
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=yadm20

Advanced Manufacturing: Polymer & Composites Science

ISSN: 2055-0340 (Print) 2055-0359 (Online) Journal homepage: https://www.tandfonline.com/loi/yadm20

Delivering interlaminar reinforcement in
composites through electrospun nanofibres

T. R. Pozegic, S. G. King, M. Fotouhi, V. Stolojan, S. R. P. Silva & I. Hamerton

To cite this article: T. R. Pozegic, S. G. King, M. Fotouhi, V. Stolojan, S. R. P. Silva & I.
Hamerton (2019) Delivering interlaminar reinforcement in composites through electrospun
nanofibres, Advanced Manufacturing: Polymer & Composites Science, 5:4, 155-171, DOI:
10.1080/20550340.2019.1665226

To link to this article:  https://doi.org/10.1080/20550340.2019.1665226

© 2019 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.

Published online: 19 Sep 2019.

Submit your article to this journal 

Article views: 428

View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=yadm20
https://www.tandfonline.com/loi/yadm20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/20550340.2019.1665226
https://doi.org/10.1080/20550340.2019.1665226
https://www.tandfonline.com/action/authorSubmission?journalCode=yadm20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=yadm20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/20550340.2019.1665226
https://www.tandfonline.com/doi/mlt/10.1080/20550340.2019.1665226
http://crossmark.crossref.org/dialog/?doi=10.1080/20550340.2019.1665226&domain=pdf&date_stamp=2019-09-19
http://crossmark.crossref.org/dialog/?doi=10.1080/20550340.2019.1665226&domain=pdf&date_stamp=2019-09-19
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aDepartment of Aerospace Engineering, School of Civil, Aerospace, and Mechanical Engineering, Bristol Composites Institute
(ACCIS), University of Bristol, Queen’s Building, University Walk, Bristol, UK; bAdvanced Technology Institute, Department of
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ABSTRACT
Electrospun nonwoven veils comprising thermoplastic fibres (average diameter 400–600nm)
based on polysulfone (PSU), polyamide (PA-6,6), and polyetherimide (PEI) have been fabri-
cated and used as interlaminar reinforcements in carbon fibre composites containing a com-
mercial epoxy resin (8552/IM7). Samples were tested for their interlaminar properties and
improvements were observed in the initial mode I interlaminar toughness of 30% (PA-6,6),
36% (PEI), and 44% (PSU), while improvements of 7% (PSU) and 8% (PEI) were observed in
the propagation of the mode I interlaminar toughness. A reduction of 11% was observed for
the propagation of the mode I interlaminar toughness for PA-6,6. Post-testing analysis of the
cross-section and the fracture surface revealed that the crack front avoids the reinforcement
significantly for PA-6,6. For mode II, however, this failure mechanism leads to improvements
of 30% in interlaminar toughness for the PA-6,6, whereas the other reinforcements display
negligible (PEI) and 31% reduction (PSU) interlaminar toughness.
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1. Introduction

The list of successful applications in which compos-
ite materials have been employed has been increas-
ing significantly year-on-year. Their attractive low-

weight, high tensile properties, combined with a
high corrosion resistance, has led to adoption in
items from as small as protective mobile phone
cases, to those as large as jumbo-sized aircraft.
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Recent reports predict the global end-product mar-
ket of composites is expected to reach $113.2 billion
by 2022 [1]. Of these, perhaps the most widely rec-
ognized amongst the general public are carbon fibre
reinforced polymers (CFRP). Despite a list of
impressive properties, these materials are generally
poor in the resistance to delamination initiation and
propagation, thus poor in impact resistance.
Unfortunately, these failure modes are difficult to
monitor [2]. One particular mode of failure, com-
posite delamination, may lead to loss of stiffness,
compressive residual strength, development of local
stress concentrations, and instability, further devel-
oping the delamination. Therefore, enhancements in
these areas are of critical importance to composite
research and applications.

Numerous strategies have been employed to try
and alleviate composite delamination weakness such
as: laminate stitching [3], use of fuzzy fibres [4],
critical ply termination [5], matrix toughening [6],
and edge cap reinforcement [7]. However, most of
these methods have detrimental effects on other
physical/manufacturing properties, such as:
increased laminate thickness, poor resin flow, non-
uniform reinforcement distributions, and reduction
of the in-plane mechanical properties [4, 8–10]. A
promising solution, with fewer compromises, is the
incorporation of a polymer interlaminar reinforce-
ment, more specifically (although not exclusively), a
nonwoven nanofibre veil [11]. Compared to conven-
tional microfibres, nanofibres provide a number of
advantages, for instance: high porosity, which is crit-
ical for the necessary impregnation and wet-out of
the fibre reinforcement [12], and a high surface-to-
volume ratio enhancing interfacial adhesion. Given
the relative brittleness of the thermoset matrix,
upon interlaminar crack formation, it has been
demonstrated that the presence of a ductile thermo-
plastic non-woven interlayer provides an effective
resistance to crack initiation and propagation [13].

