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a b s t r a c t

Today, fiber reinforced polymer composites are a standard material in applications where a high stiffness
and strength are required at minimal weight. Although fiber reinforced polymer composites show many
advantages compared to other materials, delamination between reinforcing plies remains a major
problem limiting further breakthrough. Previous work has shown that electrospun nanofibers can
significantly improve the interlaminar fracture toughness of fiber reinforced composites thus preventing
delaminations. In the present paper, the effect of the morphology of the toughening polymer is analyzed
by incorporating different polycaprolactone structures in the interlaminar regions. Both Mode I and
Mode II interlaminar facture toughness of composites containing five different electrospun morphologies
- nanofibers, microfibers, microspheres, dense films, and PCL spray coated glass fibers - were evaluated.
Analyzing the fracture behavior of the PCL toughened laminates ensures a better insight in the micro-
mechanical fracture mechanisms behind the observed interlaminar fracture toughness and results in
guidelines on the optimal interleave morphology. The results clearly demonstrate the distribution of PCL
in the interlayer has a large effect on the crack path of the delamination and the resulting interlaminar
fracture toughness. In order to improve the interlaminar fracture toughness in both Mode I as well as
Mode II without adverse effects, porous PCL structures such as PCL nanofibers, microfibers, and micro-
spheres are much more suitable than non-porous structures such as PCL films or spray-coated glass fi-
bers. Among the porous structures, the nanofibers had an overall better performance with an increase in
Mode I and Mode II interlaminar fracture toughness of about 60% and 80% respectively.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Delamination and brittle matrix fracture have long been a
problem of fiber reinforced composites. They are usually due to
Mode I and Mode II loading conditions of cracks which are
frequently encountered during realistic loading conditions such as
impact or fatigue. Recently, the use of electrospun nanofibers has
been proposed to toughen composites and prevent such de-
laminations. A relatively diverse set of polymer nanofibers has been
studied in literature for the interlaminar toughening of epoxy
lerck).
composites. Examples include polysulfones (PSU), poly(ether ether
ketone cardo) (PEK-C), poly(ε-caprolactone) (PCL), polyamides (PA),
poly(vinylidene fluoride) (PVDF), polyacrylonitrile (PAN),
polyamide-imide (PAI), poly(styrene-co-glycidyl methacrylate),
and polyvinyl butyral (PVB) [1e12]. Such nanofibrous nonwovens
can easily be placed between two reinforcing plies prior to com-
posite production and result in a fine distribution of the nano-
scaled phases of the chosen polymer in the surrounding epoxy
phase. Hence, there is no need to disperse them into the resin as
opposed to traditional toughening methods, which often involve
mixing reactive rubbers or thermoplastic materials in the epoxy
resin (followed by phase separation during curing) [13] or the more
recently applied (functionalized) nanoparticles [14e17]. This is a
major advantage for infusion applications, since mixing in any

mailto:Karen.DeClerck@ugent.be
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compscitech.2016.09.024&domain=pdf
www.sciencedirect.com/science/journal/02663538
http://www.elsevier.com/locate/compscitech
http://dx.doi.org/10.1016/j.compscitech.2016.09.024
http://dx.doi.org/10.1016/j.compscitech.2016.09.024
http://dx.doi.org/10.1016/j.compscitech.2016.09.024


S. van der Heijden et al. / Composites Science and Technology 136 (2016) 10e17 11
particle or thermoplastic material generally causes a large increase
in viscosity.

It is well known that for thermoplastic and rubber toughening
by phase separation, the final phase separated morphology of the
thermoplastic/rubber phase has a major influence on the fracture
toughness of the epoxy matrix [18e20]. As such also the
morphology of the electrospun structure might affect the inter-
laminar fracture toughness of nanofiber toughened laminates. In
the present paper, we will investigate this effect by interleaving
different electrospun PCL structures into resin transfer molded
glass epoxy laminates to increase their fracture toughness. The
study of PCL is especially relevant since some of the highest in-
creases in interlaminar fracture toughness have been obtained
using PCL nanofibers [6,21,22]. Both the Mode I as well as the Mode
II fracture toughness of five different electrospun morphologies, i.e.
nanofibers, microfibers, microspheres, films and spray coated PCL,
are evaluated. Throughout this paper special emphasis will be given
to analyzing the effect of the electrospun morphology on the
interlaminar crack path. Since recent work by the authors showed
that in a nanofiber interleaved composite laminate, the macro-
scopic crack path of the delamination can be influenced by
numerous parameters such as the delamination mode, the nano-
fibrous veil areal density, reinforcing ply architecture, the inter-
leaving method and mechanical properties of the nanofibers [23].
Hence, extensive microcopy analysis of the interlaminar crack path
will provide better insight in the micromechanical fracture mech-
anisms behind the observed interlaminar fracture toughness.

