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Interleaving composite laminates with nanofibrous mat is one of the most reliable methods for increasing inter-
laminar fracture toughness. The present study seeks to find out how the damage mechanisms of carbon fiber
reinforced polymers (CFRPs), subjected to the mode‐I and mode‐II fracture tests, are affected while those are
modified by interleaved Polyamide 66 (PA66) electrospun layers. For this goal, acoustic emission (AE) and
scanning electron microscope (SEM) techniques were used for assessing the damage mechanisms. The
mode‐I test results showed that adding nanofibers could decrease matrix cracking, fiber breakage, and fiber/-
matrix debonding by 92%, 27%, and 87%, respectively. The AE demonstrated that no fiber breakage occurred
during mode‐II loading in both non‐modified and nanomodified specimens which was validated by SEM
images. On the other hand, the two oth0er damage modes, i.e. matrix cracking and fiber/matrix debonding,
decreased about 97% in the nanomodified laminates.
1. Introduction

Despite the key advantages of carbon fiber reinforced polymers
(CFRPs), such as high specific strength and stiffness, high corrosion
resistance, and high fatigue life, they are suffered from poor interlam-
inar strength. This fact leads to inducing interlaminar cracks, delami-
nation, in these materials under loading conditions, and they
significantly affect the integrity of the composite structure. Besides
delamination, other damage mechanisms such as matrix cracking,
fiber/matrix debonding, and fiber breakage are usually observed in
damaged composite laminates. Based on the loading conditions, layup,
boundary conditions, environmental conditions, materials, and adhe-
sion quality between fibers and matrix, one or a combination of these
damage mechanisms may occur in laminated composite structures [1].
Thus, these materials usually exhibit a complicated damage behavior
which raises the need for a powerful technique to investigate their
damage state. To this aim, among structural health monitoring
(SHM) techniques, acoustic emission (AE) technique has shown excel-
lent potential for fully characterizing these damage mechanisms in
laminated composites, i.e. damage initiation detection, damage identi-
fication, damage severity assessment, and damage localization [2–6].
Different toughening techniques have been proposed to increase
the resistance of composite laminates against delamination, i.e. the
interlaminar fracture toughness [7–10]. Among these techniques,
applying nanofibrous mat between composite layers has been attrac-
tive for researchers [11–14], and as unlike the other methods, such
as Z‐pinning, they do not adversely affect in‐plane mechanical proper-
ties of the laminate [15]. Various types of nanofibers have been
applied for this aim, such as polysulfone (PSF) [16–18], polycaprolac-
tone (PCL) [19–22], polyvinylidene fluoride (PVDF) [23–25], and
polyvinyl butyral (PVB) [26–28]. It has been proved that each polymer
proposes a specific toughening mechanism to increase the fracture
toughness. For instance, when PSF or PCL nanofibers are added to
the epoxy, the nanofibers are converted to spherical particles and
are dispersed uniformly in the epoxy during the curing process. These
particles restrict the crack propagation and consequently more energy
is required for the crack growth [24].

According to the review paper published by Saghafi et al. [29], it
was shown that Polyamide 66 (PA66) is one of the best choices for
the toughening of CFRPs. Many studies have been conducted in this
field, and the influence of nanofibers on fracture response of composite
laminates has been investigated in different aspects [30–33]. Brugo
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and Palazzetti [34] considered the effect of nanomat thickness on
modes I and II of unidirectional (UD) and woven carbon/epoxy lami-
nates. The results showed that the increase of nanomat thickness led
to the enhancement of the fracture toughness of the woven specimens,
while the UD specimens were less affected by nanofibers. In another
study, Palazzetti et al. [35] considered the effect of the geometrical
features of the PA66 electrospun nanofibers, i.e. their orientation,
nanolayer thickness, and nanofibers’ diameter, on the mode‐I and
mode‐II fracture toughness of carbon/epoxy specimens. They showed
that a thick interleaf layer can decrease the fracture toughness because
of the presence of a huge number of porosities left in the nanolayer
after the curing process. In addition, the smaller diameters of the nano-
fibers led to the increase of the energy absorbing capability of the spec-
imens. The nanofibers orientation showed different effects depending
on the fracture mode. In another study, Palazzetti et al. [36] used AE
for investigating the fracture behavior of carbon/epoxy laminates
interleaved by PA66. They analyzed the overall AE activity of the spec-
imens but without classifying and correlating the AE data to different
damage mechanisms. The mechanical results showed that the PA66
mitigated the initiation and propagation of delamination and the AE
showed that nanomodified specimens released less AE activities than
the reference specimens.