Electrospinning is a common method for the
production of non-woven nanofibres [13]. It

employs high voltages to electrostatically accelerate
viscoelastic polymer solutions from a spinneret to a
target, uniaxially stretching the fibres until solidifi-
cation. Nanofibre production via electrospinning is
a well-established industrial technique and, being a
relatively versatile process, it is currently utilised for
a large range of applications, including: structural
materials (including textiles [14]), composites [15],
energy [16], filtration [17], and biological (cell and
tissue growth and drug delivery) [18, 19]. As a
method to improve the interlaminar properties of a
composite, electrospinning offers many benefits over
other techniques for producing nanofibres, provid-
ing engineering controls over parameters such as:
fibre orientation [20], fibre diameter [21], crystallin-
ity [22], porosity, inclusion of nano-structures [23],
and surface-to-volume ratio; it is suitable for sol-
vents with low volatility (for instance, polar aprotic
solvents such as dimethyl sulfoxide (DMSO), b.p.
189 �C at 1 atm.).

A selection of polymers has been implemented as
nanofibre veil reinforcements. Polyamide 6,6 (PA-
6,6) [12, 13] has been a popular option and is com-
mercially offered by Revolution Fibres Ltd. (e.g.
Xantu.LayrVR ). The popularity of polyamide is
founded on the fact that it is relatively inexpensive,
easily processable, has superior mechanical proper-
ties to other potential polymer candidates and has a
melting point (268.8 �C) greater than the curing
point of most thermoset matrices [13]. A recently
published review by Palazetti et al. [13] has com-
piled mechanical testing results on polymeric nano-
fibre modifications. To review, a selection of results,
where the methodology is similar to that presented
in this work will follow. For clarity, see Table 1.

The addition of PA-6,6 as a non-woven interlami-
nar toughening interleaf has resulted in improve-
ments in the mode I performance; for instance
Shivakumar et al. [9] reported enhancements of 152
and 31% in GIc,i and GIc,p, respectively, where GIc,i is
the critical mode I interlaminar toughness at the initi-
ation point and GIc,p is the critical mode I interlami-
nar toughness during propagation. However,
reductions in interlaminar toughness were also
reported for PA-6,6; both Daelemans et al. [24] and
Alessi et al. [25] saw reductions in GIc,p of 41 and
22%, respectively. Other polymers have displayed
enhancements: poly(styrene-co-butadiene-co-styrene)
(SBS) displayed 90% improvements in GIc,i for glass
fibres [27] and polycaprolactone (PCL) displayed 94%
and 27% improvements in GIc,i and GIc,p (for glass
fibres), respectively [28]. In the latter case, interest-
ingly, van der Heijden et al. observed greater
improvements with a double fibre interleaf than a sin-
gle interleaf. Reductions were also observed by poly-
mers: poly(amide-imide) (PAI) displayed 58% and

Table 1. Selection of modes I and II results from literature,
highlighting improvements and reductions in interlami-
nar properties.
Interleaf Ref. GIc,i GIc,p GIIc,i
PA-6,6 [9] 152% 31%

[24] �41%
[25] �22%
[26] 109%

SBS [27] 90%
PCL [28] 94% 27%

[12] 7%
PAI [12] �58% �68%

[29] 56%
PVA [13] �12%
PVDF [29] 57%
PES [12] 20%
PVB [12] �6%
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68% reductions in GIc,i and GIc,p, respectively [12]
and poly(vinyl alcohol) (PVA) displayed a 27% reduc-
tion in GIc,i [13]. Crack propagation between both
sides of the interlaminar reinforcement have been
observed leading to nanofibre bridging [30] and thus
increasing the energy required for delamination. For
mode II, improvements in GIIc,i of: 109% have been
reported for PA-6,6 [26]; poly(vinylidene difluoride)
(PVDF)—57% [29]; PAI—56% [12]; polyethersulfone
(PES)—20% [12]; and PCL—7% [12]. However,
poly(vinyl butyral) (PVB) was reported to display a
reduction in mode II performance of 6% [12]. Liu
et al. [31, 32] determined the optimum thickness of
epoxy 609 nano-reinforcement to be 70 lm (for mode
I) and 128.1lm (for mode II).

Evidently, there are discrepancies and mixed
results when employing interleaves in the interlami-
nar region. This could be a consequence of the vari-
ability of interleaf fabrication or how the interleaf
co-exists with the composite. Furthermore, although
the results listed are closely related to the work in
this article, there are variables that are inconsistent
(number of plies, testing methodology, for example).

