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Experimental and statistical analysis of
carbon fiber/epoxy composites
interleaved with nylon 6,6 nonwoven
fabric interlayers

Bertan Beylergil1 , Metin Tanoğlu2 and Engin Aktaş 3

Abstract

Thermoplastic interleaving is a promising technique to improve delamination resistance of laminated composites. In this

study, plain-weave carbon fiber/epoxy composites were interleaved with nylon 6,6 nonwoven fabrics with an areal weight

density of 17 gsm. The carbon fiber/epoxy composite laminates with/without nylon 6,6 nonwoven fabric interlayers were

manufactured by VARTM technique. Double cantilever beam fracture toughness tests were carried out on the prepared

composite test specimens in accordance with ASTM 5528 standard. The experimental test data were statistically

analyzed by two-parameter Weibull distribution. The results showed that the initiation and propagation fracture tough-

ness Mode-I fracture toughness of carbon fiber/epoxy composites could be improved by about 34 and 156% (corres-

ponding to a reliability level of 0.50) with the incorporation of nylon 6,6 interlayers in the interlaminar region,

respectively. The results also revealed that the percent increase in the propagation fracture toughness value was 67

and 41% at reliability levels of 0.90 and 0.95, respectively.
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Introduction

Carbon fiber/epoxy (CF/EP) composites have been
found in many engineering applications since they
offer significant weight reduction and better corrosion
and fatigue resistance compared to their metal counter-
parts. Delamination is the most dominant failure mode
observed in these materials which promotes damage
growth and premature failure. Therefore, researchers
have devoted significant attention to searching tech-
niques for improving delamination resistance of these
materials.1–4

Recently, interleaving technique based on insertion
of an interleaf material at the interlaminar region has
been developed. Various interleaf materials such as
thermoplastic and thermoset films, nonwoven fabrics
(micro or nano) and self-same resin interleaf materials
can be used for improving interlaminar fracture tough-
ness (IFT) of laminated composites. In this technique,
interleaf material does not increase uncured resin vis-
cosity and veil fibers are almost uniformly distributed in

the resulting laminate as compared to filler toughen-
ing.5,6 The following paragraph summarizes some of
the recent studies on the effects of microfiber interleav-
ing on the mechanical properties of different types of
laminated composites.

Saz-Orozco et al.7 investigated the effects of poly-
amide (PA) and polyethylene terephthalate (PET)
veils on the IFT of a glass fiber/vinyl ester (GF/VE)
composites. The authors showed that PET veils have
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no significant effect on the IFT of composites while PA
veils increased the mode I IFT values at crack initiation
and propagation levels improved by 59% and 90%,
respectively. Nash et al.8 and O’Donovan et al.9 also
showed that IFT of CF/benzoxazine (BE) and GF/
polyester (PE) composites could be increased by
352% and 170%, respectively. Fitzmaurice et al.10

also showed that PET veils were not effective for
improving Mode-I IFT of the GF/PE composites due
to the weaker glass/resin interface providing an alter-
native crack propagation path. It was shown that the
incorporation of PET veils had positive effects on the
flexural strength, interlaminar shear strength and
damping properties of the composites. Kuwata11

showed that PE nonwovens had the potential to
improve IFT of CF/EP composites by 83%. Miller
et al.12 showed 40% increase in GIc with the addition
of polyurethane (PU) veil. Ni et al.13 investigated the
effects of aramid nonwoven fabrics on the mechanical
properties of CF/bismaleimide (BMI) composites.
Mode I IFT (GIc), Mode II IFT (GIIc) and interlaminar
shear strength of CF/BMI composites were also
improved by 38.6%, 15.5% and 10.2%, respectively,
with the incorporation of aramid nonwoven veils.
Ramirez et al.14 investigated the effects of polyether
ether ketone (PEEK) and polyphenylene sulfide (PPS)
interleaf materials on the delamination resistance of
CF/EP composites. The authors showed that PEEK
and PPS were promising interleaf materials for improv-
ing fracture toughness of these composites significantly.
Lee et al.15 investigated the effects of carbon nonwoven
fabrics on the Mode-I fracture toughness under differ-
ent temperatures. They concluded that the Mode-I frac-
ture toughness was not significantly affected with the
incorporation of carbon nonwoven fabrics under room
temperature. Although few studies exist in the literature
on the effects of nylon 6,6 microfibers on the IFT of
laminated composites, further research is needed to
clarify the effects of these microfibers on the IFT of
laminated composites.