Although, some studies have been performed on CFRPs interleaved
by PA66, they were mainly concentrated on the fracture toughness
assessment and there is still a gap for the quantitative evaluation of
the effect of these nanofibers on the different damage mechanisms.
Therefore, the present study tries to quantify the effect of PA66 on
the different damage mechanisms of modified carbon/epoxy compos-
ites using the AE and scanning electron microscope (SEM) techniques
which helps better understanding of the toughening mechanisms of
these nanofibers.
Fig. 1. A) A schematic of the electrospinning process, and B) the SEM image
of the produced nanofiber mat.

Table 1
The specifications of the AS4/8552 prepreg.

Properties Unit Value

Fiber density g/cm3 1.79
Filament count/tow – 12 K
Resin density g/cm3 1.30
Nominal cured ply thickness mm 0.130
Nominal fiber volume % 57.42
Nominal laminate density g/cm3 1.58
2. Materials, manufacturing and testing

2.1. Electrospinning method

Fibers with diameters ranging from nanometer to micrometer scale
can be produced using the electrospinning method. As shown in
Fig. 1A, an electrospinning setup consists of:

The high voltage power supply,
The syringe (with a metallic needle) and the pump for injecting the
solution,
The collector.

In this process, a high voltage is first applied to the polymeric solu-
tion; then, a pendant droplet is formed at the tip of the needle. Due to
the presence of the electrostatic field between the needle tip and the
collector, the pendant droplet is deformed into a conical shape (known
as the Taylor cone). When the electrostatic force is enough to over-
come the surface tension of the Taylor cone, a fine jet of solution
comes out from the tip of the needle. On the way from the needle
tip to the collector, the solvent evaporates and finally a long and thin
solidified filament is deposited onto the collector, resulting in the for-
mation of a uniform micro or nanofiber. For producing nanofiber, the
PA66 polymer (Zytel E53NC010 (supplied from DuPont, was used. The
molecular weight of this polymer is 226.32 gr/mol.

The electrospinning process parameters of the collector rotational
speed, the applied voltage, and distance between the collector and
the needle tip were selected 100 rpm, 28 kV, and 12 cm, respectively.
The solution was prepared by adding 20% w/v PA66 pellets in the sol-
vents of formic acid and 2.2.2‐Trifluoroethanol with the ratio of
30/70 v/v. The SEM image of the produced nanofibers is depicted in
Fig. 1B.
2

2.2. Lamination

The test specimens were laminated of 24 layers of Hexcel
AS4/8552 unidirectional prepreg sheets, from Hexcel ® Corporation.
The specifications of this prepreg are presented in Table 1. A thin
Teflon film with a thickness of 12.7 µm was placed between 12th
and 13th layers to create the initial delamination; subsequently, the
50 μm‐electrospun mat was implanted at the side of Teflon film at
the same layer. The curing process was performed according to
Fig. 2 in which the maximum temperature and pressure were 180 ℃
and 7 bar [37]. As it is clear from the microscopic image from the lat-
eral side of the specimen (Fig. 3A & B), the real thickness of the nano-



Fig 2. The curing process of the laminate.
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mat is ~50 μm. In order to investigate the penetration and impregna-
tion of resin into the nanofibers mat, the SEM method was used. As
seen in Fig. 3C, impregnation and infiltration between nanofibers
and resin are appropriate.
Fig. 3. A & B) The lateral side of the nanomodified specimen at 40× and 160× m
epoxy resin.

