/HNT is measured to be
614 ± 13 MPa and 732 ± 13 MPa, respectively, which indicates
notable enhancement thereof, and strain at the maximum load is also
slightly increased from 1.63 ± 0.01% to 1.69 ± 0.01% by addition of
HNTs.

Fig. 3. Deformation state and force density vectors of PD continuum.
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All the tested specimens gave similar responses as seen in Fig. 4. At
the end of the test, both composites present stress drops before the final
fracture. Comparing this region between two sets of composite types
(Fig. 4; inset) reveals that the stress drops attain over a broader strain
interval for the neat specimens, with wider stress-drop steps. HNTs
reinforced specimens have a smaller region with a series of small stress
drops until the end of the test. This agrees with previous findings in the
literature where it has been shown the improvement of flexural strength
upon nanotubes integration in FRP composites results in a narrower
level-off region in the stress-strain curve towards the final stages of the
total failure [7]. In other words, the final stage of the global failure is
shifted towards the higher strain values. This improvement can be at-
tributed to crack growth and delamination which are continuously
hindered by the presence of nano reinforcements. The out of plane
deformation and bending of CFRPs result in complex damage me-
chanisms, among which multiple delamination and interfacial fractures
are dominant ones. Herein, to identify the effect of HNTs on damage
initiation and growth in composite structures subjected to bending
loads, the following section presents AE data collected during the
flexural test.

AE waves generated during the failure are collected using a couple
of piezoelectric sensors. In this method, AE waves were clustered based
on their weighted peak frequency (WPF), and partial power 2 (PP2)
which are proven to be effective to identify different damage me-
chanisms such as matrix cracking, delamination, and fiber failure in
CFRPs [22]. Herein, WPF is the square root of the product of frequency
centroid and peak frequency whereas the PP2 is calculated by dividing
the power spectrum in the range of 300-600 kHz to the total power for
each AE hit, which is then presented in percent values.

Fig. 5a and b show AE clustered data for CFRP and CFRP/HNT,
respectively. The results of K-means clustering shows three distinct
clusters associated with three different failure mechanisms, which are
classified with respect to their WPF ranges: 45–175 kHz, 175–270 kHz,
and 360–570 kHz. In our previous study, these clusters were associated
with three main failure mechanisms of: matrix cracking (cr),

delamination (d), and fiber fracture (fr), respectively [22].
Table 2 summarizes the averaged AE data of the three neat and

HNTs reinforced specimens, which are tested under flexural load. By
the incorporation of HNTs into the composite, the average AE hit
number dropped from 1459 to 1086. We observed that the standard
deviation of the hit number associated with each type of failure is high
in all the specimens. Therefore, it is more sensible to compare the
average hit fraction. As can be seen from Fig. 5, the highest average hit
fraction is related to fiber breakage. The matrix cracking has increased
from 8.6% to 10.4%, thus suggesting that HNTs may act as crack in-
itiation points under higher stress levels and in turn, promote the for-
mation of micro cracks in the material as can be observed from Fig. 6.
The average hit fraction associated with the delamination failure type
increases from 2.8% to 7.2% after the addition of HNTs. These two
observations imply that the nano integration made the composite ma-
terial more susceptible to damage initiation. Nonetheless, at low stress
levels, the strain field gradient at the interface of HNTs/matrix is not so
severe; therefore, the nanomaterials reinforce and consequently in-
crease the stiffness of CFRP as seen in stress–strain curves. However, at
high loading levels, the strain field gradient at the interface of HNT/
matrix becomes significant resulting in high stress concentration. High
stress regions around the HNTs gradually promote crack initiation in
the matrix material, which is also evident from AE activities related to
matrix cracking in CFRP/HNT composite system (see Fig. 5). Never-
theless, as to be discussed in the coming sections, the HNTs will be
effective through inhibiting the progress of matrix or interface related
damages regardless of its origin, i.e., HNTs induced or inherently
formed in the composite. To be able to confirm this conclusion, as
shown in Fig. 6, it is prudent to present the cumulative count versus
time and stress–strain behavior on the same graph for representative
CFRP and CFRP/HNT specimens since the cumulative graphs of the AE
counts allow real-time tracking of both the activation and evolution of
various damage mechanisms.

