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A B S T R A C T   

This study investigates the effect of the interleaving nanofibers, made of NBR/PCL blend, on the interlaminar 
fracture toughness of carbon/epoxy laminates. Different nanomat thicknesses, ranging from 20 μm to 120 μm, 
were tested at Mode-I and mode-II and results were compared to the non-modified laminates. Acoustic Emission 
(AE) technique was used to assess the influence of interleaving nanofibers on dominant damage modes of the 
specimens, i.e., matrix cracking, fiber/matrix debonding, and fiber breakage. Moreover, the damage mechanism 
and the nanofiber toughening contribution were investigated by means of crack path and surface analysis. Re
sults indicated that the optimum nanomat thickness for mode-I is 40 μm (GI,R = + 333 %), while for mode-II is 
20 μm (GII,R = + 43 %). The study also confirmed by AE the significant impact of nanofibers on various damage 
modes, especially during mode-I loading.   

1. Introduction 

Thermoset based composite materials are widely used in the industry 
due to their favorable mechanical properties, such as their high strength- 
to-weight ratio. Despite this advantage, there is a possibility of various 
failures in these materials: (1) fiber breakage, (2) matrix cracking, (3) 
fiber/matrix debonding, and (4) delamination [1]. Delamination is the 
most common type of failure in these materials, which leads to a 
decrease in strength and flexural modulus [2]. This is due to the low 
interlaminar fracture toughness of these materials. 

Different methods have been proposed to hinder delamination in 
fiber reinforced composite materials, such as matrix toughening [3,4], 
optimization of stacking sequence [5–8], laminate stitching [9–11], 
braiding [12,13], edge cap reinforcement [14], and critical ply termi
nation [15]. Although these methods have been effective in increasing 
the interlaminar fracture toughness, they reduce the in-plane properties 
such as compressive strength and the elastic modulus [16]. In 2001, 
Dzenis and Reneker presented a new method to hinder delamination by 

interleaving polymeric nanofibers between composite layers. It led to 
increase in fracture toughness, and at the same time, did not have a 
negative effect on the in-plane properties of the laminate [17]. Since 
then, many researchers have studied this new method and made 
different polymeric nanofibers such as Nylon [18–21], Polysulfone 
[22–25], Polyvinylidene fluoride [26], Polyvinyl butyral [27,28] and 
Polycaprolactone [29,30] to investigate their efficiency and perfor
mance on toughening laminates. 

Recently, elastomeric nanofibers based on “liquid” (uncrosslinked) 
rubber were proposed as new effective nanomaterials for hindering 
delamination and improving other properties, such as damping [31]. 
The effect of rubbery nanofibers on fracture response of composite 
laminates has been investigated in different aspects. Maccaferri et al. 
[32] investigated the influence of Nitrile Butadiene Rubber (NBR) and 
Polycaprolactone (PCL) blend nanofibers on hindering delamination 
and increasing damping capacity in CFRP laminates. The results showed 
a significant increase in the fracture toughness in mode I, up to +480 % 
in the initiation stage and up to +340 % in the propagation stage of 
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delamination, and a maximum enhancement in the mode II fracture 
toughness near 30 %. Povolo et al. [33] presented the effect of mat 
grammages and stacking sequence on damping behavior of CFRPs, 
appraised by dynamic mechanical analysis (DMA) tests. The single 
cantilever beam vibration tests showed 77 % enhancement in the 
damping capacity of the composite with only 1.5 % of weight increment. 

Since delamination is often undetectable by visual inspection or very 
difficult to be monitored during mechanical tests, various non- 
destructive testing methods have been proposed to solve this problem: 
thermography, ultrasonic method and X-ray, which have their advan
tages and disadvantages [34]. Most of the methods for detecting 
delamination are active, while in passive methods such as acoustic 
emission, it is possible to monitor the system in real time. Another 
advantage of applying the acoustic emission method is its ability to 
distinguish different types of damage, such as matrix cracking, fiber 
breakage, fiber/matrix debonding, and delamination [35,36]. Different 
damage modes in composite materials can be detected excellently by AE 
technique. M. Saeedifar and D. Zarouchas [37] shows that each damage 
mode in composite materials usually produces AE signals with almost 
unique characteristics. For instance, low amplitude, low frequency, long 
duration, long rise time and large counts are usually associated with 
matrix cracking. R. Gutkin et al. [38] presented failure mechanism in 
CFRP by using acoustic emission method (AE). Five different types of 
test, such as tensile, compact tension, compact compression, DCB and 
ENF, were performed on CFRP laminates to determine the AE frequency 
of the five different damage modes. 