3

2.3. Acoustic emission system

The AMSY‐6 Vallen, 8‐channel AE system with the sampling rate of
2 MHz was employed to record the AE activity. AE signals were
agnification, respectively, and C & D) the infiltration of the nanofibers and the
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recorded during the loading process using two AE sensors, VS900 M,
placed on top of the specimen (see Fig. 4). The sensors were broad-
band with a frequency range of 100–900 kHz. In order to achieve an
appropriate acoustical coupling, the ultrasonic gel was applied at the
interface of the sensor and specimen’s surface. The AE signals were
amplified by 34 dB using a pre‐amplifier. The threshold of receiving
AE signals was adjusted to 50 dB. A pencil lead break procedure was
used to calibrate the data acquisition system and to ensure a good cou-
pling between the AE sensors and the specimen’s surface. In order to
investigate the effect of attenuation and the damage accumulation
on the recorded AE signals, the wave velocity and the attenuation were
measured for the specimens at the pristine state and after the fracture
toughness test using the pencil lead breakage test [38]. The wave
velocity for both virgin and modified specimens was ~8500 m/s for
both the pristine state and after the fracture toughness test. In the pris-
tine state, the attenuation was 0.07 and 0.3 dB/cm for the virgin and
the modified specimens, while it increased to 0.3 and 0.7 dB/cm for
the virgin and the modified specimens after the fracture toughness
test. It reveals that the damage accumulation increased the attenuation
of the wave in the specimen. However, by considering the small size of
the double cantilever beam (DCB) and end‐notch flexure (ENF) specie-
Fig 4. The dimensions of A) DCB and B) ENF specimens, and C) the mode-II
test setup.

4

mens, the results stated that the attenuation and the damage accumu-
lation did not have a critical effect on the recorded AE signals in the
present study. This is consistent with the literature [39]. It is worth
mentioning that these phenomena should be considered if the results
of this study would be generalized to a real large composite structure.

2.4. Test procedure

The modes I and II fracture tests were conducted according to
ASTM D5528 [40] and ASTM D7905M [41], respectively. According
to Fig. 4A, the dimensions of the DCB specimen were as follows: the
width (B): 25 mm, the initial crack length (a0): 40 mm, and the thick-
ness (2 h): 4.57 mm. The dimensions of the ENF specimen were as fol-
lows: the width (B): 25 mm, the initial crack length (a0): 30 mm, and
the thickness (2 h): 4.57 mm. For the ENF specimens, the distance
between two lower roller supports was 100 mm and the AE sensors
were located at the two sides of the load point with a distance of
30 mm (Fig. 4B). The specimens were loaded under displacement con-
trol mode with a constant displacement rate of 1 mm/min and
0.5 mm/min for mode‐I and mode‐II, respectively. For applying the
load on the DCB specimens, two aluminum blocks were attached to
the end of the specimens (Fig. 4A). The load and displacement were
continuously recorded during the tests. The crack length was also mea-
sured using a digital camera (Fig. 4C) put at the lateral side of the spec-
imen. It is worth mentioning that three specimens were tested for each
condition to guarantee the reproducibility of the data.

3. Results and discussion

3.1. The effect of the nanofibers on the fracture toughness

Fig. 5A and B present load–displacement curves of the non‐
modified (reference) and nanomodified specimens under mode‐I and
mode‐II loading conditions, respectively. As seen, when the specimens
were interleaved by nanofibers, the maximum fracture load (Pcr) and
its corresponding displacement (δcr) significantly increased, as
reported in Table 2. According to Fig. 5A, for mode I loading, the aver-
age maximum forces of the reference and modified specimens are
79.52 N and 109.02 N, respectively. Similar results were obtained
for mode‐II tests, in which Pcr values of the reference and nanomodi-
fied specimens are 1108.59 N and 1754.7 N, respectively.

