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Abstract

This paper presents an experimental investigation on epoxy resin-carbon
fibers composites interleaved with Nylon 6,6 nanofibers. In particular, the
paper focuses on the effect of the thickness of the nanoreinforce into two types
of laminae: unidirectional (UD) and plain wave (PW). The effectiveness of
the nanoreinforce has been addressed by comparing critical and propagation
energy release rates, calculated by testing samples under Mode I and Mode
II fracture mechanic loads.
Experiments show a general improvement in delamination resistance when
the nanofibers are interleaved. Nevertheless slightly different behaviour has
been found between the two types of lamina: micrographs of crack paths have
been used to explain the reinforce mechanisms and such differences, suggest-
ing a strong interaction between the nature of the fabric and the thickness
of the nanointerlayer.
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1. Introduction

Interleaving composite laminates with polymeric nanofibers is now an es-
tablished method to reduce the risk of delamination without affecting the
in-plane properties of the original laminate [1]. The authors have already
deeply investigated mechanical properties of carbon fiber reinforced plastic
(CFRP) interleaved with Nylon 6,6 nanofibers produced by electrospinning
[2–6], showing very positive results.
Plenty of research has been done on the topic of composites interleaved with
nanofibers, and there is a general agreement that under certain conditions
of resin-polymer compatibility, size and amount of interleave, and type of
material, nanofibers can bring significant benefits to the composite [7–11].
This paper presents an experimental campaign on samples made of unidirec-
tional (UD) and Plain Weave (PW) laminae, aiming (i) to investigate the
effect of the thickness of the nanoreinforce, and (ii) to study the different
behaviours of the two types of laminae when interleaved with nanofibers.
Specimens have been tested under double cantilever beam (DCB) and end
notched flexure (ENF) load modes. The energy release rates at initiation
(GC) and propagation (GR) of the crack have been determined for each con-
figuration to assess the effect of the nanointerleave.
Molnar et al. [12] Charpy-impacted UD and PW specimens, showing 11%
and 7% improvement respectively in interlaminar shear strength when na-
nofibers are employed. Bilge et al. [13] used P(St-co-GMA) copolymer to
produce nanofibers to interleave (0)6 and (0/90)6,woven laminates, which have
been uni-axial tested. They showed that the ultimate tensile strength in-
creased 12% and 18% in UD and PW laminates respectively. Fracture me-
chanics is of primary importance for the study of the delamination behaviour
of materials, and the only work comparing fracture mechanics behaviour of
UD and PW nanomodified samples is that of Daelemans et al. [14]. They
tested virgin and nanomodified samples under Mode I and Mode II load-
ing condition, using two different density of PA6,6 and PA6,9 nanofibrous
veils. Their results showed that nanofibre-interleaved specimens had large
improvement of GII,C both for UD and PW laminates. Poorer results have
been found on Mode I crack propagation, due to a less optimal loading of
the nanofibres, dependent on the primary reinforcement fabric architecture,
and the presence of a carbon fibre bridging zone. Their results, supported
by Scanning Electron Microscopy (SEM) pictures of the fractured surfaces,
highlight the importance of nanofiber bridging in arresting the crack propa-
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gation.
In this paper a different outcome has been found, as well as a different re-
inforcing mechanism; micrographs of the crack path taken on the tested
specimens will be used to explain the results.
Liu et al. [15, 16] nanoreinforced laminates with epoxy 609 polymer, and
tested samples under Mode I and Mode II loads with different thickness of
the nanoreinforce. They found that 70 and 128.1 µm are the optimal nanor-
einforce thickness for Mode I and Mode II loads respectively: values lower or
above those cause the interlaminar fracture toughness to drop down. Zhang
et al. [17] investigated the effect of polyetherketone cardo (PEK-C) nanofibre
interlayer thickness onto carbon/epoxy composites, showing that increasing
nanofibre interlayer thickness improves the fracture toughness but compro-
mises the flexure performance. Zhang et al. [18] used dissolvable thermo-
plastic interleaves and electrospun fibers. They tested 4 different nanofibrous
thicknesses showing a constant trend of improved energy release rates at both
initiation and propagation stages.
This present paper shows a general improvement of energy release rates when
a nanolayer is interleaved, with significantly better results for woven lami-
nates.
Micrographs of the crack paths have been used to explain the said differences
and to illustrate the reinforcing mechanism.