The Weibull distribution was firstly proposed by
W. Weibull in 1939 and since then it has become one
of the most important probability distributions for
interpreting experimental data from various engineer-
ing fields and other science disciplines.16 Recently,
Ono17 published a comprehensive review on the meth-
ods for simplifying estimation of the Weibull modulus.
Due to the anisotropic behavior of composite materials,
it is difficult to predict the mechanical properties of
fiber reinforced composites accurately. Naresha
et al.18 and Dirikolu et al.19 focused on the reliability
analysis of tensile strengths of glass/epoxy (GF/EP) and
carbon/epoxy (CF/EP) composites using Weibull distri-
bution. Zhou et al.20 carried out three-point bending
tests on the neat CF/EP and MWCNTs reinforced

CF/EP composites and analyzed the test data using
the two-parameter Weibull distribution. Fracture
toughness of a composite material is not a deterministic
property due to the stochastic nature of its microstruc-
ture. During the crack propagation, different fracture
and/or toughening mechanisms are activated, and,
thereby causing the scatter in fracture toughness.21

Therefore, it is important to employ statistical analyses
for quantifying the fracture toughness of composites.
To the best of the authors knowledge, this is the first
study in which the effects of nylon 6,6 nonwoven fabrics
on the IFT of CF/EP composites was statistically ana-
lyzed at different reliability levels.

In this study, nylon 6,6 microfibers were used as
interleaf materials for improving delamination resist-
ance of CF/EP composite laminates manufactured by
VARTM technique. Double cantilever beam (DCB)
tests were carried out on the reference and nylon 6,6
interleaved composites in accordance with ASTM 5528
standard. The Mode-I fracture toughness values were
statistically analyzed by two-parameter Weibull distri-
bution. The statistical results were presented at various
reliability levels. Also, a comprehensive comparison of
micro and nanofiber interleaving technique was made
in the following sections.

Experimental

Manufacturing of CF/EP composite specimens

Plain woven carbon fabrics (with an areal weight dens-
ity of 650 gsm (grams per square meter), Metyx
Composites) were used as the primary reinforcement.
The epoxy resin and its corresponding hardener
(Momentive L160/H160, weight ratio: 80:20) were
used as the matrix material. Commercial nylon 6,6 non-
woven fabrics (N-FusionTM) at an areal density of
17 gsm (thickness: 80 mm) were provided by Cerex
Advanced Fabrics Inc., USA. Scanning electron
microscopy (SEM) observations were made to deter-
mine the morphology of the nylon 6,6 nonwoven fab-
rics. The specimens were sputter-coated with gold for
90 s and examined under a Philips XL 30 S FEG SEM.
The SEM images of the nylon 6,6 nonwoven fabrics are
shown in Figure 1. The average fiber diameter was
determined as 20 mm.

Differential scanning calorimetry (DSC) and thermal
gravimetric analysis (TGA) were carried out to deter-
mine the degradation, melting and glass transition tem-
perature of the nylon 6,6 nonwoven fabrics by Mettler
Toledo TGA DSCþ 3. Figure 2 shows the DSC and
TGA curves of the nylon 6,6 nonwoven fabrics. In
TGA analysis, the samples were heated from room tem-
perature to 1000�C at a heating rate of 10�C/min under
a nitrogen atmosphere. The degradation temperature
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was determined as 393.8�C. In DSC analysis, the sam-
ples were heated from room temperature to 350�C at a
heating rate of 10�C/min under a nitrogen atmosphere.
The melting and glass transition temperature of the
nylon 6,6 nonwoven fabrics were determined as
256.9�C and 87.3�C, respectively. DSC and TGA ana-
lyses clearly indicated that the PA 66 microfibers would
retain their structure in the cured laminate since the
curing temperature (80�C) was much lower than the
melting and degradation temperature of the nylon 6,6
nonwoven fabrics.