In order to calculate the fracture toughness of the specimens at
mode‐I, ASTM‐D5528 standard [42] was employed. Accordingly, the
mode‐I interlaminar fracture toughness (GIC) is calculated by Eq. (1):

GIC ¼ 3pcrδcr
2Bða0 þ ΔÞ ð1Þ

where Δ is the crack length modification parameter which can be deter-
mined experimentally by plotting the cube root of compliance (C1/3) as
a function of the delamination length. The compliance, C, is the ratio of
the displacement to the applied load, δ/P. Mode‐II interlaminar fracture
toughness (GIIC) can also be calculated using Eq. (2):

GIIC ¼ 3mp2cra
2
0

2B
ð2Þ

where m is the compliance calibration (CC) coefficient explained with
detail in ASTM‐D7905M standard [41]. Table 2 shows the mode‐I
and mode‐II fracture toughness values and other parameters obtained
from the tests. As it can be seen, the average value of GIC is 0.179 ± 0
.01 kJ/m2 and 0.403 ± 0.01 kJ/m2 for the reference and modified
specimens, respectively, which indicates nanofibers increased the mode
I fracture toughness by 125%. The average value of GIIC is 0.967 ± 0.
005 and 2.533 ± 0.05 for the reference and modified specimens,
respectively, that shows a 162% enhancement of the fracture
toughness. Because of the good consistency of the results of the three



Fig. 5. Load-displacement curves for the reference and modified specimens;
A) mode-I, and B) mode-II tests.

R. Mohammadi et al. Composite Structures 258 (2021) 113395
repetitions for each condition, hereafter the results are just presented
for one specimen as a representative case.

3.2. The effect of the nanofibers on the damage mechanisms

In the previous section, it was revealed that the nanofibers could
significantly increase the fracture toughness (125% and 162% for
mode I and mode II respectively). In order to find out the phenomenon
that resulted in the increase of the fracture toughness, AE and SEM
techniques are used to characterize the different damage mechanisms
occurred in the specimens during the delamination growth.
Table 2
The test parameters and the fracture toughnes values for the reference and modified

Loading mode Specimen δcr (mm) Pcr (N)

Mode- I Reference 1.89 ± 0.03 79.52 ± 5.1
Nanomodified 2.81 ± 0.12 109.02 ± 2.8

Mode- II Reference 2.08 ± 0.11 1097.6 ± 61.6
Nanomodified 3.22 ± 0.14 1689.52 ± 65.3

5

3.2.1. Mode-I loading
The cumulative energy of AE signals of the reference and modified

specimens, recorded during mode‐I loading conditions, is illustrated in
Fig. 6. As shown in the figure, AE activities started earlier in the refer-
ence specimen in comparison to the modified one, and also the cumu-
lative curve of the reference specimen increased with a higher gradient
than the modified specimen. The final values of cumulative energy for
the reference and modified specimens are 2.97e+9 eu and 5.85e
+8 eu, respectively which indicates the total cumulative AE energy
of the reference specimen is about 12 times larger than the modified
one. Because the layup, geometry, loading conditions and test config-
urations for both reference and modified specimens are the same, this
huge difference between the total cumulative AE energy of the speci-
mens may reveal the fact that more damages occurred in the reference
specimen compared to the modified one.

