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• For the first time, the delamination re-
sistance of diverse dissimilar interfaces
is highly increased by nanofibre tough-
ening.

• An extensive mode I and II increase of
respectively 30–50% and 70–130% was
achieved for each considered dissimilar
interface.

• The crack path repeatedly crosses the
nanofibre toughened zone which
largely contributes to the increased frac-
ture toughness.

• Crack bifurcations develop towards ad-
jacent interfaces due to the improved
toughness of nanotoughened dissimilar
interfaces.
⁎ Corresponding author.
E-mail address: Karen.DeClerck@UGent.be (K. De Cler

https://doi.org/10.1016/j.matdes.2020.109050
0264-1275/© 2020 The Authors. Published by Elsevier Ltd
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 18 May 2020
Received in revised form 1 August 2020
Accepted 6 August 2020
Available online 11 August 2020

Keywords:
Nanocomposites
Matrix cracking
Interface debonding
Nanofibre bridging
Electrospinning
Hybrid composite
Fibre reinforced composite laminates are key engineering materials allowing to design lightweight components
with highmechanical properties. Yet they are prone to delamination between the reinforcing plies, which in turn
limits the damage resistance ofmany applications. This is especially true for the interfaces between dissimilar re-
inforcing plies that are often encountered in actual components, e.g. differences infibre orientation,fibrematerial
or ply architecture, where high interlaminar stresses can occur. Nanofibrous toughening veils are known to in-
crease the damage resistance when inserted between similar reinforcing plies, but it is currently unknown
how they perform when delamination occurs at dissimilar interfaces. Here, the nanofibre toughening of fre-
quently encountered dissimilar interfaces such as occurring between multidirectionally stacked unidirectional
fibre plies (+45°/−45°), multistructural stackings (unidirectional versus fabrics) and multimaterial configura-
tions (glass fibres versus carbon fibres) are analysed. These interfaces largely exert their influence on the crack
path during delamination and thus alter the effectiveness of nanofibre toughening. Poly(ether-block-amide)
nanofibres of the biosourced polyamide 11 family result in a large increase in mode I and mode II interlaminar
fracture toughness for all the tested dissimilar interfaces. We show that their effectiveness however depends
on the underlying delamination mechanics present in different dissimilar interfaces.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
ck).

. This is an open access article under
1. Introduction

Fibre reinforced composite materials are often desired in advanced
applications such as in aerospace, wind turbines and sports equipment.
These highperformancematerials are preferred due to their lowweight,
high stiffness and strength. Depending on thematerial requirements for
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different applications, the composite material needs a tailor-made de-
sign by varying the choice and orientation of consecutive composite
plies. It is thus a regular practice to use the advantages of different layers
and combine them within the same composite structure [1–8]. For ex-
ample, in wind turbines and the automotive industry, carbon fibres
that provide very high specific strength and stiffness are used together
with cheaper glass fibres to cut costs and increase efficiency [3,4,9,10].
It is also common to stack unidirectional (UD) fibre plies in different ori-
entations and combine them with woven layers in order to obtain the
desired material stiffness and strength in each direction [2,11–15].
Fig. 1 shows the variety of research that highlights the importance and
synergetic effects of composites with dissimilar interfaces in high-end
material applications and designs.

Despite their numerous advantages, a major downside of compos-
ites is their failure by delamination. This is certainly the case at dissim-
ilar interfaces because the two neighbouring reinforcement layers can
have large differences in elastic properties, which create high interlam-
inar stresses that make these areas even more susceptible to delamina-
tion in comparison with similar interfaces [9,10]. The susceptibility of
the hybrid interlayer to delamination makes it one of the weakest
links in the composite structure and thus toughening thematerial is rec-
ommended for designing high performance applications.