The reference (eight woven carbon plies) and nylon
6,6 toughened (eight woven carbon pliesþ one nylon
6,6 nonwoven fabric) CF/EP composite laminates
were produced by vacuum-infusion. Schematic repre-
sentation of the lamination sequence of CF/EP com-
posites with/without nylon 6,6 nonwoven fabrics is
shown in Figure 3. The nylon 6,6 nonwoven fabric
was only placed between the fourth and fifth plies to
obtain minimal thickness change which directly affects
the GIc values. A non-adhesive film (Cytec Vac-Pak�

A6200, thickness: 12 mm) was placed at the midplane of
the laminate to act as a crack starter for the

delamination. The fabric stack was completely infused
with the epoxy resin, then it was cured at room tem-
perature followed by a proper post-curing at 80�C for
12 h as recommended by the manufacturer. The average
thickness of the reference and nylon 6,6 interleaved
composite specimens was determined as 5.11mm. The
reference and nylon 6,6 interleaved composite speci-
mens were prepared by water jet cutting process. One
of the longitudinal edges of the prepared composite
specimens was painted white and marked for easier
observation of the crack propagation.

Mode-I fracture toughness tests

The Mode-I IFT of the reference and nylon 6,6 inter-
leaved composite specimens was determined by DCB
testing in accordance with ASTM 5528.22 For each
group, at least five specimens were tested as recom-
mended in the standard. Schematic representation of
the DCB test specimens is shown in Figure 4.

The DCB experiments were carried out by using a
Shimadzu AGS-X universal test machine fitted with
a 1-kN load cell. Each specimen was loaded with a

Figure 1. SEM images of nylon 6,6 microfibers at different magnification levels; (a) �50, (b) �100 and (c) �250.

SEM: scanning electron microscopy.

Beylergil et al. 4175



crosshead speed of 1mm/min until the delamination
crack propagated along the full length of specimen.
During the tests, the delamination growth was observed
with a magnifying glass. For each crack jump, the load,
opening displacement and crack length values were
noted during the tests. GI was calculated by using
Modified Beam Theory given below22

GI ¼
F

N

3P�

2b aþ �j jð Þ
ð1Þ

where P, �, b and a are the applied load, opening dis-
placement, width and delamination length, respectively.
D is determined by generating a least squares plot of the
cube root of compliance (C1/3) as a function of delam-
ination length. F and N are the correction parameters;
the former accounts for tilting of the aluminum blocks
whereas the latter considers the stiffening of the speci-
men by the blocks. These correction parameters can be
determined by using the equations given below22
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where the dimensions of t and L0 are also illustrated in
Figure 4. The initiation fracture toughness (GIc, ini)
value was determined as the value of GIc at which
the delamination was visually observed on the edge
of the specimen. The fracture toughness during the
steady-state crack propagation (GIc, prop) value was
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Figure 2. (a) DSC and (b) TGA curves of the nylon 6,6 non-

woven fabrics.

DSC: differential scanning calorimetry; TGA: thermal gravimetric

analysis.
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Figure 3. Vacuum infusion setup and schematic representation of lamination sequence of the woven composites.
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calculated as the average of the GIc values during
crack propagation.