So far, different studies have been conducted on composite laminates 
reinforced by rubbery nanofibers; however, no studies have been done 
to quantitatively evaluate the effect of the nanofibrous mat areal weight 
on mode I and II interlaminar fracture toughness and its toughening 
mechanism. The results obtained from this study provide valuable in
sights into the effect of NBR/PCL nanofibrous mat grammages on the 
fracture toughening of DCB (Double Cantilever Beam) and ENF (End- 
Notched Flexural) carbon fiber woven laminates. Furthermore, the 
interpretation of acoustic emission data by neural network combined 
with optical and SEM (Scanning Electron Microscope) micrograph 
analysis allowed a deeply interpretation of the toughening mechanism. 

2. Materials and methods 

2.1. Preparation of polymer solutions and blend electrospinning 

The process procedure for fabricating rubbery nanofibers is visual
ized in Fig. 1. NBR solution (s-NBR, 10 % wt) was prepared in DMAc, e.g. 
2.0 g of polymer in 19.2 mL of solvent. PCL solution (s-PCL, 10 % wt) 
was prepared in CHCl3/DMF 50:50 wt, e.g. 2.0 g of polymer in 6.0 mL of 
CHCl3 and 9.4 mL of DMF). Both polymer mixtures were stirred at room 
temperature (23–25 ◦C) until the formation of a homogeneous solution. 

NBR/PCL blend (b-NBR/PCL) was prepared by mixing together the 
two starting solutions s-NBR and s-PCL in a 60:40 wt proportion, e.g. 6.0 
g of s-NBR and 4.0 g of s-PCL. The blend was stirred at room temperature 
at least for 2 h to ensure proper homogenization. The blend has a 60 % 
wt of rubber content with respect to the total polymeric fraction. 
Table SI-1 lists the details of all the solutions prepared and their blend. 

The parameters of electrospinning process are as follows: flow rate 1 
ml/h, electric potential 22 kV, Distance between the collector and 
needles’ tip 13.0 cm. Mats have final dimensions of approximately 30 ×
40 cm. Electrospinning was conducted in the air atmosphere at 21–24 ◦C 
and 35–40 % relative humidity (RH). To enhance the process produc
tivity 4 needles were used and to homogenize the nanofibrous gram
mage a drum collector connected to the ground was employed. 

Four different thicknesses of the NBR/PCL blend nanofibrous mats 
were produced. The mat thickness was measured using an analogue 
indicator under 360 g/m2 pressure. The resulting grammage was 9.6 g/ 
m2–18.1 g/m2–39.2 g/m2 and 54.8 g/m2 for 20, 40, 80 and 120 μm 
nanomats, respectively. Morphology of the nanofibers is shown in the 
SEM micrograph of Fig. 2. The measured diameter ranges from 210 to 
320 nm. Moreover, it can be observed that the nanofibers coalesce each 
other in crossing points, due to the low glass transition temperature (Tg) 
of the rubber. 

Fig. 1. A schematic of the preparation of polymer solutions and electrospinning process.  

Fig. 2. SEM micrographs of electrospun NBR/PCL nanofibers (60:40 wt).  
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2.2. Specimen fabrication 

The test samples were fabricated by 200 g/m2 plain woven carbon/ 
epoxy prepreg laminates. The number of layers used to fabricate the 
composite laminate was 14 (the final average thickness of the cured 
laminates was 3.6 mm). A thin Teflon film with a thickness of 13 µm was 
used to trigger an initial pre-crack. To make reinforced samples, nano
fibers with a length of 6 cm were placed in the continuation of the initial 
pre-crack (Teflon layer). In fact, the Teflon and the nanofiber layer were 
placed in the mid-thickness of the manufactured laminate (between 7th 
and 8th layers). In order to prevent the penetration of resin in front of 
the pre-crack layer, about 1 cm of the nanofibrous mat was placed on the 
Teflon layer. Uncured panels were subjected to a preliminary treatment 
for 2 h at 45 ◦C under vacuum condition for better impregnation of 
nanofibers before the curing cycle in autoclave (2 h at 135 ◦C, under 
vacuum, 6 bar external pressure, heating/cooling ramp of 2 ◦C/min). To 
ensure that the process conditions were consistent for all the laminates, 
all the samples were cured in the same autoclave batch. Different type of 
laminates were fabricated, the pristine one without nanofibers named C- 
Ref and the nanomodified ones named C-20, C40, C-80, C-120 according 
to the relative thickness of the interleaved nanofibrous mat. In Fig. 3 the 
cross section of the fabricated laminates are shown. As can be observed 
no differences in the middle plane interlayer, where the nanofibers mat 
were interleaved, are visible. However, a slight increase on the overall 
thickness of the laminate can be observed with increasing of the nano
mat thickness, up to 124 um for the C-120 laminate. For each type of 
laminate the DCB and the ENF one were fabricated, for a total of 10 
panels. From each panel, 3 specimens were extracted by using a high- 
speed rotating diamond saw with the dimensions depicted in Fig. 4. 