In this publication, we explore the effects of a
range of interlaminar reinforcement veils using
high-performance polymers; polysulfone (PSU) and
polyetherimide (PEI), chosen, because of their com-
patibility with epoxy resin and a commercially avail-
able interlaminar reinforcement product, Xantu.LayrVR .
The Xantu.LayrVR veils used had an areal weight of
1.5 g/m2, which at this loading, has been reported to
increase mode I fracture toughness by 173% and
mode II interlaminar fracture toughness by 69% [33].

Both PEI and PSU polymers were electrospun to
produce a nonwoven nanofibre veil, before being
incorporated into a unidirectional prepreg CFRP
composite. All composites, along with benchmark
samples (based on HexTow IM7 fibres and HexPly
8552 epoxy) containing no reinforcement veil were
then subjected to quasi-static modes I and II failure
testing. The cross-sections of the delaminated sam-
ples were further investigated, using scanning elec-
tron microscopy.

PEI (ULTEMVR 1000), is an amorphous thermo-
plastic (specific gravity: 1.27) with a Tg of 217 �C. It
is defined by the aromatic imides which are incor-
porated with ether linkages which provide chain
flexibility [34]. PA-6,6 (specific gravity: 1.14) is a
semi-crystalline, aliphatic polymer with repeating
amide linkages with a Tg of 50 �C. PSU (UdelVR ) is
an amorphous thermoplastic (specific gravity: 1.24)
with a Tg of 190 �C. It is composed of 1,4-phenylene
units linked by isopropylidene, ether, and sulfone
moieties. The high degree of resonance, as a conse-
quence of the sulphone group and the benzene ring,
results in the polymer having high strength.

However, flexibility in the backbone provided by the
ether linkage moderately augmented by the isopro-
pylidene linkages imparts toughness.

2. Methodology

2.1. Materials

All materials used in this study were used as
received, without further purification or modifica-
tion. N-Methyl-2-pyrrolidinone (NMP) and N,N’-
dimethylformamide (DMF), were purchased from
Sigma Aldrich (Merck). Polysulfone (UdelVR

Bisphenol A PSU) was supplied by Solvay (Wilton,
UK) and polyetherimide (ULTEMVR 1000, PEI) was
acquired from Plastics International. The electro-
spun polyamide (PA-6,6, Xantu.LayrVR , 1.5 g/m2)
interlaminar veils were supplied by Revolution
Fibres Ltd. [35]. The carbon fibre prepreg was com-
posed of HexPly 8552 (toughened epoxy) and
HexTow IM7 (intermediate modulus carbon fibre)
obtained from Hexcel.

To prepare each of the electrospinning solutions,
the chosen polymers were dissolved over 12 hours
under constant magnetic stirring at room tempera-
ture. To produce the PEI nanofibres, 20 wt.% PEI
was dissolved in NMP [36]; to produce the PSU
nanofibres, 20 wt.% PSU was dissolved in a 1:1 mix-
ture of DMF and NMP [37, 38]. The nanofibres
were electrospun with a set-up consisting of a
Glassman power supply connected to an in-house
built single needle electrospinning rig, positioned
perpendicular to a high-speed cylindrical rotating
collector, with the polymer solutions pumped using
a Chemyx OEM syringe pump. To produce the PSU
nanofibres, the needle was subjected to a potential
difference of þ15 kV, with the solution pumped at
700 ll per hour; whereas to produce the PEI nanofi-
bres, the needle was subjected to a potential differ-
ence of þ18 kV, with the solution pumped at 600 ll
per hour, in order to avoid needle ‘blobbing’. In
each case, the spinneret was positioned approxi-
mately 15 cm from a rotating collector (300 rpm).
The atmospheric conditions during both electrospin-
ning sessions were controlled by an air handling
unit at a temperature of 21 �C, and a relative
humidity between 31 and 34%.

Four (300� 300mm2) laminates were fabri-
cated—150� 140mm2 for double cantilever beam
(DCB) testing (Figure 1), 150� 160mm2 for end-
notched flexure (ENF) testing. Of these, half were
reinforced with the nanofibre interleaf; the other
half served as benchmarks (BM). The lay-up was
[0]24 using Hexcel IM7/8552 and cured following
the manufacturer’s instructions. All samples were
cut using a diamond saw and prepared in accord-
ance with ASTM guidelines.
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The DCB procedure described in this work fol-
lowed the ASTM (2007) guidelines [39], of nominal
size of (140� 20) mm2 composed of [0]24, IM7/
8552 plies. A schematic diagram of the DCB sample
used for the test is shown in Figure 1. The initial
crack was created by laying a 20 mm polyimide (PI)
nonadhesive film 50mm from the end of the sam-
ples in the centre plane. Steel hinges were adhered
to the sample using an epoxy adhesive (DP490,
3M). A Shimadzu AGS-X (1 kN load cell) testing
instrument was used with a cross-head displacement
rate of 1mm/min. Crack propagation was moni-
tored using a standard DSLR camera in video mode
and data were collected at a rate of 10Hz. Samples
were not pre-cracked as the initial fragmentation
(without pre-cracking) has been reported to provide
additional information on the veil’s perform-
ance [33].