Due to the application of concentrated load in the three point
bending test, typically, the initial damage type is fiber buckling on the
compression side of the specimen, which is also well correlated with
results of previous investigations by the authors [22]. As observed in
Fig. 6, the AE activities corresponding to fiber breakage start prior to
other failure types in both composite systems. For the pristine re-
presentative specimen presented in Fig. 6a, the slope of the cumulative
counts versus time curve for fiber fracture increases gradually while for
other damage types, i.e., matrix cracking and delamination, a sudden
jump in AE counts is observed, which is marked by an oval in Fig. 6a.
The abrupt increase in the cumulative counts associated with matrix
cracks and delamination bespeaks a failure of the matrix and the in-
terface in a progressive manner. Afterward, the fibers breakage con-
tinuously occurs until the final failure, which suggests that the fibers
are the only remaining constituent that holds the integrity of the
system. CFRP/HNT specimen exhibits different responses to flexural
load. Namely, the matrix crack and delamination failures start at lower
strain levels than that of the CFRP specimen. The AE activities related
to matrix cracking and delamination reach their maximum values over
a larger strain range unlike the case of the pristine specimen. Ad-
ditionally, the cumulative curve of matrix cracks has a stepped behavior
with wider intervals. These experimental observations enable us to back
up our previous statement that the incorporation of HNTs into com-
posite materials prevents crack propagation.

In both composite material types, the cumulative AE counts asso-
ciated with matrix cracking and delamination starts leveling off after
the occurrence of major failure, which corresponds to the onset of the
nonlinear response (stiffness degradation) in the stress–strain curve.
However, matrix and interface related AE activities in the HNT-in-
tegrated composite specimen continue with small increments (seen as
small steps in the cumulative count-time graphs) till final breakage
point as shown in Fig. 6b. The gradual matrix cracking and delamina-
tion events suggest that there are both ductile and brittle failures taking

Fig. 4. Stress-strain curves of CFRP and CFRP/HNT specimens under flexural
test in 3-points bending configuration. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

Table 1
Average of flexural modulus (Ē), strain at maximum load (¯), and flexural
strength (¯ ) of CFRP and CFRP/HNT specimens.

Ē (MPa) ¯ (%) ¯ (MPa)

CFRP 41450 ± 1399 1.63 ± 0.01 614.7 ± 12.9
CFRP/HNT 48950 ± 107 1.69 ± 0.01 732.0 ± 13.1
Improvements 18.1% 3.63% 19.1%
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place in the CFRP/HNT system towards the end of the test, which is
indicative of matrix tearing phenomenon [42] as will be shown in the
following fractography section.

4.3. Fractography

Figs. 7 and 8 compare the fracture surface of CFRP and CFRP/HNT
after flexural test, which provides information such as, the interface
morphology, defects, and the main mechanisms of deformation in the

Fig. 5. AE clusters of CFRP vs. CFRP/HNT spe-
cimens under flexural test. The inset figures
provide hit fraction of matrix cracks; cluster-cr
(green), delamination; cluster-d (red), and fiber
fracture; cluster-fr (blue). (For interpretation of
the references to colour in this figure legend, the
reader is referred to the web version of this ar-
ticle.)

Table 2
Comparison of number of hits and hit fraction during flexural test of WPF for cr, d, and fr clusters of each of CFRP vs. CFRP/HNT.

CFRP CFRP/HNT

Avg. No. of hits Avg. Hit fraction % Avg. No. of hits Avg. Hit fraction %

Cluster-cr 126 ± 16 8.6 ± 0.01 114 ± 44 10.4 ± 0.01
Cluster-d 42 ± 21 2.9 ± 0.01 75 ± 18 7.2 ± 0.01
Cluster-fr 1291 ± 153 88.5 ± 0.00 897 ± 348 82.4 ± 0.01
Total 1459 ± 146 100.0 ± 0.00 1086 ± 334 100.0 ± 0.00

Fig. 6. Flexural stress-strain curve merged with cumulative counts of AE during the test for (a) CFRP composite and (b) CFRP/HNT. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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composite material. Note that plain-woven CFs have two different di-
rections within the fracture surface (i.e., the examined plane), namely,
CFs parallel (0° CFs) and normal (90° CFs) to the examined plane. Under
flexural loading conditions, the 0° CFs undergo interface delamination
along the fibers’ direction while the 90° CFs are more prone to fiber
breakage and fiber pull-out. In Fig. 7a, an interface failure in the pris-
tine composite specimen is clearly noticeable around 90° CFs, where a
broken fiber bundle is partially covered by the remnant matrix. On the
other hand, the interface of broken fibers in CFRP/HNT composite
specimens is continuous and indistinguishable from the surrounding
matrix as seen in Fig. 7b. This is because the addition of HNTs into the
CFRP composite enhances the interaction between the CFs and the