As Saeedifar and Zarouchas reported in their recently published
review paper [1], among all the AE features, amplitude and peak fre-
quency have been treated as the most preferred features for the dam-
age identification in laminated composites. Because the peak
frequency shows less dependency on the attenuation and it is also
directly related to the type of the damage, i.e. each damage type usu-
ally produces a unique frequency range, it is preferred over the ampli-
tude feature. The peak frequency of the AE signals versus time for the
reference and nanomodified laminates is depicted in Fig. 7. As it is vis-
ible in the figure, the main AE activities of the reference specimen
started at time 120 s, while for the nanomodified specimen, they
started at time 180 s which indicates that the nanofibers postponed
the damage initiation in the CFRP specimens. In addition, at least three
AE clusters can be distinguished, i.e. < 200 kHz, 200–400 kHz,
and > 400 kHz which each cluster started at different time. For both
reference and modified specimens, the cluster with the lowest fre-
quency started earlier than the other ones. In the case of the reference
specimen, the other two clusters occurred almost at the same time,
while for the nanomodified specimen, the cluster with the highest fre-
quency started much later than the cluster with the medium frequency.
The total number of AE events for the reference and modified speci-
mens is 64,000 and 11,000 respectively, which is consistent with the
cumulative energy results (see Fig. 6) and it shows more AE events
for the reference specimen compared to the modified one. On the other
hand, unlike the reference specimen, the number of AE events at high
frequencies is much less for the modified specimen. This phenomenon
proved that interleaving the laminates by nanofibers has changed the
damage mechanisms distributions of the specimens. In order to find
the corresponding damage mechanisms to these AE frequency ranges,
the SEM images of the fractured specimens are employed.

The SEM images taken from the fracture surface of the reference
and modified specimens are depicted in Fig. 8. As observed, there
are many fiber breakages and fiber/matrix debonding at the fracture
surface of the reference laminate (Fig. 8A & B), while no debonded
or broken fiber is visible in the nanomodified specimen and its domi-
nant damage mode is matrix cracking (Fig. 8C). This is because the
nanofibrous mat covered the surface and did not let carbon fibers to
be interlocked each other and to bridge between the adjacent compos-
ite layers. Therefore, the occurrence of fiber breakage decreased dra-
matically. Based on the three dominant damage mechanisms
observed in the SEM images, i.e. matrix cracking, matrix/fiber debond-
specimens under mode-I and mode-II loading conditions.

(mm) m (1/N.mm2) GC (kJ/m2)

10.46 ± 2.57 – 0.179 ± 0.01
5.45 ± 1.56 – 0.403 ± 0.01

– 1.49E−08 ± 1.04E−09 0.967 ± 0.005
– 1.65E−08 ± 3.06E−10 2.533 ± 0.05



Fig 6. The behavior of cumulative AE energy during mode-I loading test.

Fig. 7. The peak frequency vs time for the mode I test.
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ing and fiber breakage, the AE signals clusters will be allocated to
these damage mechanisms.

Among the unsupervised techniques used in the literature for the
AE data clustering, the hierarchical method has shown high levels of
confidence and repeatability of the clustering results [1]. Therefore,
in the present study, this model is used for the clustering of the AE
data. The clustering process is done in the following four steps:

1. If the total number of data points is n, each data point is first con-
sidered as a separate cluster. Therefore, each cluster has just one
member which is the representative of the cluster’s centroid as
well.

2. In this step, the dissimilarity of the clusters is calculated. The Cen-
troid linkage (d) was considered as the dissimilarity metric which
calculates the Euclidean distance between the centroids of the
two clusters. It is worth mentioning that after the first iteration,
the centroid of each cluster is considered as the average of its mem-
bers (Eq. (4)).

d r; sð Þ ¼ kxr � xsk2 ð3Þ
6

xr ¼ 1
nr

∑
nr

i¼1
xri ð4Þ

where d r; sð Þ is the metric, xr indicates the centroid of the cluster r, and
nr and xri show the number of data points and the value of the data
points within the cluster r.

3. Then, the two clusters with the lowest Centroid linkage value are
merged together. Therefore, the number of clusters is reduced by
one unit.