2. Materials and methods

2.1. Materials

All composite laminates were reinforced with unidirectional E-
glass fabric with an areal density of 500 g/m2, UDO ES500 manu-
factured by SGL Group. The epoxy resin was composed of EPIKOTE
resin MGS RIMR 135 with EPIKURE curing agent MGS RIMH 137
(Momentive). This is an infusion resin designed for windmill ap-
plications and it has a low viscosity and a high toughness.

Polycaprolactone was supplied by scientific polymer products.
The solvents 98 v% formic acid and 99.8 v% acetic acid were sup-
plied by SigmaeAldrich and used as received.

2.2. Electrospun structures

All electrospun structures where prepared on an in-house
developed nozzle based electrospinning machine. The required
amount of PCL was dissolved into a mixture of acetic acid (70 v%)
and formic acid (30 v%). The electrospinning parameters are sum-
marized in Table 1. Except for the PCL films, all of these structures
were deposited directly on top of the unidirectional glass fiber
fabrics and had an areal density of 5 g/m2. The PCL films were
produced using the same parameters as spray coated glass fibers,
with the exception that the PCL was first electro sprayed onto
aluminum foil and subsequently peeled off once all the solvent had
vaporized, whereas in case of the spray coated structure, the PCL
Table 1
Electrospinning parameters used to obtain different morphologies.

Voltage (kV) Tip to collector distance (cm) Flow

Nanofibers 24 23 2
Microfibers 12 26 10
Microspheres 45 34 2
Films 11 6 2
Spray Coated 12 6 2
was sprayed directly onto the unidirectional glass fiber fabrics. The
PCL films had an areal density of 5 g/m2 or 10 g/m2 depending on
whether a double or single film configuration was used.

2.3. Laminate production

The composite laminates were manufactured by vacuum assis-
ted resin transfer molding (VARTM). The unidirectional glass fiber
fabrics (areal density 500 g/m2) were stacked into a steel mold in a
[0�]8 configuration. All glass epoxy laminates had a nominal
thickness of 3 ± 0.1 mm. Electrospun PCL structures as well as an
initiation film are located in the middle interlaminar region be-
tween the two middle reinforcing glass fiber plies. Except for the
PCL films, the electrospun structures were introduced using a
double layer deposited configuration, as described in our previous
work [24]. The PCL films were simply placed between the two
middle glass fiber plies, where for the single film configuration the
initiation film was placed on top of the PCL film and for the double
PCL film configuration the initiation film was placed in between
both PCL films. After infusion, the laminates were cured at room
temperature for 24 h, followed by a post-cure at 80 �C for 15 h
according to the manufacturer's recommended cure cycle.
Although the post-curing temperature is above the melting tem-
perature of PCL, our previous work has shown that the electrospun
morphology of the PCL will be largelymaintained after curing. After
the room temperature curing step the PCL phase is already
entrapped into the solid, cross-linked, epoxy network [23,25].

2.4. Tensile properties of PCL

The tensile properties of bulk PCL were measured on PCL films
according to ASTM D 882. Films were used as an approximation of
the properties of the PCL in the composite (after curing). It should
be noted that PCL fibers might have different tensile properties due
to the polymer orientation introduced by the electrospinning pro-
cess [26]. However, such polymer orientations will be partially lost
in the final composite since it is post-cured above the melting
temperature of PCL.

2.5. Interlaminar fracture toughness

The Mode II interlaminar fracture toughness (GIIc) of the lami-
nates was determined by End Notched Flexure (ENF) experiments,
according to a previously reported procedure [27e29]. The Mode I
interlaminar fracture toughness (GIc) of the laminates was deter-
mined using the Double Cantilever Beam (DCB) method according
to ASTM D5528. Samples were prepared according to a previously
reported procedure [9]. At least three specimens were tested for
each configuration.