matrix, i.e., stronger interface.
In Fig. 7c, a fracture with a textured surface and multiple river lines

extending along the fiber can be observed. These river lines spread from
the fiber and converge with each other, i.e., the fracture planes overlap
before they coalescence, producing randomly oriented cusps [43–46].
In contrast, Fig. 7d shows a rough surface without any discernible
fracture planes, and there are several propagating microcracks at the
interface of 0°- and 90°- CFs as indicated by a dashed line. The differ-
ence in the fracture morphology of CFRP and CFRP/HNT can be at-
tributed to the interruption of effective cross-linking of the polymer
chains owing to the presence of HNTs.

The comparison between Fig. 8a and b shows that the matrix in the

Fig. 7. SEM micrographs for the cross section of failed (a, and c) CFRP vs. (b, and d) CFRP/HNT composites under flexural loading. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. SEM micrographs for the cross section of failed (a, and c) CFRP vs. (b, and d) CFRP/HNT composites under flexural loading. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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neat specimen is detached from the fibers through peeling process as
indicated by an arrow in Fig. 8a. Moreover, residues of broken fibrous
are seen on the fracture surface, which is probably related to sudden
energy release at the final stages of loading as indicated by an abrupt
increase in the total AE activity in Fig. 6. Due to the weaker interface
between the fiber and matrix in the pristine specimen, the sudden en-
ergy release at the failure stage splits already detached fiber into small
pieces. On the contrary, for HNTs integrated laminates, small fiber
pieces are not visible since the fibers are still partially surrounded by
matrix as seen in Fig. 8b.

Fig. 8c shows a broken fiber of the neat specimen, where clear gaps
between the fibers and the matrix are recognized due to interface
failure. The fiber crenulations are clearly visible indicating that de-
bonding along the fiber/matrix interface is in the form of an adhesive
failure [29]. In contrast, in Fig. 8d, there are partial debonding around
the fibers, where debris of the matrix is still attached to the fibers, i.e.,
no standalone fibers. Such morphology agrees with previous in-
vestigations, where HNTs integration into the composite system im-
proved fiber/matrix interface thus leading to a cohesive failure devel-
opment [47].

For the detailed analysis of fracture surface associated with HNTs
integrated composite specimens, two marked regions of Fig. 8b are
magnified as presented in Fig. 9. The directions of 90° and 0°CFs are
indicated with the dashed line in Fig. 9a. The remnant 90° fibers seen in
Fig. 9a clearly indicate that there is a strong attachment between the
matrix and fiber interface even after the failure. The marks for fiber
imprints in Fig. 9a and b imply the propagation of micro cracks along
the 90° fibers in the matrix due to the tensile stresses.

Fig. 9b shows the coexistence of multiple ductile and brittle failures
along and in the vicinity of 90°CFs, which are seen as textured regions
and smooth surfaces (shear cusps) [48], respectively. It is noted that the
locations of ductile failures are closer to CFs. The presence of mixed
failure types can be related to the fact that HNTs enhance the strength
of the fiber/matrix interface more than that of the bulk matrix. Hence,
HNTs at the CF and matrix interface are asserted to hinder crack
growth. This conclusion is consistent with the small steps of damage
accumulation presented in Fig. 6b for CFRP/HNT composites. Stated
otherwise, the integration of HNTs inside the composite material can
prevent the coalescence of microcracks.

4.4. Improvements in the In-plane shear properties

In-plane shear strength, strain, and modulus are calculated ac-
cording to ASTM D 5379. Fig. 10 exhibits in-plane shear stress-strain
curves of both CFRP and CFRP/HNT specimens. There is an elastic
region up to 1% strain, followed by non-linear stress–strain behavior up
to 21% strain. The slope of CFRP and CFRP/HNT specimens decreases
continuously due to damage accumulation inside the composite and
consequent loss of material stiffness. HNTs increase in-plane shear
modulus and strength by 27.3%, and 20.9%, respectively. These find-
ings agree with the results of other researches related to the nanotube

reinforcing effect on CFRP [49,50] as well as the study of Behrooz et al.
[51] where they improved shear modulus and strength of carbon na-
notube integrated glass fibers reinforced epoxy composite by 10.6% and
15.8%, respectively.