The Modified Beam Theory (MBT) was chosen
for the data reduction method, as recommended
by the ASTM D 5528 standard [39]. In this
method, the strain energy release rate (GIc), is cor-
rected for the rotation at the delamination point
as follows:

GIc ¼ 3Pd

2b aþ Dj jð Þ (1)

where P is the load; d is the load point displace-
ment; b is the sample width, and a is the crack
length from the load point. By creating a least
squares plot of the cube root of compliance as a
function of the delamination length, D can be deter-
mined by the value of the x-axis intercept. Given
the samples did not display large deflections, high
interlaminar fracture toughness or low flexural
modulus, no additional corrections were made.

ENF samples were fabricated with the same fibre/
matrix as the DCB specimens—IM7/8552, with [0]24
plies and with a polyimide interleaf placed 50mm
from the end of the specimen. The length was
marked with white corrective paste and allowed to
dry completely to enable the paint to fracture in a

brittle manner. An Instron 8872 mechanical testing
instrument was used, with a 10 kN load cell and
operated at 1mm/min.

The mode II fracture toughness can be evaluated
as [40, 41]:

GIIC, i ¼ 9a2Pcdc
2B 2L3 þ 3a3ð Þ (2)

where dc is the critical defection at the loading point; L
is the specimen half-span; a is the delamination length,
Pc is the critical load, and B is the specimen width.

To observe how the crack propagated along the
mode I and II test samples, a representative sample
of each reinforcement and the benchmark were cut
along the width by a diamond saw at two locations:
one directly at the crossover point of the nonadhe-
sive film and the sample or veil reinforcement (GIc)
and a second, 25mm beyond the first (�GIp). The
samples were polished using a Buehler EcoMet 250
Pro, with the following polishing procedure: Buehler
P400 SiC for 4min (water cooled), P1200 SiC for
4min (water cooled), 1mm diamond suspension on
polishing pad for 4min, and 0.3 mm diamond sus-
pension on polishing pad for 4min. For all, the load
applied was 25N and the platen and head speed
were 150 and 40 rpm, respectively. The samples
were cleaned using distilled water. The cross-sec-
tions of the samples were analyzed in a Hitachi
TM3030 at 15 kV with a combined backscattered
and secondary electron detector. To observe the
fracture surfaces, the entire tested length of repre-
sentative mode I and II samples were divided in
three sections, sputter coated with Ag to prevent
charging, and analyzed using a SEM (JEOL IT300)
at 15.0 kV with a secondary electron detector. SEM
images of the nanofibers were taken using a FEI
Quanta 200 operating at 20 kV.

3. Results

The electrospun PSU and PEI nanofibres were ana-
lysed before incorporation into the composites,

Figure 1. Nominal dimensions are stated for (a) mode I, double cantilever beam and (b) mode II, end-notched flexure config-
urations. Dashed lines within samples represent the nonadhesive insert, ‘r’ represents radius.
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allowing any differences to be highlighted. It has
been observed that there are no advantages to elec-
trospinning straight on to the carbon fibre as
opposed to collecting the fibres and laying up dur-
ing the lay-up procedure [13]. The SEM micro-
graphs of the resulting PEI and PSU nanofibres
(Figure 2) revealed that the average diameters were
780 ± 20 and 430 ± 10 nm, respectively. The meas-
ured nanofibre areal weights for each veil were 11.8
and 12.2 g/m2, for PEI and PSU, respectively, which
is over an order of magnitude greater than the com-
mercially available Xantu.LayrVR (1.5 g/m2). Although
a matched areal weight for each veil would have
been ideal, in this case this was not possible, due to
the limited supply of material available at the time
of testing. Around 12 g/m2 was chosen for our elec-
trospun veils (PSU and PEI) as it was an average for
all of the previous veils tested where areal weight
was reported [9, 12, 24, 27, 28].

In total, three of each: benchmark (no reinforce-
ment), PSU, PEI, and PA-6,6 reinforcements were
tested for the interlaminar fracture toughness (GI) by
progressing a mode I fracture in a DCB configuration.

Crack propagation with a sharp crack front was
progressive with fibre bridging in all samples, albeit
of varying amounts (Figure 3). Fibre bridging is a

well-reported phenomenon that enhances interlami-
nar toughness and is typically only seen in unidirec-
tional fibre specimens [4]. A small correlation
between fibre bridging and the interlaminar fracture
toughness was observed in this work.