2.3. Test method 

Mode I and II tests were performed according to ASTM D5528 [37] 
and ASTM D7905 [38] standards, respectively. Geometry of the samples 
and the test set-up are depicted in Fig. 4. The test was performed in 
displacement control with a crosshead speed of 5 mm/min and 1.6 
mm/min for DCB and ENF tests, respectively, by means of Instron 8033 
servo hydraulic universal testing machine equipped with a 2 kN load 
cell. 

DCB tests were carried out to evaluate the energy release rate for 
mode I loading (GI, in J/m2) at the initiation and propagation stages of 
delamination (GIC and GIR, respectively) using the following equation: 

GI =
3Pδ
2Ba

(1) 

In which P and δ are the load and opening displacement, respec
tively; B and a are the sample width and crack length, respectively. 
Fracture toughness in mode I is calculated by substituting the critical 

load, Pc, and its corresponding crack length, ac, in Eq. (1). 
ENF test has been performed to find strain energy release rate in 

mode II loading conditions. According to ASTM D7905 standard, 
compliance calibration parameters should be obtained by performing 
two initial tests with the initial crack length of 20 and 40 mm before 
conducting the final fracture test with a crack length of 30 mm. The 
important point is that the load applying to the sample in the initial tests 
should not exceed half of the maximum load in the final fracture test for 
preventing crack growth in the initial tests. 

The GIIC of ENF specimens is calculated as follows: 

GIIC =
3mP2

cra2
0

2B
(2)  

C = A + ma3 (3)  

where Pcr represents the critical load corresponding to the crack growth, 
which is the maximum load in the load–displacement curve, a0 and B 
indicate the initial crack length and the width of the sample, respec
tively; A and m are the compliance calibration coefficients, and C is 
compliance. To calculate the m coefficient, first, C value (the inverse of 
the slope of the initial linear elastic part of the load–displacement curve) 
must be calculated for the initial crack length of 20 mm, 30 mm and 40 
mm. Then, the graph of C value as function of the cube of the initial 
crack length, can be drown as reported in Fig. 5. Afterward, by fitting a 
line to the obtained points, the compliance calibration coefficients are 
obtained according to Eq. (3). 

AEWin software and PCI-2 system with a data sampling rate of 1Ms/s 
were used to record acoustic emission data. Two wideband single-crystal 
piezoelectric sensors, Nano-30, supplied by Physical Acoustics Com
pany, were used. The resonant frequency of the sensor is 300 kHz and its 
optimal working range is 125–750 kHz. The gain selector of the pre- 
amplifier was set to 40 dB. Vacuum silicone grease was used to 
improve the transmission of the signal between the specimen and the 
sensor. To eliminate background noises during the tests, a threshold of 
35 dB was considered. 

2.4. Clustering method 

Nowadays, clustering techniques are widely used in various in
dustries for data mining. In this method, objects are grouped in such a 
way that similar objects are placed next to each other in a category [39]. 
In the past, methods for data clustering have been proposed, which had 
shortcomings such as dependency on center initialization, slow 
convergence rate, local optimal trap, and etc. For this purpose, several 
algorithms based on swarm intelligence have been introduced for clus
tering and their performance has been proven. Swarm intelligence is a 
field of computational intelligence that is used to develop multi-agent 

Fig. 3. Cross section of fabricated laminate.  
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intelligent systems inspired by life. This approach has modeled the cu
mulative behavior of natural factors such as flocks of birds, fishes or etc. 
to build algorithms. In this paper, the Artificial Bee Colony (ABC) al
gorithm is used as an optimization solution for clustering of acoustic 
emission data. The ABC algorithm was first presented in 2005 by 

Karaboga [40] to optimize the real parameter inspired by the behavior 
of a bee colony. Additional explanations about this algorithm are given 
in the paragraph 3 of the supplementary information. 