By using the previous k-means parameters on AE data during the in-
plane shear test, for pristine CFRP, three different clusters are identified
as matrix crack (cluster-cr), delamination (cluster-d) and fiber fracture
(cluster-fr) which are at WPF ranges of 85–190 kHz, 200–320 kHz and
370–570 kHz, respectively, as shown in Fig. 11a. It can be observed
from Fig. 11b that upon the integration of HNTs into the matrix, the
WPF range of AE clusters has become wider, which can be related to the
presence of HNTs in the matrix and at the interface between fiber and
matrix. It may be suggested that HNTs promote micro cracks initiations
in the matrix at high stress levels thereby bringing about an increase in
WPF range as well as AE count number at lower frequencies. On the
other hand, they improve the interface properties thus increasing the
frequency range of interface failure. The sum of these two effects results
in clusters associated with matrix cracking and interface failure with
wider WPF ranges.

Hit fraction of cluster-cr and cluster-d for pristine sample increase
from 0.7% to 2.6% and from 1.4% to 3.7%, respectively, due to the
addition of HNTs. The most significant change of failure mechanisms
under the flexural loading of CFRP after the addition of HNTs was re-
lated to delamination failure as discussed in Fig. 5b, while for the in-
plane shear test, both matrix cracking and delamination mechanisms
are increasing significantly. The bonding between epoxy/HNT and the
fibers establishes additional interfacial interaction between constituent
of the composite material, thus increases AE hits corresponding to

Fig. 9. SEM micrographs of magnified regions that are marked in red rectangular in Fig. 8b for a fractured CFRP/HNT specimen under flexural load. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. Stress-strain curves of CFRP and CFRP/HNT specimens under in-plane
shear test where strain is recorded with the strain gauges. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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interface failure after the addition of HNTs to CFRP.
Furthermore, at relatively higher HNTs concentration, it is in-

evitable to have local non-uniformities in HNTs distribution in the
matrix such that there might be HNTs agglomerations with different
sizes as well as isolated ones. As a result, the various failure mechan-
isms are possible in the matrix. HNTs can act as stress concentration
points hence promoting numerous micro cracks initiation [15]. Con-
versely, HNTs have crack front pinning or bridging effects [52] and can
hinder the microcracks coalescence in the direction normal to load as
well. According to Deng et al. [47], agglomerated nanotubes cause the
crack to deflect from its original propagation path and result in a fa-
vorable new path. Under in-plane shear forces, the composite system
shows a non-linear behavior in the stress–strain curve as given in
Fig. 10 since the matrix carries a major fraction of the load. According
to the authors previous work [24], such a non-linear behavior is cor-
respondent to micro damage accumulation inside the material. Since
the stress values of the non-linear region for HNTs modified CFRP
composites are higher than pristine CFRP laminates, it can be suggested
that HNTs inhibit matrix deformation more effectively. The highly de-
formed regions around HNTs clusters act as crack arresters in the
composite system. This kind of behavior is similar to the role of the
plastic region at the tip of growing cracks. In other words, the presence
of HNTs does not preclude the damage occurrence, and instead, delays
damage coalescence through altering the crack propagation path. Upon
comparing Figs. 4 and 10, it is deduced that the effect of nanomaterials
on micro damage accumulation and deformation response of laminates
is more profound in in-plane shear as compared to flexural loading.

The change in the behavior of composite due to HNTs integration is
associated with the change in the properties of matrix and interface as
discussed in the previous sections. For a deeper understanding of HNTs
role on damage characteristics, a radar plot of onset ratio (defined as
the ratio of the stress level at which the first hit is observed to the one at
failure), stress and various AE wave parameters of each of the clusters
(average WPF, i.e., an average of WPF value of AE hits for each cluster,
duration, i.e., the period of time between first and final threshold
crossing, and non-dimensional amplitude, i.e., the ratio of maximum to
mean signal amplitude) are presented in Fig. 12.