An emergingmethod for increasing the interlaminar fracture tough-
ness (IFT), is by interleaving thin electrospun nanofibrous veils between
the composite laminates [23–28]. The nanofibres can be deposited di-
rectly onto the reinforcing plies prior to infusion or autoclaving and
thus, they do not influence the viscosity of the resin. Additionally, they
have a wide industrial potential as they can be produced from low tox-
icity polymers, have minimal risk of airborne nanosized particles and
thepresence of nanofibres has nodetrimental effect on the in-planeme-
chanical tensile and shear properties [29]. A variety of industrial
electrospinning machines are already available nowadays that allow
commercial usage of nanofibres for toughening of compositeswith a va-
riety of main reinforcement fibres and resin types [30–32]. A recent
Fig. 1. Research addresses the synergetic effects of dissimilar interfaces in composites that are u
strength. Examples are shown of research on multimaterial (a [16], b [17,18], d [19], f [20]), m
review by Zucchelli and Palazzetti provides a great summary of this
field of nanofibre toughening showing the wide variety of polymer
nanofibre materials that have been used [27]. The toughening effect of
the nanofibres is directly dependent on the effects of nanofibre bridging
of the crack and yielding of the nanofibres, which has also been shown
by Beckermann and Pickering [33]. The fracture behaviour is on its turn
influenced by the adhesive interactions between matrix and nanofibre
and the properties of the nanofibre material itself [24–29,33–36].

A broad range of nanofibreswith various thermomechanical proper-
ties have already been investigated in the state of the art for their use as
nanofibre tougheners in composites, including polyamides
[26,27,34,37], polyacrylonitrile [38], polycaprolactone (PCL) [26,27],
polyvinylalcohol [27,39], polyvinyl Butyral [33] and poly(vinylidene
fluoride) [38,40]. Based on our previous research and literature, poly
(ether-block-amide) (PEBA) polymers are one of the best polymers suit-
able for nanofibre toughening because it is a temperature stable, eco-
friendly, commercial viable system that allows for versatile toughening
withmajor improvements in bothmode I (+50%) andmode II (+100%)
IFT [27,34].

In our previous work, we showed that the crack path of the delami-
nation should frequently pass through the nanofibre-toughened zone in
order for the nanofibres being able to exert their toughening effect
[29,34,41]. During typical mode I and mode II IFT tests, UD fibres of
the same material type (such as carbon or glass fibres) were used,
which were all stacked in parallel [23–27].

Yet, the nanofibre toughening of dissimilar interfaces has not been
studied to date while the fracture toughness of dissimilar interfaces
without any nanofibrous reinforcement has been examined and
shown to be different from the similar case [2,13]. For example in the
case of multidirectional interfaces the increase of interface angle causes
themode I fracture propagation toughness to increase through a differ-
ent fracture mechanism that includes more fibre bridging and
debonding [2]. Another example is the combination of woven carbon
plies on the outer layers of UD carbon laminates. Several researchers
sed in a variety of high-end applications that often require lightweight, high stiffness and
ultidirectional (b, e [21]) and multistructural (a, c [22]) composites.



Table 1
Fabric properties of the main glass and carbon fibre reinforcements for both UD and wo-
ven fabrics.

Carbon UD Carbon fabric Glass UD Glass
fabric

Areal density 400 g/m2 245 g/m2 500 g/m2 390 g/m2

Weave
pattern

Unidirectional Twill 2 × 2 Unidirectional Twill
2 × 2

Fibre material Carbon Carbon Glass Glass
Yarn
description

Warp (tex) 200 340
Weft (tex) 200 272
Thread Count
Warp (per
cm)

6 6

Weft (per cm) 6 6.7
Producer R&G

Faserverbund-
R&G
Faserverbund-

SGL Group -
The

Interglass

werkstoffe
GMBH

werkstoffe
GMBH

Carbon
Company
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noted a positive influence in impact tests and on the residual strength in
Compression After Impact tests [6,7,42] because the woven structure
prevents the formation of large intralaminar cracks. The influence of re-
sidual thermal stresses will generally have a minimal influence on the
competition between interface debonding and further crack penetra-
tion in adjacent layers of fibre reinforced composites with dissimilar in-
terfaces [43,44]. The residual stresses mainly influence the load level at
which fracture starts but not the mechanism itself [45].