Statistical analysis

In this study, the two-parameter Weibull distribution
was used in the analysis of experimental data from frac-
ture toughness tests. The density function, cumulative
distribution function and reliability are given in equa-
tions (4) to (6), respectively. Here, F(x) represents the
probability that the fracture toughness is equal or less
than x and R(x), the reliability is the probability that
the fracture toughness is at least x16

f x;�,�ð Þ ¼
�

�
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�

� ���1
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,x40,�40,�40
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R xð Þ ¼ exp �
x

�
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where a and b are the scale and shape parameters,
respectively. These parameters were determined by
using median rank regression method. In this method,
a simple algorithm is used. First, the experimental data
are sorted in ascending order and x(i) denotes the ith
smallest observation. Benard’s approximation (equa-
tion (7)) was used to estimate the median rank of x(i).
The term of 1-F(x) twice-logged (equation (8)) and the
linear regression based on least squares minimization

was applied to the paired (X, Y) values (equation (9)),
the scale and shape parameters were obtained23
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Results and discussion

Experimental and statistical results

Figure 5 shows the load-displacement curves of the ref-
erence and nylon 6,6 interleaved composite test speci-
mens. The force increased with increasing displacement
until it reached a maximum value then the force
decreased as the crack jumps ahead in the interlaminar
region. With increasing displacement, as the crack
grows, a zig-zag pattern was obtained in the load-dis-
placement curves of the composite specimens.

The average maximum force of the reference and
nylon 6,6 interleaved composite specimens were deter-
mined as 83.5� 3.0N and 138.8� 9.3N, respectively.
The average maximum force of the nylon 6,6 inter-
leaved composites was 66.2% higher than that of the
reference composites. The average maximum displace-
ment of the reference and nylon 6,6 interleaved

1 mm marks

Non-adhesive film 

(crack starter)

PA 6,6 nonwoven 

fabric

P

P

Woven CF/EP 

composite

h (total thickness)

Figure 4. Schematic representation of the DCB test specimens.

DCB: double cantilever beam.
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composite specimens were determined as 23.8� 3.3 and
37.3� 6.9mm, respectively. The average maximum dis-
placement of the nylon 6,6 interleaved composites was
about 57% higher than that of the reference compos-
ites. The enormous increase in the force and displace-
ment values can be attributed to that the microfiber
bridging connects the two crack tips in the delaminated
region of nylon 6,6 interleaved composites. The delam-
ination crack interacted with thousands of randomly
oriented/inclined nylon 6,6 microfibers in the interlami-
nar region and resulting in microfiber bridging. As the
crack grew in the delaminated region, more energy was
required to break the nylon 6,6 microfibers. Figure 6
shows least squares plot of the cube root of compliance
(C1/3) versus delamination length of the reference and
nylon 6,6 interleaved woven composites.

Figure 7 shows the Mode-I fracture toughness (GIc)
versus delamination length (a) curves, in other words
the resistance curves of the reference and nylon 6,6
interleaved composite specimens. As can be seen in
Figure 7(a), the reference woven composites had a char-
acteristic resistance curve with a zig-zag pattern. The
GIc values increase/decrease as the crack propagated.

This is due to the unstable crack propagation in woven
composites. Figure 7(b) shows the resistance curve of
the nylon 6,6 microfiber interleaved composites. The
nylon 6,6 interleaved composites specimens showed dif-
ferent behavior as compared to the reference compos-
ites. The GIc values showed an increasing trend with
increasing delamination length at the beginning of
DCB experiments. This increasing trend is one of the
main characteristics of the extensive fiber bridging
which will be discussed later.24 However, a small
decrease in the fracture toughness values was observed
after the crack propagated about 25mm. The reason
for this decrease can be explained in Figure 8 schemat-
ically. In the reference composite specimens, the crack
propagated in the weak fiber/matrix interface, which
resulted in lower fracture toughness values. On the
other hand, in the nylon 6,6 interleaved composites,
the crack jumped to the nylon 6,6 interlayer and pro-
pagated in this layer. Therefore, the steady-state crack
propagation fracture toughness values increased as the
crack continued to propagate in this layer. In this
period, an extensive fiber bridging occurred which
could be observed with naked eyes (please see side
view of the nylon 6,6 interleaved composite specimen
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Figure 5. Load-displacement curves of the (a) reference and

(b) nylon 6,6 interleaved composite specimens.
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shown in Figure 8) during the tests. The crack contin-
ued its journey in the nonwoven/nonwoven interface
instead of carbon fiber/matrix interface. Once the
crack encountered a relatively weak carbon fiber-
epoxy matrix interface, the crack jumped to this inter-
face, which resulted in a small decrease in steady-state
fracture toughness values.