Notably, the average WPF of each cluster does not shift despite the

increase in the width of the cluster for HNTs integrated composites as
shown in Fig. 12. This observation indicates that the addition of HNTs
does not significantly affect the three different types of failure me-
chanisms but alters their dominancy. For example, both onset ratios of
matrix cracking (cluster-cr) and delamination (cluster-d) decrease after
adding HNTs, which can be associated with higher susceptibility of
crack initiation at high stress levels due to the presence of HNTs in the
matrix. On the other hand, the onset ratio of fiber fracture (cluster-fr)
increases, suggesting that HNTs can improve the load transfer between
the fibers and the matrix. Furthermore, HNTs integrated laminates
show higher amplitude and duration in AE waves as compared to the
neat specimens. This observation can be related to the enhancement of

Fig. 11. AE plots of PP2 vs. WPF for (a) CFRP and (b) CFRP/HNT specimen during in-plane shear test, and (Inset figures) clusters’ hit fraction bar plots. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 12. Radar plot of onset ratio, stress, and various AE parameters for three
clusters (cr, d, and fr) of CFRP vs. CFRP/HNT. (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the web version
of this article.)
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the interfacial properties of CFRP/HNT composites, i.e., more energy is
required to unlock the matrix/fiber interaction and allow for damage
propagation. Fig. 13 depicts the time–frequency structure i.e., spec-
trogram plots of AE waves for a randomly chosen data points which
have 2048 µs length (i.e., 2048 voltage values sampled for each AE hit)
from each cluster. In this plot, the normalized frequency, power den-
sity, and sample are shown as x-, z-, and y-axes, respectively. Fig. 13a,
b, and c present the spectrograms of matrix cracking (cluster-cr), de-
lamination (cluster-d), and fiber fracture (cluster-fr) for the neat
sample, respectively. The main peak of the power for each of these data
points occurs at different frequency levels namely f ≤ 200 kHz,
f ≤ 370 kHz, and 370 kHz ≤ f ≤ 570 kHz, respectively. Another ob-
servation that reveals a major difference between various failure types
is the fluctuation during the attenuation of the waveforms. As seen in
Fig. 13a and b, the structure of the time–frequency for the AE hit shows
a gradual reduction of power density before complete damping in the
wave energy. However, for fiber fracture as seen in Fig. 13c the loss of
energy in the material shows a mild decrease followed by a sudden loss

of energy in wave over the time–frequency field. On the other hand,
Fig. 13d, e, and f show the three failure types associated with matrix
cracking, delamination, and fiber fracture for CFRP/HNT sample. It is
noticed that the peak values of energy take place at a similar frequency
range as pristine laminate, however, the attenuation has reversed. In
the case of matrix cracking and delamination, the energy reduction
pattern is mild followed by a sudden drop in power density, which is
consistent with the improvement in the mechanical properties as seen
in the stress–strain curve on bending and in-plane shear (See Figs. 4 and
10). On the other hand, the relative energy reduction for fiber fracture
given in Fig. 13f is gradual as compared to its pristine counterpart in
Fig. 13c. It can be concluded that the addition of HNTs into CFRP la-
minate changes the evolution of power density for each failure type,
which is in direct relation with the mechanical properties of the sample.

The correlations between the shear stress–strain graphs and full
field shear strain maps obtained from the DIC system are given for CFRP
vs. CFRP/HNT laminates in Fig. 14. Both specimens have nearly the
same response to in-plane shear load in the linear region and present a

Fig. 13. Spectrogram plots of various failure types for CFRP (a) cluster-cr, (b) cluster-d, (c) cluster-fr, and CFRP/HNT (d) cluster-cr, (e) cluster-d, (f) cluster-fr, under
in-plane shear stresses. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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uniform strain distribution in the v-notch region. The non-linear region
of CFRP starts at 42 MPa, which is associated with micro damage in-
itiation inside the laminate and creation of a high strain gradient at the
v-notch region. After 60 MPa, the contrast on the pristine specimen
surface is partially lost in the non-linear region due to the deterioration
of the speckle pattern. Therefore, DIC images show gaps in the v-notch
region, which can be attributed directly to the coalescence of micro-
cracks into macrocracks.

A pure shear strain in the v-notch shear test usually shows a narrow
band of a high shear region between the roots of the notches [24].
However, in the case of the current sample for the pristine woven CFRP

laminate, such a vertical shear band is not observed. This behavior is
related to the early creation of microcracks in resin packet regions and
their consequent coalescence which forms a zigzag path for damage
between the top and bottom notches. In contrast, the shear strain maps
for CFRP/HNT laminates demonstrate the expected vertical shear band,
which indicates that HNTs integration might prevent the coalescence of
microcrack by a combination of two effects such that; the interface of
fiber–matrix becomes resistant to failure development due to HNT ad-
dition and HNTs clusters in the matrix act as a barrier and pin the tip of
the crack during the in-plane shear test.