It can thus be expected that the nanofibre tougheningwill also be af-
fected by the type of dissimilar interface. Because the interaction be-
tween the crack path and the toughened interlayer is a key
component in successful nanofibre toughening, it is of utmost impor-
tance to study the ability of the nanofibres to improve the fracture
toughness of these dissimilar interfaces as well. To do so, we focus in
this manuscript on the nanofibre toughening of dissimilar interfaces
that are split up into three common categories: (i)multidirectional (dif-
ferent orientation of interfaces), (ii) multimaterial (e.g. glass‑carbon)
and (iii) multistructural (UD-woven) interfaces.

We first discuss the mode I and mode II IFT of composites with dis-
similar interfaces in the absence of any nanofibres. Subsequently, com-
posites are produced in which the dissimilar interface is toughened by
interleaving electrospun nanofibrous membranes made from PEBA
polymer. For each interface type, a microscopic analysis of the fracture
surfaces is performed to understand the micromechanical mechanisms
of the nanofibre toughening for that specific case, and, to relate it to the
toughening efficiency.

2. Materials and methods

2.1. Nanofibre veil preparation

Pebax® Rnew® 72R53 SP 01 resin [referred to as PEBA72 onwards]
was kindly received from Arkema. The pellets were dissolved for
electrospinning at 8wt% in amixture of 60% formic acid and40% anisole,
both purchased from Sigma – Aldrich. Both solvents were used as re-
ceived. An in-house developed electrospinning machine based on a
multinozzle design was used to deposit the nanofibres directly onto
glass and carbon fibre plies at 2.5 g/m2 similar to our previous paper
[29]. PEBA was electrospun at 2 ml/h. A 6 cm Tip to Collector Distance
was used. A high voltage power supply (Glassman High Voltage Series)
was used to apply 30 kV for stable electrospinning. Representative Scan-
ning Electron Microscopy (SEM) images were taken and nanofibre di-
ameters were measured on dry samples prior to resin infusion. The
nanofibre diameter of 190 ± 40 nmwas measured on at least 50 fibres
with the software package ImageJ [46]. More information about the
electrospinning can be found in Ref. [34].

2.2. Composite production and testing

Laminates with PEBA72 nanofibres in the interlayer as well as non-
toughened reference laminates without nanofibre reinforcements
were manufactured by Vacuum Assisted Resin Transfer Molding
(VARTM) using four different types of reinforcements which are listed
in Table 1.

The nanofibres were directly spun onto the reinforcing plies at the
side facing the midplane (delamination plane) and thus totalled an
amount of 5 g/m2 in the interlayer. The epoxy resin (EPIKOTE MGS
RIMR135) and hardener (EPIKURE MGS RIMH137) were supplied by
Momentive and used in a 100:30mass ratio. Curing at 80 °C for 5 h (val-
idated by Differential Scanning Calorimetry to complete curing reac-
tion) was initiated immediately after resin impregnation of the
composite. A 25 μm thick ethylene tetrafluoroethylene-based release
filmwas inserted at the dissimilar interface to serve as an initial delam-
ination in the mode I and II delamination experiments.

The mode I IFT (GIC) was evaluated by the Double Cantilever Beam
(DCB) and the mode II IFT (GIC) was determined by End Notched
Flexure (ENF) according to the compliance based beam method such
as previously reported [41,47]. A displacement controlled Instron 3369
equipped with a 500 N and 2000 N load cell was used to perform the
DCB and the ENF tests, respectively.

Themode I IFTwas calculated according to the ASTMD5528method
(Eq. (1)) [48].Where P is the critical load, δ is the critical displacement, b
is the width, a is the delamination length, Δ corrects for crack front ro-
tations and F corrects for large displacement effects of the piano hinges.
The GIC was determined from the load-displacement curves at the 5%/
max point as described in the ASTM standard. The mode I pre-crack
was produced naturally by loading to crack initiation and directly
unloading the specimen. The propagation value was determined of the
plateau in the R-curve. Delamination tests were performed at a rate of
2 mm/min and the crack was monitored using a traveling microscope.