3. Results and discussion

3.1. Morphology and tensile properties of electrospun structures

By modifying the electrospinning parameters (section 2.1), PCL
rate (ml/h) Substrate on collector PCL in AA/FA mixture (wt %)

Glass fibers 23
Glass fibers 37
Glass fibers 5
Al Foil 5
Glass fibers 5
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nanofibers, microfibers, microspheres, spray-coated glass fibers
and PCL films were produced. The nanofibers (Fig. 1A) had an
average fiber diameter of 370± 200 nm, resulting in a highly porous
structure with a very high specific surface area. This allows the
nanofibrous structure to uniformly cover the complete glass fiber
fabric. The microfibers (Fig. 1 B) had an average fiber diameter of
8.35 ± 0.9 mm, Due to this high fiber diameter as compared to the
nanofibers, the microfiber structures have a much lower specific
surface area for the same areal density. Although the microfibrous
structure is also very porous, the pore size is much larger, one can
clearly notice the glass fibers underneath the PCL structures. Thus
the overall coverage of the microfibers was much less uniform as
compared to the nanofibers. The microspheres (Fig. 1C and D) had
an average diameter of 1.8 ± 0.9 mm. Although the microspheres
cover the glass fibers more uniformly compared to the microfibers,
the microspheres did tend to form large clusters, again resulting in
regions with a varying PCL content. Finally the PCL spray-coated
glassfibers and the PCL film resulted in a low porous coverage of
the glassfibers (Fig. 1E and F), with the coverage of the spray-coated
glassfibers being less uniform compared to the PCL film.

For a better understanding of the PCL toughening mechanisms
the tensile properties of the PCL structures were compared to that
of the epoxy resin (Fig. 2). PCL clearly has a much lower E-modulus
and tensile strength, 195 ± 0.3 MPa and 11.3 ± 0.3 MPa as compared
to 2730 ± 20 MPa and 66.1 ± 0.4 MPa for the epoxy resin [30]. The
stiffness of a PCL epoxy (nano) composite is thus mainly deter-
mined by the stiffness of the epoxy. As such the volume fraction of
PCL in the interlayer should not be too high as this will result in a
reduction in bending stiffness of the laminate. PCL does however
have a higher elongation at break (66.7 ± 3% compared to 8.3 ± 0.7%
for the epoxy) and exhibits a large amount of plastic deformation
before failure. Therefore, the PCL fracture takes up significantly
more energy compared to the epoxy fracture, as illustrated in Fig. 2
showing the integrated stress strain curve. This is the work
required to strain the material up to a certain amount of strain. The
total amount of work required to break the material is a rough
Fig. 1. SEM images of different electrospun PCL structures: A, nanofibers 370 nm; B, mic
approximation of its toughness. The total work of rupture is almost
double for PCL as compared to the epoxy, however, the PCL has to
be allowed to strain until failure (66.7 ± 3%) for this high energy
uptake to occur.

3.2. Mode I fracture toughness

Fig. 3 shows the Mode I interlaminar fracture toughness values
for the different configurations with, left, the porous structures
(PCL nanofibers, microfibers andmicrospheres) and, right, the non-
porous structures (PCL film, double film and spray-coated PCL). The
double film has a very low Mode I interlaminar fracture toughness,
whereas for a single film GIc is extremely high. The low fracture
toughness of the double film configuration can be easily explained
as these films hinder the infusion process. The epoxy resin is not
able to penetrate through the films and as such air pockets remain
present in between the two films leading to a very low interlaminar
fracture toughness. SEM images of the fracture surface confirm this
assumption showing only little deformation of the PCL (Fig. 4). The
low toughness of the double film configuration already reveals it
will be difficult to toughen more than one interlayer simulta-
neously since the non-porous nature of the films will prevent
proper infusion of the composite, therefore limiting the practical
relevance of dense non-porous PCL toughening films.

For the single PCL film interleaves the epoxy resin can flow
above and below the film during infusion allowing for an air free
laminate with an extremely high (nearly 100%) volume fraction of
PCL in the interlayer. This PCL interlayer has a very low stiffness
(section 3.1) compared to the epoxy and glass fibers surrounding it
and will thus significantly influence the delamination crack path.
As tension builds up at the crack tip, the relatively lowmodulus PCL
starts to deform first. As the legs of the DCB sample are pulled
further apart and the crack opening increases, extensive straining
and eventual fracture through the PCL film will occur, resulting in
very high GCI values due to the inherent high toughness of PCL
(Fig. 2). This fracture behavior is confirmed by cross sectional
rofibers 8.35 mm; C and D, microspheres 1.8 mm; E, spray-coated glass fibers; F, film.



Fig. 2. Comparison of epoxy [30] and PCL tensile properties, PCL clearly has a lower stiffness and tensile strength but a higher work of rupture at larger strains.

Fig. 3. Average Mode I fracture toughness values for porous structures (left) and non-
porous PCL structures (right).