3. Results and discussion 

In this section, the fracture test results, SEM micrographs and 
acoustic emission results are presented. 

3.1. The effect of the nanofibers on the fracture toughness 

The mechanical data recorded during the test are used to investigate 
the delamination behavior in the reference and modified samples 
toughened with 20, 40, 80, and 120 μm thick nanomat under mode I and 
mode II loadings. 

3.1.1. Mode-I loading 
Fig. 6-A illustrates the force-displacement curves of DCB tests. All 

curves show a comparable initial slope before crack propagation, which 
means that the interlayer toughening does not affect the specimen 
stiffness. However, the maximum load at the crack initiation was 
remarkably higher for all nanomodified specimens (50–60 N) compared 
to the reference one (35 N). After the first drop, in the crack propagation 
region, the reference, and the nano-interleaved C-20 and C-40 samples 
show a force displacement curve with a jagged profile, while for the C-80 
and C-120 the curve appears smooth. The multiple force drops are 
usually attributed to a fragile crack propagation, while the smooth 

Fig. 4. The dimensions of A) DCB and B) ENF specimens.  

Fig. 5. Compliance calibration test of the non-modified and nano-modified 
ENF specimens. 

Fig. 6. DCB tests results: (A) load–displacement curves; (B) R-curves related to the same specimens displayed in (A); (C) average GIC and GIR; (D) GI fold change (bars 
are expressed as the relative variation of the value with respect to the reference sample (C-Ref), whose value is set as 1.0). 
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propagation is characteristics of toughened materials. 
Fig. 6-B shows the R-curve, i.e., the variation of fracture toughness 

during the crack propagation, of all specimens types, calculated at each 
load drop in the curves of Fig. 6A. The GI curve trend for the reference 
and C-120 sample shows a plateau, while for the C-20, C-40 and C-80 it 
increases with the crack propagation. The increasing trend of R-curve is 
usually correlated to the crack bifurcating and carbon fiber tow 
breakage. Crack bifurcation increases the crack surface and hence en
ergy absorbed during the crack propagation, while the breakage of 
carbon fiber requires high energy values. 

In Fig 6-C, the fracture toughness values at the crack initiation (GIC, 
calculated at the maximum force) and crack propagation (GIR, calcu
lated in the 60–80 mm crack length range) are shown. All nanomodified 
specimens show an increase in the fracture toughness compared to the 
reference one in both initiation and propagation stages. This increase 
can reach up to 148 % at the initiation and 333 % at the propagation 
stages. Investigating the effect of nanomat thickness shows that the 
maximum fracture toughness values are related to C-40 sample, and any 
further increase in the nanomat thickness does not lead to further 
improvement in the fracture toughness (C-80) or even decreases the 
fracture toughness (C-120). The higher fracture toughness enhancement 
at the crack propagation stage compared to the initiation stage could be 
attributed to the crack bifurcating phenomena. 

3.1.2. Mode-II loading 
Fig. 7 presents the mode II fracture test results for non-modified and 

nanomodified laminates. Fig. 7-A and B shows that the maximum load of 
C-20 and C-40 samples is 12 % and 7 % more than the reference sample, 
respectively. On the other hand, the maximum load of two other 
nanomodified samples reduced in comparison with the non-modified 
one. Moreover the stiffness of C-80 and C-120 samples is lower than 
the others, due to excessive toughening of the interlayer. Similar to the 
DCB test, the R-curves of the ENF tests are presented in Fig. 7-B. In this 
case due to the stable and continuous propagation of the crack (without 
remarkable force drops), the GII at propagation was calculated at equally 

spaced points of crack length with a 5 mm step. As can be observed, 
similar to GI, GII increased during the crack propagation. In Fig 7-C, the 
fracture toughness values at the crack initiation (GIIC, calculated at the 
maximum force) and crack propagation (GIIR, calculated in the 40–50 
mm crack length range) are shown. 