Figure 4 displays the raw data of load against the
crosshead displacement. The maximum loads achieved
for the BM are more consistent than the interlaminar
reinforced specimens. For each of the interlaminar
reinforced sample types, there is an increase in the
maximum load in comparison to the benchmark. In
addition, there is a different response post-maximum
load for the interlaminar reinforced samples, this has
been emphasised with Figure 4(ai–ci). Evidently, all
interlaminar reinforced samples have suppressed the
delamination, by minimizing the load drop, post-ini-
tial fragmentation.

Figure 5 displays the GI results for uncorrected
(a–c) and following correction for rotation at the
delamination point (ai–ci) for the BM, PA-6,6, PEI,
and PSU, respectively; after the initial crack, the GI

is steady. As expected, the corrections have reduced
the interlaminar toughness of the specimens, but
interestingly, have subdued the enhancements in
PEI and PSU that were observed, pre-correction. To
improve the analysis of the results, the GI was

Figure 2. SEM micrographs of the electrospun PEI and PSU nanofibres, combined with their corresponding histograms of the
measured nanofibre diameters. The average diameter of the PEI nanofibres was 780 ± 20 nm, whereas for the PSU nanofibres
it was 430 ± 10 nm.
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averaged for each sample and compared. The aver-
age results are shown in Figure 6, along with a table
of results comparing GIc,i and GIc,p (Table 2). For
PA-6,6, there exist only two points prior to 30mm
(Figure 5(ai)), hence the absence of error bars in
Figure 6(a). The averaged GIc,i in Table 2 is

averaged from the first initial points of each and is
therefore reflective of the GIc,i of the material. The
GIc of the benchmark specimens reported in this
work are in line with those reported by Czabaj et al.
[42], who similarly used the IM7/8552 pre-preg con-
figuration and the same data reduction method.

Figure 3. DSLR photographs of the fractured mode I specimens undergoing testing, highlighting the fibre bridging
(see inserts).
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Considering the initial fracture toughness, all inter-
laminar reinforced samples displayed an improvement.
PA-6,6 displayed a GIc,i of 293±43 J/m2, a 30%
increase over the benchmark sample (225±11 J/m2),
whereas PSU displayed a 44% improvement (to
325±32 J/m2) and PEI displayed a 36% improvement
(to 307±42 J/m2). During the crack propagation, this
enhancement reduces and in the case of the PA-6,6
reduces by 11% (to 257±12 J/m2). PSU and PEI
maintain a small enhancement of 7 and 8%,

respectively. This reduction in fracture toughness
propagation was also observed elsewhere in PCL [28],
PA-6,6 [9, 12, 25, 43], PVB [12], and PAI [12].
Beckermann et al. [33] also observed that after the ini-
tial fracture, GIc,p are very similar between all samples,
subsequently, they concluded that GIc,I is more indica-
tive of the enhancements gained through a reinforcing
veil. Considering the PA-6,6, the improvements in
GIc,i of 30% compare well with literature where
improvements range from 23 to 152% [9, 12, 24, 43].

Figure 4. Load against crosshead displacement for all specimens. BM is characterised by a greater reduction in load after the
maximum loads, whereas the interlaminar reinforced samples are characterized by a more gradual reduction in load post-max-
imum load. Initial load drops at �55N in (a) and (b); �20N in (c) are attributed to the hinge adhesive migrating to the mid-
plane crack. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article).
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The reduction observed in GIc,p are also reported else-
where, where reductions range from �41% to �6%
[12, 24], although improvements of 11% [43] and 31%
[9] have been observed.

Kim et al. [44] previously published tests per-
formed on PEI interleaves in mode I using the MBT
and reported a GIc,I value of 1.5 kJ/m2, however, this
was conducted for a homogeneous thermoplastic
matrix composite using a bidirectional 5 harness
satin weave reinforcement, which, for the latter case,
is expected to result in higher toughness values [43].

Li et al. [45] observed a 180% increase in interlami-
nar performance when they electrospun a nanofi-
brous PSU membrane directly on the carbon fibre
epoxy pre-preg. Li et al. observed greater enhance-
ments from the nanofibrous addition as opposed to
a 30 mm film and was attributed to the heterogen-
ous phase separation of the nanofibres during cur-
ing of the epoxy resin.

As previously mentioned, the response of the
load to crosshead displacement of benchmark is in
contrast to the interlaminar reinforced samples

Figure 5. Comparison of mode I samples, (a–c) uncorrected (ai–ci) rotation corrected with comparisons against BM samples
for (a–ai) PA-6,6, (b-bi) PEI, and (c–ci) PSU DCB samples. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article).
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beyond the initial fragmentation. By comparing the
GIc results to the load data, the consequence of the
progressive load drop characteristics of the interlam-
inar reinforced samples on the GIc can be assessed.
For clarity, a representative sample of each type is
compared in Figure 7, with the initial fracture
emphasised. Whereas the GIc of BM shows an

increase beyond the initial fracture, the interlaminar
reinforced samples show a decrease. Apart from PA-
6,6 (Figure 7(b)), all interleaf reinforced samples
plateau to a greater GIc value compared to BM.