Fig. 4. SEM image of fracture surface of a DCB sample containing a double PCL film,
there was little deformation of the PCL because the films hindered the infusion of
epoxy resin.
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images of tested DCB samples as well as SEM images from the
fracture surface (Fig. 5A, see Fig. 3 for coordinate system). The
microscopy images clearly show that the crack propagated directly
through the PCL film, resulting in a large amount of deformed and
broken PCL.

A similar fracture behavior could be observed for the laminates
toughened with PCL spray-coated glass fibers (Fig. 5B) as also for
these samples a low stiffness interlayer is created with a very high
volume fraction of PCL thus forcing the delamination crack through
the PCL interlayer. The lower performance of the PCL spray-coated
glass fibers as compared to the PCL film is probably due to a less
uniform distribution of the PCL or due to the presence of small air
pockets between the two layers of spray-coated glass fibers since
the structure has a relatively low porosity.

Although some of the Mode I results are promising for the low
porous interfaces, creating such dense pure PCL interlayer(s) hin-
ders the infusion process (by preventing through-the-thickness
resin flow), thus preventing the production of laminates with
multiple toughed interlayers. In addition, even if one would
manage to infuse such laminates, the dense PCL interlayers will
obviously have an adverse effect on the other mechanical proper-
ties of the composite as the tensile strength and stiffness of PCL is
much lower compared to epoxy (Fig. 2) and will thus reduce the
shear strength, bending stiffness, creep resistance and Mode II
interlaminar fracture toughness of the of the laminate (also see
Section 3.3).

In contrast, the porous structures of the PCL toughened inter-
layer contain not only PCL, but an intense blend of small sized PCL
phases and epoxy phases, thus creating an interlayer which is both
relatively stiff and tough. The interlaminar crack path is also very
different and one can observe both glass fiber-epoxy interfacial
failure, which is typically observed for the non-toughened refer-
ence composites, as well as regular crossings of the interlaminar
region through the PCL toughened interlayer (Fig. 5CeF). Both PCL
and (relatively high toughness [31]), epoxy fracture will occur in-
side these interlaminar crossings, thus significantly more energy is
required compared to a glass/epoxy interface fracture. As such the
interlaminar toughness will be largely determined by the interac-
tion of the interlaminar crack with the PCL toughened interlayer, or
more specifically the amount of interlaminar crossings. This



Fig. 5. Post mortem cross section of tested Mode I samples containing, A, a single film; B, spray coated glass fibers: C, PCL nanofibers; D, microfibers; E and F, microspheres. See
Fig. 3 for coordinate system.

Fig. 6. Average Mode II fracture toughness values, non-porous PCL structures decrease
the interlaminar fracture toughness whereas porous structures and nanofibers in
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particular fracture behavior has been proposed in our previous
work [32]. The present results confirm it is valid for various types of
highly porous PCL morphologies, such as nanofiber structures but
also microfiber and microsphere based structures.

Although the macroscopic fracture behavior of the laminates
toughened with porous PCL structures was similar and the amount
of PCL in the laminatewas the same (10 g/m2) for all configurations,
it should be pointed out that the nanofiber structures resulted in a
higher fracture toughness compared to the other porous structures.
More specifically, the nanofiber toughened samples had a GCI of
651 ± 70 J/m2, an improvement of almost 60% compared to the
reference composites while the microspheres and microfiber
toughened samples had a GCI of 580 ± 18 J/m2 and 545 ± 60 J/m2

respectively. These differences in Mode I interlaminar fracture
toughness can be related to the fine distribution of PCL in the
interlayer. For PCL nanofibers a finer distribution of nano-scaled
PCL phases in the epoxy matrix can be obtained. The use of mi-
crospheres and especially microfibers resulted in a less homoge-
neous distribution of larger scaled PCL phases, leading to lower GCI
values.
particular result in a significant increase.



Fig. 7. Post mortem cross section of tested Mode II sample containing: A, PCL film; B, PCL spray-coated glass fibers; C, nanofibers; D, microfibers; E, microspheres. A and B show only
a small amount of interlaminar cracks. In contrast C, D and E show many interlaminar crossings, resulting in a lot of deformed PCL and thus in a substantial increase in the
interlaminar fracture toughness (see Fig. 3 for coordinate system).
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3.3. Mode II interlaminar fracture toughness