As shown in Fig. 7C and D, the energy release rate in both initiation 
and propagation stages increased by 28 % and 43 % for C-20 sample. 
Further increasing the thickness of the nanomat has a detrimental effect 
on the fracture toughness of the hoisting material. In particular, the 120 
µm membrane leads to a 47 % decrease in the fracture toughness in the 
crack initiation stage. Generally, the fracture toughness enhancement by 
nanofiber interleaving at mode II is remarkably lower than mode I. 
Similar observations have been found in literature [41] for high 
toughened resin, in which the mode I interlaminar fracture toughness of 
the composite increased much more than mode II compared to the GI of 
the neat resin. This phenomenon has been attributed to load redistri
bution ahead of the crack tip for mode II due to microcracking ahead of 
the crack tip, which can be accomplished with fragile resins systems. 

3.2. Micrograph analysis of the crack path 

3.2.1. DCB specimen 
Fig. 8 shows the micrographs of crack growth path in DCB specimens. 

In non-modified specimen (C-Ref), the crack propagates straight forward 
through the mid-plane interlayer, while the crack path for the rubbery 
nanomodified specimens is generally more complex, except for the C- 
120. In C-20, C-40 and C-80 laminates, the crack propagates linearly at 
the beginning through the interlayer where it was induced by the Teflon 
sheet; then the crack diverges to propagates in the not toughened 
adjacent interface. During crossing the adjacent layer, the crack breaks 
the high-strength carbon fiber reinforcement, absorbing energy, and 
bifurcates, increasing the crack surface area and hence further 
increasing the fracture energy, confirming the mechanical test results. 
Regarding C-120 sample, the high thickness of the nanomat leads to a 
decrease in the interlayer strength compared to C-40 and C-80 samples. 

Fig. 7. ENF tests results: (A) load–displacement curves; (B) R-curves related to the same specimens displayed in (A); (C) average GI,C and GI,R; (D) GI fold change 
(bars are expressed as the relative variation of the value with respect to the reference sample (C-Ref), whose value is set as 1.0). 
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Despite in the C-120 laminate the crack propagates smoothly through 
the mid-plane interlayer as the reference one the recorded fracture en
ergy is higher. The cause of this discrepancy can be explained by the 
SEM surface micrograph analysis in the next paragraph. 

3.2.2. ENF specimen 
The effect of the rubbery nanofibers on the mode II delamination 

crack path is shown in Fig. 9. While the crack smoothly propagated in 
the reference laminate, the path displayed a jagged profile in most of the 
modified ones. The intensity of this profile is much more visible in C-20 
and C-40 samples in comparison to the other ones. This phenomenon is 
related the fact that the crack tries to divert from toughened interlayer 
and propagates in the less-toughness adjacent layers. However, if the 
crack tends to propagate in the adjacent interfaces, it has to break the 
adjacent high-strength carbon fiber layer. In the case of the C-120 
specimen, the interlaminar fracture toughness is reduced by the exces
sive amount of rubbery nanofibers and the crack propagates smoothly 
through it. 

3.3. SEM micrograph analysis of the crack surface 

To better understand the delamination behavior of the rubbery- 
modified composites with respect to the commercial non-modified 
CFRP, SEM investigation was carried out on both DCB and ENF delam
ination surfaces as shown in Fig. 10. 

3.3.1. DCB specimens 
Fig. 10A–J shows the SEM micrograph of the DCB samples fracture 

surface. The images in the same row refer to the same sample type. For 
each sample type, the left image is focused on the carbon fiber domi
nated zone of the fracture surface, and the right image is focused on the 
matrix dominated zone. It’s worth of mentioning that, since the crack 
deviated to other layers in some samples, SEM micrographs were per
formed on the delamination surfaces before the crack divert. The 
reference sample shows completely clean carbon fibers, and the matrix- 
rich regions surfaces appear smooth, meaning a low adhesion of the 
resin to the carbon fiber. While after interleaving NBR/PCL nanofibers, 
the carbon fiber surface is not visible anymore, meaning an enhanced 
adhesion of the resin to the carbon fiber. Moreover, the crack surface 
appears jagged, typical of toughened resin systems. It can be observed 
that higher is the thickness of the nanomat and less visible are the carbon 
fibers, meaning a better fiber-matrix adhesion. Furthermore, in the 
resin-rich zone of the nanomodified samples voids are visible, which can 
be related to cleavage phenomenon. This behavior is typical of tough
ened matrix in which its high strain to break brings to voids nucleation 
in front of the crack tip, followed by their coalescence and finally crack 
propagation [42]. As consequence of this mechanism, the energy 
required for the crack propagation increases. 