4. Steps 2 and 3 are repeated until the stop criterion is achieved,
which is usually the desired number of the clusters.

Based on the three dominant damage mechanisms observed in the
SEM images, i.e. matrix cracking, matrix/fiber debonding and fiber
breakage, the AE signals were distinguished into 3 clusters using the
hierarchical method. Fig. 9 shows the clustered AE data by the hierar-
chical method for the reference and nanomodified specimens. The fre-
quency ranges for the 1st, 2nd and 3rd clusters are < 200 kHz,
[200–400 kHz] and > 400 kHz, respectively. These frequency ranges
are similar to the frequency ranges reported in the literature for the
CFRP composites (see Table 3). According to the table, the matrix
cracking has the lowest frequency content, the fiber breakage has
the highest frequency, and the frequency of the fiber/matrix debond-
ing is between the frequency values of these two damages. Therefore,
the cluster 1 with the lowest frequency content, <200 kHz, was ded-
icated to the matrix cracking, the cluster 3 with the highest frequency
content, >400 kHz, was devoted to the fiber breakage, and the cluster
2 with a frequency content between the frequency of these two clusters
was allocated to the fiber/matrix debonding. In the case of the modi-
fied specimen, the AE results show that the number of signals within
clusters 2 and 3 (fiber /matrix debonding and fiber breakage) are con-
siderably reduced compared to the reference specimen. This result is
consistent with the SEM observations (see Fig. 8), which indicated that
the number of fiber breakages and fiber/matrix debonding signifi-
cantly reduced in the modified specimen compared to the reference
one.

The cumulative energy of the AE signals for each cluster was calcu-
lated and it is plotted in Fig. 10. As it is seen, matrix cracking signals
initiated before fiber breakage and fiber/matrix debonding signals for
both reference and nanomodified specimens. Table 4 summarizes the
total values of the cumulative AE energy for each damage type. As
seen, all damage mechanisms, i.e. matrix cracking, fiber/matrix
debonding and fiber breakage, decreased by 91.9%, 26.7% and
87.4%, respectively, by applying nanofibrous mat between compos-
ite’s layers.

3.2.2. Mode-II loading
It is worth mentioning that for both reference and modified speci-

mens, the mode II test was stopped while the crack tip reached the
loading roller. This is due to the fact that high compression stresses
existed in the area under the loading roller arrested the crack to prop-
agate further by increasing the load. According to Fig. 11, the total
cumulative AE energy values of the reference and modified specimens
were 41.12e+7 eu and 1.3e+7 eu, respectively. It may reveal that
more damages occurred in the reference specimen compared to the
modified one while crack grew to reach the loading roller. In addition,
cumulative energy curves show that the nanofibers postponed the start
of the AE activities, from time of 100 s for the reference specimen to
250 s for the modified specimen.

Fig. 12 illustrates the SEM image taken from the fracture surface of
the mode II reference and modified specimens. As observed, the dom-
inant damage mechanisms are matrix cracking and fiber imprint,
which indicates fiber/matrix debonding, and no broken fiber is visible
on the fracture surface.



Fig. 8. The SEM micrographs of the fractured surface under mode-I loading; A & B) the reference specimen at 200× and 500×magnification, respectively, and C)
the nanomodified specimen.
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Fig. 13 shows the distribution of the AE peak frequency for the
specimens. As seen, there are a huge number of signals with the fre-
quency of <200 kHz for both reference and modified specimens,
while there are just a few signals with the frequency range of
[200–400 kHz] and there is no signal with the frequency range of
>400 kHz. Therefore, according to the frequency ranges allocated
to the damage mechanisms for the mode I loading conditions, AE
shows that no fiber breakage occurred in both specimens which is con-
sistent with the SEM images (see Fig. 12). In addition, the signals
related to the fiber/matrix debonding, [200–400 kHz], occurred at
the end of the test, around the maximum load, while the matrix crack-
ing signals, <200 kHz, appeared much earlier at the early stages of the
loading.