The average crack propagation fracture toughness
values of reference and nylon 6,6 interleaved compos-
ites were determined as 0.531� 0.08 kJ/m2 and
1.345� 0.14 kJ/m2, respectively. The incorporation of
nylon 6,6 interlayers in the interlaminar region led to
significant increase of about 155.2% in the crack propa-
gation fracture toughness values. The average max-
imum fracture toughness values of the reference and
nylon 6,6 interleaved composites were determined as
0.66� 0.08 kJ/m2 and 1.82� 0.13 kJ/m2, respectively.
This corresponds to 173.4% increase in the maximum
fracture toughness values as compared to the reference
composite specimens. The initiation fracture toughness of
the reference and nylon 6,6 interleaved composites were
calculated as 0.561� 0.05 and 0.752� 0.118kJ/m2,
respectively. The initiation fracture toughness increased

by about 34% with the addition of nylon 6,6 nonwo-
ven interleaf material as compared to reference speci-
mens. It was also noteworthy that the standard
deviation values of nylon 6,6 interleaved composites
were higher (almost four times) than those of the ref-
erence composites. The crack jumps from fiber/matrix
interface to interlayer and/or from interlayer to fiber/
matrix interface during Mode-I loading. As a result,
the fracture toughness data of nylon 6,6 interleaved
composites deviated to a large extent from the average
values showing a wider variation as compared to the
reference composite specimens. Therefore, it can be
said that it is required to conduct statistical analysis
of the test data for the safe design of nylon 6,6 inter-
leaved composites. Table 1 summarizes the experimen-
tal results of the reference and nylon 6,6 interleaved
composite specimens under Mode-I loading.

Figure 9 shows the linear regression analysis results
for reference and nylon 6,6 interleaved composites.
Linear regression data statistics of reference and nylon
6,6 interleaved composites are shown in Table 2. The
Weibull moduli of the reference and nylon 6,6 inter-
leaved composites were determined as 7.28 and 4.34,
respectively. The Weibull parameters a (scale) and b
(shape) for reference and nylon 6,6 interleaved compos-
ites were determined as 0.56401 and 7.28725, 1.4895 and
4.3426, respectively. Due to the nylon 6,6 nonwoven
interlayers, the scale parameter increased whereas the
shape parameter decreased as compared to reference
composites. This indicates the high fracture toughness
scatter of interleaved composites. Figure 10 shows the
GIc versus reliability (R(x)) plots for reference and nylon
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6,6 interleaved CF/EP composites. As expected, fracture
toughness values decreased with increasing reliability
levels. This decrease was more pronounced in the
nylon 6,6 interleaved CF/EP composites due to higher

standard deviations. It was noteworthy that the average
steady-state crack propagation Mode-I fracture tough-
ness value of nylon 6,6 interleaved composites approxi-
mately corresponded to a reliability level of 0.50. For
reliability levels of 0.90 and 0.95, the steady-state crack
propagation Mode I fracture toughness decreased from
the average value of 1.345 kJ/m2 to 0.887 kJ/m2 and
from 1.345 kJ/m2 to 0.751 kJ/m2, respectively. The per-
cent increase in fracture toughness value due to nylon 6,6
nanofibers was determined as 67% and 41% at reliabil-
ity levels of 0.90 and 0.95, respectively.