The mode II IFT GIIc was calculated using the Compliance Based
Beam Method (Eq. (2)) as described in previous work [47] with P the
maximum load and aeq the equivalent delamination length based on
the specimen compliance as described in Reference [29]. Ef is the flex-
ural modulus, b is the width, 2 h is the specimen thickness, and |1 - ζ|
corrects for large displacement effects. The initiation was determined
at the point of maximum load in the ENF experiment. The initial delam-
ination length of 37.5 mm and span of 100 mm resulted in stable crack
growth. The samples were loaded under three point bending at 1 mm/
min.

GIC ¼ 3Pδ
2b aþ Δj jð Þ F ð1Þ

GIIC ¼ 9P2a2eq
2E f b

2 2hð Þ3
1−ζj j ð2Þ

For mode I IFT, both initiation IFT and propagation IFT were deter-
mined, while for mode II only the initiation IFT was recorded as it is ex-
perimentally rather complex to measure the crack growth accurately
under mode II delamination. Representative load-displacement curves
are added as supplementary information (S1). At least three samples
were tested for each configuration. Multiple SEM images were taken
to study the fracture surface of DCB and ENF loaded specimens. Optical
microscopy was used to study the crack development of lateral cross-
sections of the test samples after being subjected to mode I and mode
II tests (Fig. 2).

In order to perform the DCB/ENF tests correctly, the composite sam-
ples were designed such that the specimen legs of the samples bend
symmetrically during testing. Hence, the bending stiffness (S) of both
legs, which differ in layup and/or material and are separated by the



Fig. 2. The different types of tested composite samples (a) with their side view (b). Optical microscopy was used to study the lateral cross-section of both mode I (c) and mode II (d) samples.
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release film, needed to be the same. S was calculated for each leg from
theflexuralmodulus (E) and the secondmoment of area (Ix) of the rect-
angular test samples (Eq. (3)). For this, E was calculated with the slope
of the linear section of the extension-load curve (m) of a three-point
Table 2
Stacking sequence for each interface evaluated for nanofibre toughening. For the non-symmetri
Fabrics were always stacked with the warp yarns in the 0° direction.

Name Reinforcement Layers Thickness 
(mm) 

Bendi
stiffness (

GUD + GUD Glass UD 4 1.40  

Glass UD 4 1.40  

CUD + CUD Carbon UD 4 2.07

Carbon UD 4 2.07

GUD + CUD Glass UD 7 2.46 0.93

Carbon UD 4 2.07 1.01

GUD 45 Glass UD 8  2.92

Glass UD 8 2.92

Gf + Cf Glass fabric 10 3.39 1.46

Carbon fabric 9 2.61 1.50

Gf + CUD Glass fabric 11 3.73 1.94

Carbon UD 5 2.59 1.99

CUD + Cf Carbon UD 4 2.07 1.01

Carbon fabric 8 2.32 1.05
bending test with width (b) and thickness (h) of the samples and
span length (L = 32 h). The optimal stackings were selected such as
shown in Table 2. No significant difference (one-tailed t-test, alpha =
0.05) in thickness between the non-toughened and toughened
c delamination specimens, the bending stiffness of the individual specimen-halves is given.
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laminates was found for any type of stacking sequence even though the
interlayer thickness at the dissimilar interface increases up to 60 μm
when fabrics are present at the dissimilar interlayer (S2).

S ¼ EIx ¼ L3m

4bh3
bh3

12
¼ L3m

48
ð3Þ

3. Results and discussion

3.1. Effect of interface structure on the fracture toughness of non-
interleaved laminates

Prior to investigating the toughening effect of the interleaved
nanofibrous veils onto the dissimilar interfaces, the delamination resis-
tance of non-interleaved test specimens is analysed inmode I andmode
II delamination tests (Fig. 3).