To describe the consequence of the occurring of the damage mech-
anisms, a schematic is shown in Fig. 14. The stress state ahead of the
crack tip and the matrix cracking initiation under interlaminar mode‐II
shear loading are illustrated in Fig. 14A. As seen, the tensile traction
(σR) is inclined at an angle of 45° to the laminate plane which causes
the angled cracks to form. Consequently, angled cracks are developed
in the matrix ahead of the crack tip. As the load increases, these angled
cracks start to be extended along the 45° lines (Fig. 14B) [49]. Accord-
ing to Fig. 14B, the angled matrix cracks are created at the beginning
of the test (Points 1 and 2) and they are enhanced by increasing the
7

load level (Point 3). The initial AE signals of the matrix cracks were
captured here (see Fig. 13). When these cracks are saturated at the pro-
cess zone (Point 4), the adjacent layers are suddenly separated from
each other and the fiber/matrix debonding occurs. This is the point
that the signals related to the fiber/matrix debonding,
[200–400 kHz], were captured by the AE sensors (see Fig. 13).

Table 5 presents the values of the cumulative AE energy for each
damage mechanism. As seen, the corresponding cumulative energy
to the fiber breakage is zero for both reference and modified speci-
mens. Furthermore, cumulative AE energy values related to the matrix
cracking and fiber/matrix debonding mechanisms are decreased by
96.8% and 97.3%, respectively, by applying the nanofibers.
3.2.3. Sentry function analysis
The sentry function, defined as the logarithm of the ratio of

mechanical energy over the AE energy, has been widely used for the
damage evolution analysis in laminated composites (Eq. (5)). Accord-
ing to the literature [46], based on the damage state of the specimen,
the sentry function indicates four different trends:

1) The increasing trend: It indicates the occurring of micro dam-
ages in the specimen.



Fig. 9. Clustering of the AE signals using hierarchical model for; A) the
reference, and B) the nanomodified specimens.

Fig 10. Cumulative of AE energy in mode-I loading test; A) reference, and B)
nanomodified.

R. Mohammadi et al. Composite Structures 258 (2021) 113395
2) The big drop: It illustrates considerable damage in the
specimen.

3) The constant trend: It shows that there is an equilibrium state
between the weakening mechanisms, such as damage, and the
strengthening mechanisms, such as the fiber bridging or nanofi-
ber toughening.

4) The continuous decreasing trend: It indicates the fact that the
damage is propagating within the material and the material
cannot resist against it anymore.

S xð Þ ¼ ln
EMEðxÞ
EAEðxÞ

� �
ð5Þ
Table 3
The frequency range of different damage mechanisms in CFRP composites.

Reference Material Test

[43] Carbon/epoxy Tensile
[44] Carbon/epoxy Tensile, compact tension, compact compression, DCB
[45] Carbon/epoxy Tensile
[46] Carbon/epoxy Indentation
[47] Carbon/epoxy Tensile
[48] Carbon/epoxy Tensile

8

where S xð Þ is the sentry function, and EME (x) and EAE (x) are the
mechanical energy and the AE events energy, respectively. The
mechanical energy is considered as the area beneath the load–displace-
ment curve and the AE energy is the energy of the AE signals.

Fig. 15 illustrates the sentry function curve for the reference and
the nanomodified specimens under mode I and mode II loading condi-
tions. In the case of mode I loading conditions, the sentry function of
the reference specimen started earlier than the nanomodified one,
which indicates the micro damages occurred in the reference specimen
earlier. For both specimens, the biggest drop happened at the maxi-
Matrix cracking Fiber/matrix debonding Fiber breakage

90–180 240–310 >300
and ENF <50 200–300 400–500

<300 – >500
<150 150–300 >400
– 250–330 >450
<100 200–300 400–450



Fig. 11. The cumulative AE energy curves of the reference and modified
specimens for the mode II test.