Evidently, there is still scope for improvements in
interlaminar enhancements from nanofibre inter-
leaves. Brugo et al. [43] observed that, during crack
propagation in the unidirectional specimen, the
crack deviated away from the toughening interleaf;
for the complex plain weave carbon fibre composite,
the complex morphology of the fabric hindered the
progression of the crack along the fibre–matrix
interface, diverting it into the toughened interleaf.
Similarly, the undulating morphology of the plain
weave configuration leads to an undulating interleaf
(as also observed in the cross-section analysis), requir-
ing additional energy to delaminate. Their conclusion
was that the nano-reinforcement increases the initial
fracture toughness, but the magnitude of GIc,p is
dependent on the nature of the remaining composite
fabric. Subsequently, SEM images of the width-by-
thickness of the samples in this work were analysed to
determine the crack propagation for each reinforce-
ment compared to BM, and how the crack propagates
along the length of the specimen.

Figure 8 displays the SEM cross-section of the
crack in the vicinity of GIC,I (Figure 8(a–d)) and
GIC,p (Figure 8(ai–di)) for each reinforcement and
BM. There were fewer undulations in the crack
front across the sample in the vicinity of GIc,i;
increasing as the crack propagated across the sample
(GIC,p), furthermore, there was more evidence of
multiple crack fronts propagating along the length
of all samples, including intra-ply fracture (i.e. Figure
8(ai, bi, and ci)). The most striking observation was
for PA-6,6 (Figure 8(b and bi)); the crack front had
avoided the interlaminar reinforcement (see dashed
red line) at the initial fracture point and had propa-
gated in adjacent inter/intra-ply zones. Such features
have been reported elsewhere [43]. This was not seen
for the other interlaminar reinforcements, PEI and
PSU (Figure 8c–ci and 8d–di, respectively).

The deviation of the crack front for PA-6,6 may
explain the reduction in the GIC,p (Figure 6(a)), but
this reduction leads to a GIC,p that is lower than the
benchmark (257±12 J/m2 compared to 288±8 J/m2).
This result reinforces the findings in Figure 7, where
there is evidence of potential deviation of the crack
beyond the interleaf reinforced interlaminar region;

Figure 6. Combined results, rotation corrected, with com-
parisons against BM samples for (a) PA-6,6, (b) PEI, and (c)
PSU, with a b-spline fit. (For interpretation of the references
to colour in this figure legend, the reader is referred to the
web version of this article).

Table 2. Mode I values of interlaminar modi-
fied composites.
Material GIc,i (J/m

2) (% delta) GIc,p (J/m2) (% delta)

Benchmark 225 ± 11 288 ± 8
PA-6,6 293 ± 43 (þ30%) 257 ± 12 (�11%)
PEI 307 ± 42 (þ36%) 312 ± 1 (þ8%)
PSU 325 ± 32 (þ44%) 308 ± 12 (þ7%)
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the GIc is observed to converge with the BM beyond
the initial crack. As mentioned, a characteristic of the
nanofibre-reinforced samples is the progressive load
drop suggesting that the crack is propagating along
the reinforcement until it begins to deviate.

Photographs and SEM images of the fractured
surfaces give further insight in the propagation of
the crack during mode I delamination. In compari-
son to the BM (Figure 9(a)), PA-6,6 (Figure 9(b))
displays an inhomogeneous fracture surface alluding
to the crack propagation transitioning from failure
within the reinforcement to failure outside the
reinforcement. PEI (Figure 9(c)), on the other hand,
has a much smoother progression between these fail-
ure areas, whereas PSU (Figure 9(d)) is the only
reinforcement which displays observable homogeneity
at the fracture surface, suggesting the progressing
crack front is efficiently engaged with the reinforce-
ment. Both Figures 8 and 9 explain the reduction in
improvement for the PA-6,6 reinforcement from GIc,I

to GIc,p in comparison to BM; the propagating crack
deviates away from the reinforcement. Figure 10 dis-
plays SEM images of the fracture surfaces and further
reinforces the findings; the reinforced samples contain

a significant quantity of polymer on the fracture sur-
face (Figure 10(b–d)). It is clear in Figure 10(b) for
PA-6,6, how the crack has propagated through adja-
cent sections of the composite, leaving fibres exposed
in the middle section of the image (inside of red
dashed lines, Figure 10(b)). However, and although
not shown, the polymer structures were fewer as the
crack propagated along the sample.