The comparison of the current study with the other
results in the literature is shown in Table 3. The
increase in IFT associated with different interleaf
materials (at micro or nanoscale) and composite sys-
tems were reported. As can be seen, nylon 6,6 micro-
fibers are the most effective interleaf materials
compared to the others. Our findings were shown to
be consistent with the results reported in the literature.
Another important observation was that the effective-
ness of nonwoven interleaving system depends on the
ability of fiber bridging of the microfibers. CF and PET
microfibers remained inside of the epoxy matrix and
they did not participate in fiber bridging mechanism
during Mode-I loading. Therefore, only small improve-
ments were obtained in fracture toughness values with
the incorporation of these microfibers in the interlami-
nar region of composites.

It can be also seen in Table 3 that there is a relation-
ship between the number of microfibers (in other
words, areal weight density) and the fracture toughness.
Interleaving heavy microfiber nonwoven fabrics
increases the effectiveness of the interleaf material;
however, it deteriorates the other in-plane mechanical
properties such as tensile, compressive and flexural
properties.31 For instance, Beylergil et al.25 studied

Table 1. Mode-I fracture toughness test results.

Specimen

Maximum

force (N)

Maximum

displacement (mm)

GIc,prop

(kJ/m2)

GIc,max

(kJ/m2)

Reference composites 1-1 84.62 22.96 0.504 0.597

1-2 83.40 21.40 0.609 0.793

1-3 83.22 24.68 0.456 0.685

1-4 87.42 29.19 0.519 0.599

1-5 79.02 21.09 0.568 0.659

Average� SD 83.5� 3.0 23.8� 3.3 0.531� 0.08 0.667� 0.08

Nylon 6,6 interleaved composites 2-1 138.27 27.43 1.213 1.733

2-2 129.82 44.49 1.505 1.953

2-3 129.75 36.48 1.278 1.703

2-4 150.47 34.86 1.278 1.747

2-5 145.65 43.32 1.4838 1.982

Average� SD 138.8� 9.3 37.3� 6.9 1.345� 0.138 1.824� 0.133
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the tensile and compressive properties of a carbon/epoxy
[0o]4 laminate interleaved with the 17 and 50 gsm nylon
6,6 nonwoven fabrics. They showed that the tensile and
compressive strength decreased with improved areal
weight density by about 41% and 13%, respectively.
The trade-off between fracture toughness and in-plane
mechanical properties can be minimized by doping
some nanoparticles on interleaf material. A recent study
by Quan et al.26 showed that the performance of light-
weight PPS could be increased significantly by doping
different nanoparticles such asmulti-walled carbon nano-
tubes (MWCNTs) and graphene nanoplatelets (GNPs)
on the interleaf material. They stated that it was possible
to improveMode-I fracture toughness of CF/EP compos-
ites about 210% by using only 5-gsm PPS nonwoven
fabric. Doping the thermoplastic interleaf material with
GNPs and/or MWCNTs can be the solution for the
reduced electrical conductivity which limits their usage
in the aircraft structures.

Microfiber vs nanofiber interleaving

Table 3 shows the comparison of microfiber and nano-
fiber interleaving technique on the delamination resist-
ance of laminated composites. Most of the studies
focused on the nylon 6,6 nanofiber interleaving in the

literature. It is obvious that nylon 6,6 is the most pro-
mising material among the other polymers in terms of
improvement in delamination resistance of laminated
composites. It is noteworthy that nanofiber interleaving
is more effective than microfiber interleaving. The
delamination resistance of laminated composites
could be improved significantly by using smaller
number of nanofibers in the interlaminar region as
compared to microfiber interleaving. For instance, it
was shown that the incorporation of nylon 6,6 nanofi-
bers with an areal density of 1.0 g/m2 led to significant

Table 3. A comparison of the results of current study with the

other micro/nano interleaving systems reported in the literature.