Overall, it is clear that themode I IFT (GIc) of samples with a parallel
oriented [UD-UD] interface is lower than for interfaces with a woven or
differently oriented fibre layer. This is in agreement with previous re-
search that showed different crack mechanisms such as crack bifurca-
tion (branching of the cracks) and splitting (high amount of intraply
damage) are present in non [UD-UD] interfaces, resulting in a higher
mode I IFT initiation as well as propagation [11–15,49]. Note that for
this, the ASTM standard recommends a [UD-UD] specimen design for
a conservative delamination resistance value [48,50]. On the other
hand, for the mode II IFT (GIIc) the trend is less pronounced as the
[CUD-CUD] similar laminates had a very high delamination resistance.
The high GIIc for [CUD-CUD] interfaces may be due to good adhesion
with the epoxymatrix and the higher specific fibre surface of carbon fi-
bres (diameter of 7.2 μm) in comparison to glass fibres (16.5 μm) [51].

The multidirectional [GUD 45] composite has a higher mode I IFT
than the [UD-UD] composites due to the formation of crack bifurcations
[11,12,15]. Further, doubling of the mode I IFT is noted during
Fig. 3.Themode I (a) andmode II (b) IFT (GIC andGIIC) in initiation andpropagation of non-inter
materials (GUD and CUD) as well as glass and carbon fibre woven fabrics (Gf and Cf).
propagation because of a large increase infibre bridging and the appear-
ance of parallel crack paths that require more energy [2,11–15,49]. For
mode II on the other hand, the multidirectional glass fibre composite
has a similar IFT (GIIc) as the [GUD+GUD] composite because the inter-
face fracture surface area does not vary significantly with interply angle
[12].

Due to the high difference in elastic modulus between glass and car-
bon fibres, the stress distribution around the crack tip could alter de-
pending on the distance to the dissimilar interface in such way that at
larger distances the resulting crack will always be redirected towards
the dissimilar interface. Eventually a tortuous crack development arises
that induces mixed mode crack growth even though pure mode I loads
are applied [9,52]. This leads to the large mode I IFT increase of the
multimaterial dissimilar interface [GUD – CUD] in comparison with
the similar [GUD – GUD] and [CUD – CUD] interfaces [9]. For mode II,
this mechanism does not occur and the multimaterial dissimilar inter-
face performs similar to the [CUD-CUD] interface.

High IFT values in both mode I as well as mode II IFT were obtained
for multistructural andmultimaterial samples containingwoven fabrics
at the interface because of an increased amount of parallelmatrix cracks
and because the transverse bundles of the woven fabric (perpendicular
to the crack propagation) ensured pinning of the crack and cause it to
arrest [53,54].
3.2. Effect of interface structure on nanofibre interleaved laminates

The IFT at a dissimilar interface in a composite is, on overall, substan-
tially improved by addition of PEBA nanofibres (Fig. 4). The nanofibre
toughened samples always develop a higher Strain Energy Release
Rate (SERR) during the delamination test in comparison to the non-
toughened reference samples under both mode I or mode II loading
(Fig. 5). This is due to multiple aspects including nanofibre bridging ef-
fects and changes in the crack path. The discussion of the nanofibre
leaved compositeswith dissimilar interfaces including glass and carbonfibre unidirectional



Fig. 4. All mode I and II considered dissimilar interfaces including glass (G) and carbon (C) fibre unidirectional (UD) and woven (f) fabrics benefit from nanofibre toughening. In mode I
initiation (GIC) (≥+24%) andmode II initiation (GIIC) (≥+67%) each dissimilar interface has a vast increase in IFT that is due to the crack frequently transversing the nanofibre toughened
interlayer (a, c). Inmode I propagation it are themultistructural interfaces,which contain both unidirectional andwoven fabrics that improve themost because of the interplay of the high
increase in fracture surface area by crack bifurcations and the delamination regularly crossing the nanofibre toughened region (b).
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toughening of the dissimilar interfaces is divided into three parts based
on the fracture morphology.

First, the three unidirectional lay-ups will be discussed simulta-
neously on their nanofibre toughening performance because of their
strong resemblance in fracture behaviour (Section 3.2.1). They give
rise to themost prominent IFT increases inmode I initiation (Fig. 4a) be-
cause thedelamination stays in the interlaminar region,which leads to a
relatively smooth crack surface that allows frequent crossings through
the nanofibre toughened interlaminar zone.