Fig. 6 illustrates the average Mode II interlaminar fracture
toughness for composites toughened with different PCL structures.
The highly porous structures such as the PCL nanofibers, micro-
fibers and microspheres significantly improve the Mode II
interlaminar fracture toughness. In contrast, the non-porous
structures such as the PCL film and the PCL spray coated glass fi-
bers even have a negative effect on the Mode II interlaminar frac-
ture toughness. The effect of porosity can again be related to the
distribution of the PCL in the resin rich interlayer. As mentioned in
section 3.1, the porous structures and the highly porous nanofiber
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structures in particular, are completely impregnated with epoxy
resin. As such the interlayer contains an intense blend of (nano-
scaled) PCL and epoxy phase, resulting in an interlayer which is
both stiff and tough at the same time. In contrast for a PCL film or
the spray coated glass fibers, the interlayer contains a discrete layer
of PCL resulting in relatively large zones of pure PCL polymer.
Hence, the latter structures create an interlayer with a relatively
low stiffness.

These different PCL distributions will affect how the PCL phases
are strained during the Mode II delamination initiation and growth
in the ENF experiment. The total strain introduced by the shear
forces are distributed over the entire thickness of the interlayer. In
case of the PCL film and the PCL spray-coated glass fibers, the low
stiffness interlayer provides almost no resistance resulting in early
stiffness reduction of the specimen. Furthermore, during the ENF
test, the total relative displacement of the two sample halves re-
mains limited and therefore the total straining in the bulk of the
thick PCL interlayer (film) is limited preventing significant amounts
of energy absorption (Fig. 2). Microscopic images of the cross-
section perpendicular to the crack front confirm this assumption
as there is very little crack growth at all (Fig. 7AeB). Furthermore,
after testing it was noticed that the upper and the lower half of the
composite sample containing PCL films or spray-coated glass fibers
were still attached to each other, again confirming very little or no
fracture occurred in the PCL film.

For the laminates toughened with porous PCL structures and
PCL nanofibers in particular, the PCL zones are much smaller and
are moreover fully surrounded by the epoxy resin. In addition, in
line with our previous research, highlighting the importance of
interlaminar crossings during crack propagation [23,25], all porous
structures showed again a substantial amount of interlaminar
crossings (Fig. 7CeE) resulting in a crack path through the PCL/
epoxy interphase. Thus if a crack in this PCL toughened interlam-
inar region occurs, cracks in the epoxy matrix can be bridged by the
surrounding PCL which will result in severe straining and fracture
of the PCL and will take up large amounts of energy. This is only
possible for the PCL morphologies that allow for a fine distribution
of small sized PCL phases in the surrounding epoxy phase, thus for
the highly porous morphologies. Similarly to Mode I, also the Mode
II interlaminar fracture toughness of the nanofiber toughened
samples is significantly higher compared to the microfiber or
microsphere toughened samples. This confirms the importance of a
homogeneous and very fine distribution of PCL in the interlayer.

4. Conclusions

The effect of different PCL morphologies on the Mode I and
Mode II interlaminar toughness of resin transfer molded glass
epoxy laminates was studied. The PCL structures are classified as
non-porous (PCL films and spray-coated glass fibers) or (highly)
porous structures (PCL nanofibers, microfibers and microspheres).
A significant increase in the Mode II fracture toughness requires
porous interleave structures. These structures have an intense fine
distribution of PCL phases in a surrounding epoxy phase allowing
for the PCL to strain significantly when the epoxy surrounding is
cracked. The use of highly porous PCL nanofibers gave the best
result. The non-porous structures could not increase the Mode II
fracture toughness since they are not strained significantly during
Mode II loading. As for the Mode I fracture toughness, the non-
porous structures did allow for an important increase in fracture
toughness. This is however combinedwith an expected detrimental
effect on the overall mechanical properties of the composite such as
the shear strength, bending stiffness and creep resistance of the
laminate due to the low tensile strength and stiffness of the dense
PCL interlayer. In addition the non-porous structures obstruct an
optimal infusion process and are thus not suitable. In contrast the
porous structures show a more interesting Mode I fracture
behavior, where interlaminar crossings of the crack path allow for
an interaction with the finely distributed PCL phases in the sur-
rounding epoxy phase, again resulting in an increased Mode I
interlaminar fracture toughness. For the porous interleave struc-
tures the fine distribution and intense blend of PCL and epoxy
phases ensures the overall mechanical properties of the
composites.

Concluding as to improve the interlaminar fracture toughness in
both Mode I as well as Mode II without adverse effects, porous PCL
structures aremuchmore suitable compared to the non-porous PCL
films or spray-coated fibers, with nanofiber interleaving structures
showing the best performance. The nanofiber structures allow for a
straightforward method to introduce a fine distribution of the PCL
phase in the epoxy matrix without the need for a complex sepa-
ration process.
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