Reference

Composite

system

Interleaf

material

Areal

weight

density

% Increase

in IFT

This study CF/EP m-nylon 6,6 17 155

7 GF/VE m-nylon 6,6 17 90

8 CF/BE m-nylon 6,6 34 352

9 GF/PE m-nylon 6,6 17 170

10 GF/VE m-PET 45 12

11 CF/EP m-PE 20 83

12 GF/PE m-PU 15 40

13 CF/BMI m-AR 16 108

14 CF/EP m-PEEK 11 102

14 CF/EP m-PPS 40 133

15 CF/EP m-CF 12 28

25 CF/EP m-nylon 6,6 17 171

26 CF/EP m-PPS-MWCNTs 5.0 210

26 CF/EP m-PPS-GNPs 5.0 159

27 CF/EP n-nylon 6,6 1.5 55

27 CF/EP n-nylon 6,6 4.5 156

27 CF/EP n-nylon 6,6 9.0 173

28 CF/EP n-nylon 6,6 1.0 50

29 CF/EP m-AR 8.5 72

30 CF/EP m-PET 8.0 85

30 CF/EP m-PPS 5.0 65

VE: vinlyester; BE: Benzoxazine; m: micro; n: nano; PE: polyethylene; BMI:

bismaleimide; PET: Polyethylene terephthalate; AR: aramid; PU: polyur-

ethane; PEEK: Polyether ether ketone; PPS: Polyphenylene sulphide;

MWCNTs: multi-walled carbon nanotubes; GNPs: graphene

nanoplatelets.
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Figure 10. GIc vs. reliability plots for reference and nylon 6,6

interleaved CF/EP composites.

CF/EP: carbon fiber/epoxy.

Table 2. Linear regression statistics.

Observations (n) Multiple-R R2 Adjusted R2 Standard error

Reference composites 60 0.93677 0.87754 0.93546 0.31204

Nylon 6,6 interleaved composites 67 0.99405 0.98814 0.98796 0.13520
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increase in Mode-I fracture toughness values of CF/EP
composites about 50%.

As in the case of microfiber interleaving, there is a
relationship between the number of nanofibers in the
interlaminar region and fracture toughness improve-
ment. Beckermann and Pickering27 showed that it was
possible to improve fracture toughness about 55% by
using PA nanofibers with an areal weight density of
1.5 g/m2. The delamination resistance of composites
was improved by 155% as the areal weight density
was tripled. Then, the improvement in fracture tough-
ness reached a plateau with the increase of nanofiber
amount (9.0 g/m2) in the interlaminar region. As previ-
ously stated, although the microfiber interleaving
improves Mode-I fracture toughness significantly, it
deteriorates in-plane mechanical properties of compos-
ite laminates due to the reduced fiber volume fraction,
thickness increase and formation of voids.25 In nanofi-
ber interleaving technique, it is possible to improve not
only delamination resistance but also in-plane mechan-
ical properties of composite laminates. This win-win
situation is the unique characteristic of nanofiber inter-
leaving technique. For instance, Molnar et al.32 showed
that the incorporation of polyacrylonitrile (PAN)
nanofibers could improve the interlaminar shear
strength of unidirectional CF/EP composites by 11%.
Also, they showed that the flexural strength and modu-
lus of these composites could be increased by 21% and
54%, respectively. Charpy impact test results showed
that the energy to maximum force could be increased
by 64% by incorporating PAN nanofibers in the inter-
laminar region of CF/EP composites. It is noteworthy
that the proper selection of polymer type is a critical
issue considering the benefits provided in terms of
mechanical performance.

The nanofiber interleaving technique can be con-
sidered the best solution for the delamination problem
in the laminated composites. Technological develop-
ments in multi-nozzle electrospinning devices also
makes this technique more promising. A fascinating
example is the Nanospinner Industrial Electrospinning
Line developed by Inovenso Inc., which has a nanofiber
production capacity of 5 kg per day.33 The nanofiber
interleaving technique is evolving and can be used
in engineering structures that are subjected to the out-
of-plane loading in service and particularly prone to
delamination. Instead of using in the whole structure,
the critical areas such as near holes, notches and sharp
corners, where the risk of delamination is high, can be
locally interleaved with polymeric nanofibers.