Second, the toughening of the GUD 45 lay-up is analysed due to its
distinct fracture behaviour. It is clear that the mode I IFT of the non-
toughened composite with a differently oriented fibre layer is already
high in comparison to the similar case (Fig. 4a, b), which can be
attributed to the formation of a rougher crack surface. When nanofibre
toughening is applied at this dissimilar interfaces, a further increase in
IFT is noted.

Lastly, the nanofibre tougheningwill be discussed of the three types
of composites with woven fabrics at the dissimilar interface (-
Section 3.2.3) which show high IFT increases in both mode I initiation
and mode II initiation (Fig. 4a, c). Moreover, the two multistructural
composites containing a [UD – f] interface provide the relatively highest
increase in mode I propagation IFT of all nanofibre toughened compos-
ites (Fig. 4b) because the nanofibre toughened interlayer also forces
crack bifurcations through the adjacent fabric interlayer in addition to
the regular crossings through the nanofibre toughened interlayer. In ad-
dition, a detailed discussion and microscopic images of the observed



Fig. 5. For each type of interface, the development of the Strain Energy Release Rate (SERR) is shown with increasing crosshead displacement for both mode I (a,c,e) and mode II (b,d,f).
Each of the nanofibre toughened composites develops a higher SERR in initiation in comparison to the non-toughened reference samples.
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crackmechanisms for each type of interface is given in Supporting Infor-
mation Section S4 and Section S5.
3.2.1. Nanofibre toughened composites with a unidirectional lay-up
The results in Fig. 4 show that the IFT of both mode I and II is in-

creased by over 50% when adding PEBA nanofibre interleaves to unidi-
rectional fibre reinforced epoxy composites with only glass or carbon
fibres at the interface. This confirms our previous research on PEBA
nanofibre toughening of glass fibre epoxy composites in which the frac-
ture behaviour is discussed in detail [34]. Briefly, the fracturemechanics
can be clarified when comparing lateral cross-sections of both a
nanofibre toughened and a non-toughened mode I tested composite
(Fig. 6a,b). The lateral cross-sections allow to clearly study the uninhib-
ited crack development from initiation to propagation. In the case of a
non-toughened unidirectional composite, the crack propagates rela-
tively smoothly within the resin rich interlayer (Fig. 6a). In comparison,
for nanofibre toughened specimens, the crack stays within the inter-
layer, but now frequently passes through the nanofibre toughened re-
gion (Fig. 6b,c). During these crossings of the crack, many tough PEBA
nanofibres were plastically deformed and broken (Fig. 6d), which ulti-
mately leads to high increases in IFT. The delamination and toughening
mechanism of the multimaterial [GUD-CUD] composite thus remains
comparable to that of similar unidirectional composites and is further
discussed in detail in Supporting Information Section S3 and Section S4.
3.2.2. Nanofibre toughened multidirectional interface
The delamination experiments previously shown in Fig. 3 show that

the non-toughened reference sample of the multidirectional [GUD 45]
composite already has a high fracture toughness, certainly compared
to unidirectional mode I reference samples. Nanofibres are even able
to further increase the IFT by 41% in mode I (initiation) and 67% in
mode II (initiation) (Fig. 4a, c, multidirectional).

Fig. 7a,b shows the lateral cross section in the direction of propaga-
tion of a mode I tested [GUD 45] composite. Both the delaminations of
the non-toughened reference sample and the nanotoughened sample
create side-branches, but in case of the nanotoughened sample the
main delamination eventually leaves the dissimilar interface and con-
tinues propagating at a neighbouring interface after several mm of
crack growth. This is possibly because the delamination was obstructed
by the nanofibre-toughened region considering too much energy is
needed to propagate through this zone. This was also confirmed by
limited toughness increase in mode I propagation (Fig. 4b,