2. Materials and methods

2.1. Sample preparation

UD samples have been prepared stacking 20 plies of 130 g/m2 unidi-
rectional carbon/epoxy prepreg (HS15/130DLN2-IMP505L) supplied by Im-
pregnatex Composite Srl (Milan, Italy).
PW samples have been prepared stacking 14 plies of 220 g/m2 plain weave
prepreg (GG204P-IMP503Z), supplied by Impregnatex Composite Srl (Mi-
lan, Italy)
Nylon 6,6 Zytel E53NC010 provided by DuPont was used for producing na-
nofibers by means of electrospinning using the process parameters showed in
[19]. The polymer solution was made dissolving 20% of Nylon 6,6 in a 70:30
mixture of TFA and Formic Acid. Nanofibers of 350-400 nm diameter were
randomly distributed in 40 and 90 µm thick mats. Nanofibers were kept in
oven at 40oC overnight to remove residual solvents and moisture before being
integrated into the laminate.
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Before the curing process, all samples were put under vacuum (850 mbar) for
24 hours to ensure the perfect penetration of the matrix into the nanofibrous
mat. Then all samples where cured following the curing cycle described in
[20]
Nanomodified specimens were interleaved in the mid-plane with the nanofi-
brous mat as presented in [20]. A 30 µm thick PTFE film was also inserted
in the mid-interface of all the specimens during the lay-up to create an initial
artificial crack.
From here on in virgin samples will be identified with the character ”V”, and
nanomodified ones with the characters ”NY”.
In total 6 different configurations have been manufactured as summarised in
Table 1.

Code Nanofibers Mat thickness Fabric
VUD no - UD
VPW no - PW

NY40,UD yes 40µm UD
NY90,UD yes 90µm UD
NY40,PW yes 40µm PW
NY90,PW yes 90µm PW

Table 1: Summary of the tested configurations

For each configuration a rectangular panel was fabricated, and 6 samples
were extracted from each one: half of them where tested under mode I, the
other half under Mode II. No appreciable differences in thickness between V
and NY samples have been registered.

2.2. Fracture Mechanics Tests

2.2.1. Mode I tests

DCB samples have been prepared according to the ASTM D5528 [21]:
140 mm long, 20 mm wide, initial crack of 45 mm, aluminium blocks glued
on the tip for the application of the load.
DCB tests have been performed in order to calculate the energy release rate
for mode I loading GI , using Eq. 1, from the Modified Beam Theory (MBT)
presented in [21]:
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GI =
3Fδ

2Ba
(1)

where F , δ, B and a are the force, the displacement of the load head, the
specimen width and the crack length respectively.
The tests were carried out in a servo-hydraulic press machine (Instron 8033)
equipped with a dedicated in-house designed and manufactured 250 N load
cell, under displacement control condition, at a constant crosshead speed of
3 mm/min. A uniball-like feature on the grippers avoided any undesired
loads. During each test, the load-displacement curve was recorded and the
crack propagation was visually determined by means of a high-resolution
camera focusing on the edge of the specimen.
For a better understanding of the results, the crack propagation is split into
two stages: the initiation stage, in which the delamination onset starts from
the artificial crack (critical energy release rate, GI,C) and the propagation
stage evaluating the crack between 60 and 80 mm of length (propagation
energy release rate, GI,R).

2.2.2. Mode II tests

No official international standard for ENF tests has been developed so
far, therefore the authors followed the guidelines provided in [22], and man-
ufactured specimens 130 mm long, 20 mm wide, with an initial crack of 28
mm. The span between the two supports was 80 mm.
From the ENF tests the levels of critical and propagation fracture toughness,
GII,C and GII,R respectively, have been determined for each specimen using
Eq. 2 [22]:

GII =
9Fδa2

2B (0.25L3 + 3a3)
(2)

where L is the span width.
The tests were carried out in a servo-hydraulic press machine (Instron 8033)
equipped with a 2 kN load cell, under displacement control condition, at
a constant crosshead speed of 1 mm/min. During each test, the load-
displacement curve was recorded and the crack propagation was visually
determined by means of a high-resolution camera focusing on the edge of the
specimens.
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3. Results and discussion

The next section presents separately the results of the two types of test,
highlighting the different effect of the nanofiber interleaving the two different
types of prepreg.

3.1. DCB

Figure 1 shows the force-displacement curves of the representative sample
of each configuration.
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Figure 1: Representative DCB force-displacement curves

The maximum force registered during the tests has been extracted from
the charts and presented in Table 2.