The synergic effect of the mentioned mechanisms obviates the
progress of the damages in the v-notch region in a stepwise path as
shown in Fig. 15, where the schematic graph shows the examined cross
section parallel to one side of the v-notch, and 0°- and 90°-degree fibers
are parallel and perpendicular to the examined plane, respectively. SEM
images in Fig. 15 shows the evident cracks as depicted in the sche-
matics, therefore providing the evidence for the effect of HNTs in
hindering the growth path of the cracks.

To observe the effect of HNTs on the mechanical performance of the
CFRP composite, in Fig. 16, DIC images for the axial and transverse
strains ( xx , yy) are presented with intervals of 10 MPa of in-plane shear
stresses up to the breaking point. The comparison of xx strain maps in
both specimens shows that there are random localized strain points
from an early stage of the test until 30 MPa stress level. At 40 MPa, high
strain regions appear and spread toward the edges of the specimen until
the global failure. On the other hand, the strain distribution in CFRP/
HNT is uniform until 50 MPa. At higher stress levels, the concentrated
strain areas appear discretely between the roots of the v-notches and
despite the growth of damage, they remain confined in the mentioned
region until the global failure.

Due to the transversely isotropic properties of plain-woven carbon
fabric, DIC images in Fig. 16, in both xx and yy show similar damage
development. However, with the presence of HNTs in the composite

Fig. 14. Stress–strain plots along with specific DIC images of CFRP, and CFRP/
HNT taken at a certain value of stress where the strain data in the plot is re-
corded with DIC system. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 15. (a) Schematic graph of the examined
plane from a specimen after global failure under
in-plane shear load, (b) direction of plain woven
CF at the examined plane, (c) SEM micrograph of
CFRP specimen, (d) SEM micrograph of CFRP/
HNT, (e) schematic of crack propagation in CFRP
specimen, and (f) schematic of crack propagation
in CFRP/HNT specimen. (For interpretation of the
references to colour in this figure legend, the
reader is referred to the web version of this ar-
ticle.)
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system, highly localized strain regions (distinct strain spots) are not
observed until 70 MPa stress value. Thus, it can be implied that there is
more resistance to crack propagation along the y-axis direction at the
fiber/matrix interface and HNT-matrix system.

Fig. 17 presents the in-plane shear stress–strain curve accompanied
by IRT images taken for CFRP and CFRP/HNT during the in-plane shear
test. Each of these images is chronologically correlated with a bold

Fig. 16. DIC frames of calculated average axial ( xx) and transvers strain ( yy) during in-plane shear test for CFRP vs. CFRP/HNT laminates. The pristine specimens
failed at lower stress values than the HNTs integrated one, therefore, there is no DIC strain map above 90 MPa. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 17. Average temperature changes vs. stress (MPa), and IRT images of
various points with increased stress from left to right. CFRP images within black
frames vs. CFRP/HNT within red frames. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 18. Geometric properties of the v-notched plate and its loading condition,
(a) without cracks, (b) with three randomly generated microcracks. (For in-
terpretation of the references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)
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circle on the stress–strain curve. IRT images related to CFRP laminate
are indicated in a black frame while the images taken for CFRP/HNT
are given in red frames. Thermal maps are used to calculate the tem-
perature difference ( T) between the minimum and the maximum
temperature at identical regions of interest (ROI) for both specimens.
The ROI is an area defined at the middle of the v-notched shear spe-
cimen with dimensions of 30 mm by 20 mm in x-and y-directions.

At the beginning of the in-plane shear test, T values for both

samples are negligibly small given that no sufficient damage formation
has taken place. At about 75 MPa, the variation of temperature in the
ROI of CFRP starts to increase gradually until the global failure. On the
contrary, T values of CFRP/HNT specimen show a subtle variation
with only a single jump around 75 MPa. The range of ΔT for pristine
sample varies between 0˚C and 0.36˚C while for CFRP/HNT remains
between 0.0˚C and 0.1˚C throughout the test.

This observation can be explained as follows. As seen in AE results
in Fig. 11, the presence of HNTs in the composite system causes a re-
duction in fiber fracture events owing to better interface interaction and
matrix stiffening mechanisms, which have higher thermal energy re-
lease [53]. On the contrary, the delamination and matrix cracking in-
crease, and these events are characterized by smaller energy release
compared to carbon fibers fracture. Moreover, the existence of HNTs in
the composite system hinders the coalescence of microcracks thereby
circumventing the formation of macrocracks. To this end, heat gen-
eration due to the friction between the surfaces of macrocracks under
the applied load is eliminated to a certain extent. In our parallel study,
we have observed that HNTs improve the thermal conductivity of the
CFRP/HNTs composite. As a result, HNTs in the composite system
causes more homogenous thermal distribution in the v-notched region.