3.3.2. ENF specimens 
As shown in Fig. 10K–S, similar to what observed for DCB delami

nation surfaces, the higher the interleaved mat thickness, the higher the 

Fig. 8. Micrographs of DCB specimens after the tests.  

Fig. 9. Micrographs of ENF specimens after the tests.  
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toughening effect on the matrix morphology, as visible focusing on the 
matrix-rich region taken from ENF specimens. The use of the highest mat 
thickness (C-120, Fig. 10S) leads to an extended matrix toughening so 
that “plastic” regions reminiscent of bulk rubber are present. While 
macroscopically the resin morphology between the carbon fibers is quite 
different, the fibers’ aspect is in accordance with the observations done 
for the DCB delamination surfaces. Indeed, the unmodified interlayer 
displays clean carbon fibers, which becomes more affected by the 
toughened resin by increasing the interleaved nanofibers amount. 

3.4. The effect of the nanofibers on the damage mechanisms 

In the previous section, the effect of the thickness of rubbery nano
fibers mat on the fracture toughness of CFRP samples was investigated 
using mechanical data and SEM images. In this section, acoustic emis
sion is used to clarify how the rubbery nanofibers mat affects the 
dominant damage mechanisms of the CFRP samples. The flowchart of 
the acoustic emission data processing is depicted in Fig. 11. The details 

of each step will be presented hereafter. 
The eight main features, which are frequently used in the literature, 

are extracted from acoustic emission signals and presented in Table SI-2. 
Based on the data obtained from mode I and II test, the upper and lower 
limits of each features have been determined. In the next step, to elim
inate the features that do not provide valuable information for data 
clustering, features with higher discrimination capability are selected 
among all the extracted features. As shown in Table SI-2, the features 
have different units and their ranges are completely different, therefore, 
they are not comparable directly. To solve this problem, all features 
should be normalized in the range of 0–1. To this aim, each feature is 
divided by its maximum value. Then, descriptive statistical analysis has 
been done using the box chart analysis. In this plot, five main parameters 
are shown, including: the median, the first quartile, the third quartile, 
and the data min and max. All data are shown with 96.8 % confidence 
interval in Fig. 12. Therefore, the five features with the most discrimi
nating ability for further analysis are A, PCNTS, AVG FREQ, D, and R. 
Then, for easier manipulation and analysis, dimensional reduction 

Fig. 10. Optical and SEM micrographs of delamination planes of DCB and ENF specimens after testing.  

Fig. 11. The proposed workflow for damage classification using acoustic emission.  
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should be done, for this purpose, Principal Component Analysis (PCA) 
method has been used for the five selected features. New independent 
variables (principal component) have been created using the PCA 
method to maximize the variance (increasing data discrimination po
tential). These variables are linear functions of the initial variables. The 
PCA method has more details that can be discovered in Pashmforoush 
et al. [35] As mentioned, five initial variables have been selected in this 
research (A, PCNTS, AVG FREQ, D, and R), so most of the information 
can be found in the first principal variable and then the rest in the 
second. The two principal components of the PCA for AE signals (PCA 1 
and PCA 2) that lead to the most discrimination between AE dataset are 
shown in Fig. 13. 

Then, the ABC algorithm was used to cluster the AE data into three 
clusters by minimizing the following objective function: 

WCD =
∑k

j=1

∑

x∈Cj

d
(
x,mj

)
=

∑n

i=1
min⏟⏞⏞⏟
1≤j≤k

d(xi,mi)

Where k is the number of clusters, x illustrates a data point, Cj is cluster j, 
mj demonstrates the centroid of cluster j, d is the Euclidean distance, and 
n indicates the total numbers of data. The algorithm stopped after the 
defined maximum number of iterations, which is set at 200. 

While utilizing supervised classification, the training dataset de
termines the number of classes in advance. However, unsupervised 

clustering requires finding the best number of clusters and the Cal
inski–Harabasz criteria was employed. This method use an iterative 
optimization process to find the best number of clusters. The Cal
inski–Harabasz criterion defines the objective function as a function of 
the ratio of the variance between clusters to the variance within clusters 
[43]. The optimal number of clusters is indicated by the highest value of 
the Calinski–Harabasz criterion. As shown in Fig. 14 for the current AE 
dataset, the optimal number of clusters for the AE dataset is 3. 