The presence of the nanofiber postpones the crack initiation and increases
the maximum force value on both UD and PW laminates.
As mentioned above, GI has been calculated several times during the tests,
and the resulting R-curves, showing the energy release rates GI,C and GI,R

as function of the crack length, are plotted in Figure 2.
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Figure 2: Representative R-Curves for DCB tests

It can be observed that for all the specimens the values of GI are minimum
at the beginning of the crack propagation and then increase significantly up
to the stable value.
GI,C and GI,R have been determined and presented in Figure 3 and Table 2.
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Figure 3: Initiation and propagation energy release rate for Mode I loading.

Results show a general improvement on both UD and PW samples when
the nanofibers are employed. Nevertheless, two different effects can be ob-
served:

- from the R-curves in Figure 2, the fracture toughness increases due
to the presence of the nanofiber for woven laminates is registered at
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Fmax (N) GI,C (J/m2) GI,R (J/m2)
UD

Mean ∆ (%) Mean ∆ (%) Mean ∆ (%)
V 45.12±1.77 - 328±39 - 618±62 -

NY40 49.47±2.52 +10±7 514±11 +56± 12 668±62 +8± 14
NY90 51.5±3.88 +14±10 484±62 +48± 23 687±78 +11± 16

PW
Mean ∆ (%) Mean ∆ (%) Mean ∆ (%)

V 46.63±1.43 - 311±40 - 673±78 -
NY40 55.37±2.93 +19±7 718±70 +131± 31 938±40 +40± 14
NY90 62.47±1.69 +34±5 1091±18 +250± 35 1496±133 +122± 27

Table 2: Results of DCB tests

both initiation and propagation stages. On the other hand, the frac-
ture toughness increment for UD laminates is only regustered at the
initiation, while inprovement at propagation are negligible;

- the bar graphs in Figure 3 show that fracture toughness increases in
PW laminates whit the nanofiber mat thickness, while UD laminates
are not affected by the nanoreinforce thickness.

The reason for this phenomena will be clarified by the micrograph analysis
shown in §3.3.

3.2. ENF

Figure 4 shows the force-displacement curves of the representative sam-
ples of each configuration, extracted during ENF tests.
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Figure 4: Representative ENF force-displacement curves

The force vs. displacement curves for UD laminates show an abrupt drop
of the load associated to a sudden non-stable crack propagation, making the
rest of the test useless for the purposes of this paper; on the other hand, in
woven laminates the crack propagates stably with a stick-slip behaviour.
The maximum force registered during the tests has been extracted from the
charts and presented in Table 3.

As mentioned above, GII has been calculated several times during the
tests, and the results are plotted in Figure 5.
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Figure 5: Representative R-Curves for ENF tests
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For the reason explained above, experiments on UD samples allowed to
measure fracture toughness only at the initiation stage; tests carried out on
PW samples instead have been also completed for propagation stage.
Critical and propagation energy release rates are plotted in the charts of
Figure 6.
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Figure 6: Initiation and propagation energy release rate for Mode II loading

Table 3 summarises the increments of GII due to the nanofiber interleav-
ing.

Fmax (N) GII,C (J/m2) GII,R (J/m2)
UD

Mean ∆ (%) Mean ∆ (%) Mean ∆ (%)
V 859±54 - 1211±207 - N/D -

NY40 962±62 +12±10 1952±127 +61± 20 N/D -
NY90 1045±2 +22±6 1966±80 +62± 19 N/D -

PW
Mean ∆ (%) Mean ∆ (%) Mean ∆ (%)

V 849±13 - 1762±10 - 3254±189 -
NY40 944±22 +11±4 2536±207 +44± 12 3514± 337 +34± 10
NY90 1060±42 +25±5 4359±238 +99± 19 4314±137 +32± 7

Table 3: Results of ENF tests

Results show a general improvement on both UD and PW samples when
the nanofibers are employed. Similarly to what shown for Mode I, at the
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initiation stage, fracture toughness of UD laminates is not influenced by the
nanofiber mat thickness, while PW laminates show growing rates of perfor-
mance with the increase of the mat thickness. Different results can be seen at
propagation stage, where PW GII,R is not affected by the nanomat thickness.
Overall, higher increments are registered for Mode I than Mode II.