One can notice a rise in ΔT of CFRP/HNT plot between 55 MPa and
65 MPa. According to two IRT images taken at these points (indicated
by red arrows on the figure), this jump in ΔT is related to the formation
of thermal emission points at the center of the v-notch region where the
shear stress is maximum. The last two IRT images with larger ROI as
compared to the rest of IRT images are taken at the instant of global
failure for both specimens. There is an obvious difference between IRT
images of the two composites at the final failure point where thermal
emission region in CFRP shows heterogeneous thermal map extended
toward the edges of the sample while the counterpart region in CFRP/
HNT appears to be more localized with a distinctive gradient from the
v-notch region center toward the outer edges. This is consistent with
DIC results as seen in Fig. 14 where the higher strain values of CFRP/
HNT are localized within the v-notch region until the end of the test.

4.5. PD analysis results

To implement the numerical approach for the current study, the
resulted morphology of nano materials in the matrix can be assumed as
analogous to holes inside the material. As observed in micrographs of
Fig. 15 and explained for AE analysis results, nano materials promote
crack initiation and deflect the progressing cracks inside the hybrid
material.

In addition, the material stiffness coefficients (i.e., constitutive
elastic constants) of the plain-woven laminate when stacked as cross-
ply layup become analogous to constitutive relations of transversely
isotropic material. Besides, the applied loading conditions specified
herein is a pure in-plane shear load, thus enabling the utilization of
plane stress condition to disregard the effect of transverse stiffness of
the laminate. Consequently, when subjected to in-plane loads, the
present material properties of the plain-woven laminate can be suitably
represented as an isotropic material.

Therefore, the relative physics behind the effect of HNTs on damage
progress of plain-woven composites is presumably like the effects of the
holes inside a 2D continuum of an isotropic material. Since the HNTs
are distributed in the matrix material and the shear response of the
composite is a matrix dominant property [54], we have chosen to si-
mulate the v-notched shear tests to support the experimental observa-
tions. In this regard, using the OSB formulations given in Section 3,
various v-notched plates having different densities of randomly gener-
ated holes are numerically investigated under the shear loading con-
dition for an isotropic sample. The material used herein possesses a
Young modulus of E = 2.94 GPa, a Poisson Ratio of ν = 0.38, a density
of = 1200 Kg/m3, and a critical energy release rate of Gc = 602 J/
m2.

Fig. 19. Propagation of the crack after 600th, 700th, and 800th time-steps at
the central portion of plates with zero, low and high density of randomly
generated holes. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 20. Total crack length in plates with zero, low and high density of ran-
domly generated holes. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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In order to obtain computational results in a feasible time, the
loading is applied with the velocity boundary condition of 20 (m.s−1)
in the y-direction to a 23 (mm) portion of the right end of the plate
while the 23 (mm) portion of the left end is fixed in x- and y- directions
as depicted in Fig. 18. For all the analyses in this section, the distance
between material points is taken as dx = 0.1 mm, thus, leading to a
point discretization of 760 × 190 in x- and y-directions, respectively.
The incremental time-step size is taken as dt = 4.25 × 10-8 and the
failure of the bonds is allowed only in tension.

To analyze the effect of holes, i.e., nanotube clusters, on growth of
cracks and their coalescence, two cases are investigated. The case
without initial cracks (Fig. 18a) is used to explore the dynamics of in-
itiation and crack growth at different densities of holes, namely,
without holes, low density and high density of holes. The case with
initial cracks (Fig. 18b) is analyzed with and without the holes to certify
the assumption of hindrance in crack coalescence with the presence of
holes, i.e., delay in merging of microcracks.

As the first step, the plate is solved with no holes to have a reference
on crack dynamics where the propagation of the crack is determined to
start from the upper notch of the plate at 370th time-step and reach the
fixed boundary approximately after 850 time-steps. Accordingly, the
crack propagations between 400th and 800th time-steps are taken as
the basis of comparison. Fig. 19 shows the propagation of the crack
after 600th, 700th, and 800th time-steps at the central portion of plates
having zero, low and high density of randomly generated holes, given
that no failure has occurred in other regions.