The benchmark samples, and those containing
PSU, PEI, and PA-6,6, were prepared in mode II
ENF configuration. The raw data, representing the
load against crosshead displacement for each sample
type compared to BM samples, are shown in Figure
11. As can be seen in the figure, there is a linear
increase in cross-head displacement until crack ini-
tiates beyond the non-adhesive insert, leading to a
load drop. The load subsequently progresses linearly
with cross-head displacement as the crack propa-
gates along the sample. PA-6,6 (Figure 11) displays
an observable improvement over the benchmark
samples at the initial load drop, whereas PEI and
PSU are observed to be comparable to the bench-
mark samples. The average maximum load observed
of the benchmark is 1.15 ± 0.04 kN, PA-6,6 displays

Figure 7. Load against crosshead displacement for representative samples of (a) BM, (b) PA-6,6, (c) PEI, and (d) PSU with the
GI. The figure emphasises the GI post-initial load drop. It can be observed that the interlaminar reinforced samples are charac-
terized with a gradual reduction in load in comparison to the benchmark. Note that the x-axis has been shifted to display the
same region of the delamination for each specimens. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article).
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a 47% enhancement (to 1.69 ± 0.10 kN) with PEI dis-
playing a 23% enhancement (1.42 ± 0.06 kN). On
average, PSU displays a reduction in maximum load
of 8% (to 1.06 ± 0.08 kN). Using Equation 2, the
GIIC,i reveals an average enhancement for PA-6,6
(369 ± 21 J/m2) of 30%, whilst PEI (281 ± 10 J/m2)
displays no significant change (0.58%). PSU

displayed an average reduction in GIIC,i of 31% (to
196 ± 17 J/m2), compared to the benchmark
(283 ± 12 J/m2). These results are compiled in Table
3. The similarity of the linear region beyond the
first load drop of the benchmark and the interlami-
nar reinforced samples are consistent with the
reinforcement offering no toughness enhancements,

Figure 8. SEM images of the cross-section for DCB test samples at GIC,I (left, a–d) and GIC,p (right, ai–di). Red dashed line high-
lights the area of PA-6,6 reinforcement. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).
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although interestingly, this region for the interlami-
nar reinforced samples is more consistently repeat-
able, compared to the benchmark and should be the
focus of future work.

Using a similar expression to derive the GIIc,I,
Saghafi et al. [26] obtained a 109% improvement in
GIIc,I for their PA-6,6 reinforced glass fibre-epoxy
matrix composites. Furthermore, Palazetti et al. [13]
states in their review that 15 out of 19 cases demon-
strated improvements with nanofibre interleaf; one
did not and four displayed unclear effects, suggest-
ing that the results are inconsistent.

In comparison to the mode I results, the mode II
results are in partial contrast. The GIc,i results dis-
play the same trend as the GIIc,i, however a reduc-
tion for PSU in mode II was observed (compared to
the benchmark) and the magnitude of improvement
of PEI for mode II is significantly less (GIc,i: 36%,
GIIc,i: 0.58% for PEI).

SEM images of the cross-section for ENF test
samples at the initial (GIIC,i) and propagated points
(GIIC,p) are displayed in Figure 12. Under mode II
loading, the materials respond in a similar way as
mode I, concluding that the crack front tends to
avoid the reinforcement for PA-6,6 (Figure 12(b and
bi)), unlike for PEI and PSU reinforcements. For
PSU, a resin rich area can be observed (red dashed
line, Figure 12(di)), with the crack passing through.
There were no observable differences between the
crack in the vicinity of GIIc,i and GIIc,p.

Figure 9. Photographs of the fracture surfaces of represen-
tative samples for each reinforcement type.

Figure 10. SEM images of the DCB fracture surfaces for (a) BM, (b) PA-6,6, (c) PEI, and (d) PSU. Red dashed lines highlight
area of different failure mechanisms. The white arrow signifies the direction of crack propagation. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).
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SEM images of the fracture surfaces of the ENF
test samples are displayed in Figure 13. Shear
hackles (green dashed box, Figure 13(ai)) were more
abundant (or easily observable) for BM (Figure
13(a)), but can also be seen in PA-6,6, Figure 13(b).
Shear hackles are attributed to tensile microcracks

in the epoxy resin matrix adjacent to the carbon
fibres. As observed for the mode I tests, the crack
front through PA-6,6 deviates through different sec-
tions, leaving observable clean fibres (outside of red
dashed lines of Figure 13(bi)) and polymer structures
in the centre (inside of red dashed lines Figure
13(bi)). Similarly, significant quantities of polymer can
be seen in PEI (Figure 13(c)) and PSU (Figure 13(d)).
As can be seen in Figure 13, the rupturing of carbon
fibres has occurred (yellow dashed box in Figure
13(ai) as an example), further resisting crack growth.