3.3. Micrography

The results illustrated in the previous sections can be explained with
micrographs. By means of an optical microscope, images of crack paths have
been captured to investigate the nanofiber’s reinforce mechanism
Photographs in Figure 7 show the crack paths of DCB PW V , NY40 and
NY90 samples. Green lines indicate the nanolayer.

(a) Crack path in a DCB PW V specimen

(b) Crack path in a DCB PW NY40 specimen

(c) Crack path in a DCB PW NY90 specimen

Figure 7: V and NY crack paths from DCB PW samples.

The above images give an indication of of the nano reinforcement mech-
anism. Figure 7a shows the crack following a linear path, with very small
deviations from an ideal straight line, and a few small extra fractures on the
adjacent layers, as indicated by the purple arrows. Nanomodified samples,
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shown in Figures 7b and 7c, instead, show a different behaviour: while propa-
gating, the crack deviates from the toughened, nanoreinforced interface, and
is forced to follow a longer, zig-zag shaped path, as pointed by yellow and
red arrows. It will cause to break not only a larger amount of matrix, but
also some of the carbon fibers belonging to the adjacent layers, thus requiring
higher energy to propagate in comparison with pristine specimens.
Furthermore, comparing Figure 7b with Figure 7c, it can be noted that the
thicker nanofibrous mat covers almost the entire interlayer, filling also those
areas that due to the woven nature of the fabric, present higher matrix con-
tent (the so-called resin pockets). The same can not be said for the thinner
interlayesr, which only partially cover the interface. Thicker nanolayer can
effectively link the two plies it is inserted between along the entire interface.
Therefore, crack propagation in PW NY90 specimens is constantly hindered
by the nanointerlaye and forced to bifurcate and propagate through the car-
bon tow of adjacent layers.
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(a) Crack path in a DCB UD specimen

(b) Crack path in a DCB UD NY90 specimen

Figure 8: Crack paths of DCB V and NY90 samples. Crack starts top-right

Photographs in Figure 8, top to bottom, right to left, shows the crack
paths of DCB virgin and nanomodified UD samples, and two main things
can be observed:

- the crack, induced by the Teflon layer, tents to propagate through
the nanointerlayer (Figure 8b), which makes the reinforce to play an
active role in hindering the crack initiation and increasing the fracture
toughness at the onset. On the other hand, during the propagation
stage, the crack deviates from the toughened region to the adjacent,
not reinforced interlayer, propagating along the direction of the carbon
fibres. The same would happen for PW laminates (see Figure 7b and
Figure 7c) if it was not for the more complex texture of the woven
fabric, which stops the propagation of the crack inside the carbon layer,
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and forces it to stay in the nano-modified interlayer. This explains
the ineffectiveness of the nanofibers on crack propagation inside UD
laminates and their opposite effect on woven fabric;

- the different influence of the nano-mat thickness on the fracture tough-
ness of UD and PW laminates can be explained comparing the two
cross sections in Figure 7c and Figure 8b: UD laminates, having all the
carbon fibres aligned along one direction, create a flat thin interlayer,
while the woven nature of PW laminates creates a wavy thick inter-
layer. It is therefore necessary a thicker nanoreifnroce to cover all the
interface to make it effective against crack propagation.

4. Conclusion

This paper presented an experimental study on the effect of the thickness
of a nanofibrous interlayer into plain wave and unidirectional epoxy-based
composite laminates.
The results showed a significant improvement when nanofibers are employed
under both DCB and ENF loading conditions for both the UD and PW
configurations of laminate.
In general better results have been found for PW samples, for DCB loads,
and for thicker nanoreinforce.
The increased critical energy release rates GI,C and GII,C , proved that the
presence of nanofibers hinder the crack initiation by reinforcing the matrix.
Furthermore, micrographs showed that during the propagation stage, the
crack in nanomodified samples is forced to break a larger amount of matrix
compared to virgin samples, requiring higher energy to propagate, and that
this energy increases with the thickness of the nanoreinforce.
UD samples are less affected by nanofibers due to the fact that the crack
tends to cross plies and not to propagate in the same interface the nanolayer
is laid.
Eventually the micrographs explained the mechanical results, suggesting a
strong interaction betwenn the nature of the fabric and the thickness on the
nanoreinforce. In general the nanoreinforce increases the fracture toughness
at the initiation for all the configurations, while the propagation stage is
significantly dependent on the amount of the reinforce and on the nature of
the fabric.
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