As seen in Fig. 19, the presence of holes, i.e., clusters of nano ma-
terials in experiments, deflects the path of crack propagation and pro-
motes branching of the growing crack. The higher density of holes in-
side the material causes a higher crack branching, such a bifurcation in
crack path results in crack branches having a lower potential at the tip.
The energy reduction at crack tip eventually leads to a decrease in

propagation velocity of the crack as seen in Fig. 20, which shows the
change in length of the cracks with respect to time. The slope of the
lines in Fig. 20 at any instant of time indicates the average velocity of
the crack propagation between the neighboring time steps. These nu-
merical results support previous findings in AE analysis, DIC and IRT
images as discussed in the previous sections, wherein for neat samples
the release of failure energy is more abrupt as compared to HNTs in-
tegrated laminates. The faster AE energy release in pristine laminate
observed as big leaps in acoustic emission counts is directly related to
the fast growth of cracks inside the material that is consistent with rapid
damage progress of the sample without holes in Fig. 20. On the con-
trary, as seen in Fig. 6b, the gradual increase of AE counts for HNTs
integrated specimen is related to the lower speed of crack development
inside this composite material, i.e., the crack growth in HNTs laminate
is similar to the high-density specimen in Fig. 20. Moreover, the ex-
perimental results, presented in Fig. 17, show that the thermal energy
release associated with failure events in the pristine specimens have
higher magnitude indicating the higher potential of the failure, which is
consistent with numerical observation depicted in Fig. 20 for the
sample without holes. On the other hand, the addition of HNTs to the
system resulted in lower magnitude failure events that are analogues to
the numerical observations for samples with holes.

Overall, the presence of nanomaterials inside the laminates causes a
similar effect as the presence of the holes in the specimen under in-
plane shear loading, as seen from the crack dynamics in Table 3. The
length of propagated crack for the sample without the holes is the
highest as compared to the specimens with holes. Moreover, the highest
effect of holes on crack propagation velocity and length is seen in the
geometry with a high density of holes where the velocity and the length
of the crack propagation have decreased approximately by 35% and
34%, respectively.

Fig. 21 shows the failure results of initially cracked samples with
and without holes. It is clear from the results that after approximately
600th time steps, the microcracks in the plate without holes start to
merge, thus resulting in the growth of crack coalescence. However, in
the sample with holes, the coalescence of cracks is prevented at the
identical time steps as compared to the case without holes. These results
are consistent with the experimental observations obtained through DIC
and IRT analysis, where the existence of HNTs in the composite speci-
mens causes the shear band to remain confined within the v-notch re-
gion (Fig. 14) and the dissipation of thermal energy becomes more
homogenous due to prevention of crack coalescence.

5. Conclusions

CFRP and CFRP/HNT laminates are successfully manufactured and
their mechanical responses are monitored under flexural and in-plane
shear loading conditions. The flexural- and in-plane shear moduli are
improved by 18.1% and 27.3%, respectively. Based on AE results and
SEM fractography analysis, it is found that HNTs primarily affect matrix
cracking and delamination mechanisms. The damage accumulation
becomes less severe and more gradual with smaller steps as can be
concluded from AE cumulative counts.

The strain fields and thermal maps for the in-plane shear tests show
consistent results in terms of damage progress. The role of HNTs in
hindering crack growth, crack tip splitting and in turn crack

Table 3
A comparison of plates with zero, low and high hole densities by means of crack dynamics.

No hole High density Low density
Crack propagation initiation time-step 370 355 360
Total length of the crack after 400 time-steps [mm] 0.10 0.20 0.10
Total length of the crack after 800 time-steps [mm] 11.13 7.34 8.46
Average velocity between 400th and 800th time-steps [mm/time-step] 0.027 0.0179 0.0209
Difference in average velocity with respect to no hole geometry – −35.27% −24.21%
Difference in crack propagation length with respect to no hole geometry after 800 time-steps – −34.05 −23.99

Fig. 21. Propagation of the cracks after 600th, 700th, and 800th time-steps at
the central portion of plates with and without holes having randomly generated
microcracks. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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coalescence in CFRP/HNT specimens is evident by the formation of a
pure shear region in DIC strain maps and a homogenous thermal energy
release in the IRT images. The experimental findings as to the effects of
HNTs on the damage mechanisms in the composite system are con-
firmed with peridynamic analysis where nanotubes clusters in the
matrix of composite laminates are represented by arbitrarily positioned
holes. The numerical results demonstrate that HNTs clusters obstruct
crack growth, encourage crack tip splitting, and consequently, cir-
cumvents the crack coalescence.
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