Whereas there are clear improvements in the ini-
tial fracture for both modes I and II (in particular
for PA-6,6), there was evidence that the interlaminar
reinforced samples resisted delamination—the
improvement is reduced when the crack is propagat-
ing. As seen in Figures 8–10, 12, and 13, the crack
front avoids the interleaf region which needs to be
addressed. Beyond the initial load drop for the
mode II tested samples, there seems to be insignifi-
cant differences between interlaminar reinforced
and benchmark samples; the crack front avoiding
the reinforcement—as with the mode I samples—
could also be occurring. Further work will consider
the compatibility and interaction of the interleaf and
epoxy matrix during processing (i.e. curing). For
example, Li et al. [45] noted the high viscosity of the
PSF nanofibres and subsequently, poor diffusion of
the PSF in the epoxy resin. Therefore, they dissolved
the PSF leading to the formation of aligned spheres,
leading to a 181% improvement in GIc,p.

Future work should focus on understanding how
the interleaf co-exists with the composite and
whether the crack can be encouraged to propagate
within the reinforcing region, this could be achieved
by exploiting adjacent undulating plies, which have
been shown to inhibit crack propagation away from
reinforcement.

Unlike the other reinforcements, there was sig-
nificant deviation of the crack front from the PA-
6,6 interleaf. It should be noted that the PEI (11.8 g/
m2) and PSU (12.2 g/m2) had a greater areal than
the PA-6,6 (1.5 g/m2). This result suggests that even
with a lower areal weight, the toughness of the PA-
6,6 leads to the crack propagating into adjacent
structures. This alternative failure mode hinders the
performance of PA-6,6 reinforcing fibre composites
for mode I crack propagation, but is advantageous
under mode II loading.

Figure 11. Load against crosshead displacement for each
interlaminar reinforced composite compared to the BM. (For
interpretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article).

Table 3. Mode II values of interlaminar modified composites.

Material
Average Max. Load (kN)

(% delta)
GIIc,i (J/m

2)
(% delta)

Benchmark 1.15 ± 0.04 283 ± 12
PA-6,6 1.69 ± 0.10 (47%) 369 ± 21 (31%)
PEI 1.42 ± 0.06 (23%) 281 ± 10 (0.58%)
PSU 1.06 ± 0.08 (�8%) 196 ± 17 (�31%)
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Beckermann et al. [12] compared PA-6,6 veils
with areal weights of 1.5, 4.5, and 9 g/m2 and
reported a linear increase (65%) of GI from 1.5 to
4.5 g/m2, but a significantly less increase from 4.5 to
9 g/m2 (6.5%). There was a more complex behavior
for GII with areal weight; an increase (31%) from
1.5 to 4.5 g/m2 with a reduction (8.7%) from 4.5 to

9 g/m2. The results presented in this work demon-
strate that PA-6,6 provides significant enhancements
given the low areal weights. Further work should
consider a greater range of areal weights of the PEI
and PSU to examine the influence of areal weight to
interlaminar toughening in comparison to PA-6,6 and
whether PA-6,6 could be designed to encourage failure

Figure 12. SEM images of the cross-section for ENF samples at GIIC,I (left, a–d) and GIIc,p (right, ai–di). Red dashed lines high-
light interleaf reinforcement. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article).
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within the reinforcement to improve mode I interlam-
inar toughness.

4. Conclusion

This article presents the effects on the interlaminar
performance with the use of a commercial PA-6,6
along with electrospun PEI and PSU nanofibrous
thermoplastic reinforcing interleaves. Two nanofibre
veils (PEI and PSU) were fabricated in-house using
an electrospinning rig to yield materials with areal
weights an order of magnitude higher than the PA-
6,6. Mode I tests were conducted in a DCB config-
uration and displayed improvements for all rein-
forced samples in GIc,i, however, in propagation, the
improvements reduced and in the case of the PA-
6,6, the GIc,i was less than the benchmark. SEM

images of the cross-section and fracture surface sug-
gest that the crack front is avoiding the reinforced
interleaf for the PA-6,6, compared to the other rein-
forcements. Whilst this is at the detriment of mode
I crack propagation, it favors mode II loading, with
greater improvements observed compared to the
PEI and PSU reinforcements. The GIIc,i results
showed an improvement of 30% for the PA-6,6, a
small improvement for the PEI and a reduction of
31% for the PSU. Further research is needed to see
if the local interfacial chemistry or microstructure is
changing in the vicinity of the veil, or if these veils
can be used to direct and control crack propagation,
leading to improved design of the failure modes of
composites. As such, this article suggests a pathway
for future design of composites with the intention
of interlaminar toughness.

Figure 13. SEM images of the ENF fracture surfaces for (a) BM, (b) PA-6,6, (c) PEI, and (d) PSU. Green-dashed box highlights
shear hackles; yellow dotted box highlights carbon fibre rupture and the red dashed lines highlight alternative failure mecha-
nisms. The white arrow signifies the direction of crack propagation. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article).
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