The transition of the nanofiber-interleaving tech-
nique into commercial products has already started,
and now the first commercial supplies of thermoplastic
nano interlayers are on the market. However, there are
some issues that should be considered before

commercialization step. For instance, the use of
highly volatile and hazardous chemicals such as
formic acid and chloroform is the critical issue that
needs to be considered. Another critical issue is that
the producing of electrospun nanofibers with uniform
diameter and thickness since the diameter of nanofi-
bers34 and the thickness of nanointerlayers27 were iden-
tified as two key factors that play the primary role in the
success of nanofiber interleaving. To create electrospun
nanofiber interlayers uniformly, the multiple-nozzle
electrospinning process should be continued for a long
period of time. During this period, the polymeric solu-
tion may solidify at one of the nozzle tips (clogging or
blockage of the nozzles) which slow down or obstruct
the electrospinning process. To fully startup the electro-
spinning device again, time-consuming procedures are
required. Moreover, the clogging of the nozzles may
cause the loss of stability. If the electrospinning process
is unstable, the thickness and diameter of the nanofibers
will not be uniform. The thickness/diameter variations
in the nanofiber interlayers will cause significant increase
in the standard deviations.

Concluding remarks

In this study, nylon 6,6 nonwowen fabrics were used as
interleaf materials for improving Mode-I delamination
resistance of CF/EP composite laminates manufactured
by VARTM technique. DCB tests were carried out on
the reference and nylon 6,6 interleaved composites in
accordance with ASTM 5528 standard. The Mode-I
fracture toughness values were statistically analyzed
by two-parameter Weibull distribution. The experimen-
tal and statistical results were presented at different reli-
ability levels. Summarizing the presented results, the
following conclusions could be drawn:

. The initiation fracture toughness of CF/EP compos-
ites by about 34% using nylon 6,6 nonwoven fabrics
in the interlaminar region.

. The crack propagation Mode-I fracture toughness of
CF/EP composites could be increased by about
156% using nylon 6,6 nonwoven fabrics in the inter-
laminar region.

. The nylon 6,6 microfibers prevented the CF/EP plies
from opening and slowed down the crack propaga-
tion in the interlaminar region. The main toughening
mechanism was microfiber bridging between the
adjacent plies of CF/EP composites.

. The steady-state crack propagation Mode-I fracture
toughness value of nylon 6,6 interleaved composites
corresponded to a reliability level of 0.50. The per-
cent increase in fracture toughness value was 67%
and 41% at reliability levels of 0.90 and 0.95,
respectively.
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. Weibull probabilistic method could be used for reli-
able and safe design of nylon 6,6 interleaved com-
posite laminates.
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toughness of carbon fiber/epoxy composites interleaved
by aramid nonwoven veils. Steel Compos Struct 2019; 31:

113–123.
30. Quan D, Bologna F, Scarselli G, et al. Interlaminar frac-

ture toughness of aerospace-grade carbon fibre reinforced

plastics interleaved with thermoplastic veils. Compos A
Appl S 2020; 128: 105642.

31. Garcı́a-Rodrı́guez SM, Costa J, Rankin KE, et al.

Interleaving light veils to minimise the trade-off between

mode-I interlaminar fracture toughness and in-plane
properties. Compos A Appl S 2020; 128: 105659.

32. Molnar K, Kostakova E and Meszaros L. The effect of

needleless nanofibrous interleaves on mechanical proper-
ties of carbon fabrics/epoxy laminates. Express Polym
Lett 2014; 8: 62–72.

33. Nanospinner 416 Industrial Electrospinning Line; ino-

venso, https://www.inovenso.com/portfolio-view/nanos-
pinner416 (accessed 3 October 2020).

34. Zhang J, Lin T and Wang X. Electrospun nanofibre

toughened carbon/epoxy composites: Effect of polyeter-
ketone cardo (PEK-C) nanofibre diameter and interlayer
thickness. Compos Sci Technol 2010; 70: 1660–1666.

4184 Journal of Composite Materials 54(27)

https://www.inovenso.com/portfolio-view/nanospinner416
https://www.inovenso.com/portfolio-view/nanospinner416