Fig. 12. The mode-II fractured surface of A) refe

R. Mohammadi et al. Composite Structures 258 (2021) 113395
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mum load. It is then followed by a continuous decreasing trend for the
reference specimen, while in the case of the nanomodified specimen
there is a constant trend after the big drop. This indicates that after
the maximum load, the reference specimen could not withstand the
applied load anymore, while there was an equilibrium state between
the damage and nanofibers toughening in the modified specimen. In
the case of mode II loading conditions, the trends of the sentry func-
tion curves are similar, by the difference that the continuous decreas-
ing trend of the nanomodified specimen started at the load of 907 N,
while it started at the load of 415 N for the reference specimen. This
indicates that the reference specimen started to be degraded much ear-
lier than the nanomodified specimen.

4. Conclusion

In this study, acoustic emission (AE) and scanning electron micro-
scope (SEM) techniques were used for the quantitative analysis of the
different damage mechanisms occurred in carbon/epoxy laminates
interleaved by PA66 electrospun nanofibers subjected to the mode‐I
and mode‐II fracture tests. The concluding remarks are summarized
as follows:
rence, and B) nanofiber-modified specimens.



Fig. 14. Damages growth in mode-II loading; A) the stress state and the
mechanism of matrix cracking formation, and B) the propagation and
coalescence of angled matrix cracks.

Fig. 13. The AE behavior at mode II loading test; A) reference, and B)
nanomodified.

Table 4
The values of cumulative AE energy for different damage mechanisms in the reference and modified specimens under mode-I loading.

Specimen type Cumulative AE energy (eu) Total cumulative AE energy (eu)

Matrix cracking Fiber/matrix debonding Fiber breakage

Reference 29.6E+8 6.52E+6 1.91E+6 29.7E+8
Modified 2.41E+8 4.78E+6 0.24E+6 2.46E+8
Reduction percentage −91.9% −26.7% −87.4% −91.7%
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1- The modes I and II interlaminar fracture toughness values of the
nanomodified specimens were enhanced by 125% and 162%
respectively.

2- For the same crack growth length, the number of AE events and
the cumulative energy of these events for the nanomodified
specimens were much less than the reference specimens which
indicated fewer damages occurred in the modified specimens.

3- For the mode I test campaign, the SEM images showed that the
nanofibers significantly reduced the fiber breakage and fiber/-
matrix debonding by tailoring the fibers to their surrounding
matrix.

4- For the mode II test campaign, the SEM images revealed that no
fiber breakage occurred in both reference and modified
specimens.
10
5- According to the damage mechanisms observed in the SEM
images, i.e. matrix cracking, fiber/matrix debonding and fiber
breakage, the AE signals were clustered into three clusters using
the hierarchical method. Matrix cracking with the frequency
of < 200 kHz, fiber/matrix debonding, [200–400 kHz], and
fiber breakage, >400 kHz.

6- The AE results were consistent with the SEM observation which
showed a considerable decrease of fiber breakage and fiber/ma-
trix debonding for the modified specimens under mode I test.
They also showed that no fiber breakage signal existed for both
reference and modified specimens under mode II test, as already
had been observed in the SEM images.

7- AE results revealed that the PA66 nanofibers led to the decrease
of the matrix cracking, fiber/matrix debonding and fiber break-
age by 92%, 27%, and 87%, respectively under mode I loading
conditions. For the mode II test, both matrix cracking and
fiber/matrix debonding decreased by 97%, and no fiber break-
age signal was observed for both reference and modified
specimens.



(A) (B)

(C) (D)

Fig. 15. The sentry function curve of A) the reference specimen under mode I loading, B) the modified specimen under mode I loading, C) the reference specimen
under mode II loading, and D) the modified specimen under mode II loading.

Table 5
The values of cumulative AE energy for different damage mechanisms for the reference and modified specimens under mode-II loading.

Specimen type Cumulative AE energy (eu) Total cumulative AE energy (eu)

Matrix cracking Fiber/matrix debonding Fiber breakage

Reference 4.11E+8 0.19E+6 0 4.112E+8
Modified 0.13E+8 0.005E+6 0 0.13E+8
Reduction percentage −96.8% −97.3% – −96.8%
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