As example, Fig. 15 shows the resulting clustered data and the value 
of the objective function in each iteration for C-20. The ABC algorithm 
converged to the best clustering solution after ~40 iterations, as shown 
in Fig. 15A. Each cluster corresponds to a range of the amplitude. M. 
Fotouhi and M.A. Najafabadi has specified the corresponding range of 
amplitude for each type of fracture mechanism: matrix cracking, matrix/ 
fiber debonding and fiber breakage correlate to the lowest, average and 
highest amplitude ranges, respectively. 

Fig. 16 summarize the results of AE clustered data, according to the 
procedure described above, for all types of laminates tested in Mode I 
(Fig. 16A) and II (Fig. 16B). The y-axis represents the fraction of events 
for each type of fracture mechanism (matrix/fiber debonding, fiber 
brakeage, matrix cracking), out of the total events that happened during 
the test. It is worth mentioning that since the crack deviated to other 
layers in some samples, acoustic emission data was analyzed up to the 
moment of the crack deviation. The AE evaluation was performed only 
in this range to focus on the effect of the toughening interlayer (where 
nanofibers were interleaved) and not when the crack divert from it and 
propagates in other non-toughened interlayers. 

For mode-I (Fig. 16A), it can be observed that with increasing of the 
nanomat thickness the contribution of matrix cracking on the overall 
mechanism increases up to C-40 to then decrease for higher thickness. 
On the contrary, the matrix/fiber debonding decreases up to C-80 to 
then increase. Fiber brakeage seems to have no correlation with the 
nanomat thickness. In conclusion, by increasing the nanomat thickness 
up to 40–80 um the energy dissipated by matrix cracking increase, while 
fiber/matrix debonding decreases. AE findings correlate the mechanical 
results of Fig. 6, in which the GIC increases by increasing the nanomat 
thickness up to 40 µm to then decrease (in agreement with matrix 
cracking trend), and the SEM micrographs of Fig. 10, in which the 
adhesion of the matrix is enhanced by the nanofibers interleaving (hence 
a decrease of the matrix / fiber debonding) and the crack surface appears 
more jagged (meaning an increase of absorbed energy by matrix 
cracking). On the contrary, as observed by the SEM micrographs of the 
fracture surfaces of Fig. 10, the amount of broken fibers has no corre
lation with the nanomat thickness. 

Fig. 16-B illustrates the percentage of different damage mechanisms 
under mode-II loading conditions. Generally, slightly changes were 
observed in AE results, confirming the mechanical results reported in 
Fig. 7. Indeed, matrix/fiber debonding is comparable for the in C-Ref, C- 
20, and C-40 samples, while the slightly increase for the C-80 and C-120. 

4. Conclusion 

In this study, the influence of NBR/PCL nanofiber mat thickness (20 
μm, 40 μm, 80 μm, and 120 μm) on fracture behavior and various 
damage modes, i.e. matrix cracking, fiber/matrix debonding, and fiber 
breakage, is investigated. For a deep consideration, SEM micrographs, 
AE analysis, and optical microscope was also applied. The following 
results were concluded:  

1- NBR/PCL blend nanofibers could considerably increase the fracture 
toughness although their effectiveness was more remarkable for 
mode-I fracture load.  

2- The optimum thickness of nanofibrous mat was 40 μm and 20 μm in 
mode-I and mode-II loading, respectively. It should be mentioned 
that increasing the thickness from 20 μm to 40 μm did not cause a 
high reduction of fracture toughness during mode-II. Therefore, 40 

Fig. 12. The results of a descriptive statistical analysis for the AE data of the 
DCB test. 

Fig. 13. The PCA components for the AE data of the DCB test.  
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μm nanomat thickness can be chosen as the optimum thickness for 
both modes.  

3- SEM micrograghs of sample tested under mode-I loading showed that 
cleavage phenomenon is visible in resin-rich area which is a typical 
behavior in toughened matrix.  

4- AE analysis of DCB specimens proved that interleaving nanofibers 
caused significant decrease in fiber/matrix debonding except in C- 
120 which has similar behavior with the reference; on the other hand 
it led to increase in matrix cracking.  

5- The trend of AE data is different in ENF samples. Interleaving the 
nanofibers caused slight increase in fiber/matrix debonding while 
fiber breakage decreased. This reduction is remarkably high for C- 
120 sample. 

In conclusion, a toughening threshold for mode I and II was found for 

rubbery nanofiber interleaving thickness. This behavior was explained 
by the antithetic effects between toughening and strength of the inter
leaved interface. The observation were confirmed by SEM and AE 
emission analysis. 
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