Fig. 6. The lateral cross section of a mode I tested unidirectional multimaterial composite [GUD-CUD] without nanofibres (a) shows that the crack propagates evenly within the
unidirectional interface. In case of a nanofibre toughened composite (b), the crack alternates between both sides of the interlayer and repeatedly crosses the nanofibre toughened
interlaminar region (c) that results in plastic deformations of the nanofibres (d) and a high IFT increase. A similar fracture development is noted for the equivalent similar GFRP (S3)
and CFRP.
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multidirectional). At first, the nanofibres influence the delamination,
but this effect is diminished during crack growth as the delamination
moves towards a neighbouring interface. Note that the calculation of
the propagation fracture toughness used here does not consider
changes in loadingmode or delamination area caused by delaminations
moving towards other interfaces, and is thus rather a measure for en-
ergy absorption during the delamination experiment than an intrinsic
material parameter.

This effect is also present for mode II loaded samples where the crack
remains in the central interlayer for non-toughened specimens, but im-
mediately moves towards the neighbouring interface for nanofibre
toughened specimens (Fig. 7c, d). This results in a vast increase in the
measured IFT (Fig. 4c) and demonstrates that the crack needs less energy
to propagate through the reinforcement layer in comparison to the
nanofibre toughened interlayer. Note that the obtained GII value for the
nanofibre toughened specimens might not be correctly calculated, and
thus differ slightly, as the deviation from the main delamination results
in an asymmetrical specimen andnormally a symmetrical specimen is as-
sumed for Eq. (2). Additionally, there is still some torsion coupling possi-
ble for the tested samples because both arms of the samples have off-axis
fibre orientation of +45° and− 45° for the bottom and the top part.

3.2.3. Nanofibre toughened composites with a woven fabric at the dissimi-
lar interface

The fracture behaviour of different nanofibre toughened composites
with a woven fabric at the dissimilar interface show strong similarities
to each other due to the interaction of the crack path with the waviness
of the woven fabrics. Three types of these interfaces are discussed,
namely [Gf + Cf], [CUD+ Cf] and [CUD+ Gf]. Separate optical micros-
copy cross sections of mode I and II tested samples of each of the three
interfaces are added in Section S4 and Section S5.

The non-toughened composites already have a high fracture tough-
ness because of thewoven architecture of the reinforcement fabrics, yet
they are still greatly improved by addition of nanofibres (Fig. 4, woven
fabric). Thewoven structures make the delamination pathmore irregu-
lar as can be seen for the [CUD+Cf] interface as an example in Fig. 8a–d,
which results in a larger crack surface and thus more absorbed energy.

The two interfaces that also contain UD reinforcement ([CUD + Cf]
and [CUD + Gf]) at the interface have a very high increase in propaga-
tion toughness of over 100% on the non-toughened specimens. This is
an indication that the interaction between the crack path and the
nanofibre toughened interface becomes better uponmode I crack prop-
agation. The difference in reinforcement structuremakes the delamina-
tion crack path more irregular (Fig. 8). When considering the mode I
samples, the main delamination follows the relatively smooth UD
fibre reinforcement with short side branches diverging into the woven
structure of the fabric. In the case of the reference sample, these side
branches always return to the main delamination (Fig. 8a), while the
delamination growth of the nanofibre-toughened sample is similar,
but has side-branches propagating completely through the
neighbouring interface in parallel to the main delamination over the
entire crack length (Fig. 8b). Hence, the crack surface of the nanofibre-



Fig. 7. The lateral cross sections along thedirection of propagation (from left to right) of delaminatedmode I andmode II compositeswithout nanofibres (a,c) andwith nanofibres (b,d) are
shown and give insights on the effects of nanofibre toughening on the crack path. The top-view of the optical microscopy insert of a non-toughened reference sample clearly shows an
asymmetric fracture pattern indicating oblique crack growth due to torsion coupling. In the nanofibre toughened composites, the crack completely shifts towards the neighbouring
interlayer during propagation, for both mode I and mode II, indicating the crack tries to avoid the highly toughened (dissimilar) interlayer.
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toughened sample is bigger (almost doubled as there are two delamina-
tions), which together with the nanofibre bridging effect explains the
large increase in IFT in mode I propagation compared to mode I initia-
tion. In the case of the mode I tested [Gf – Cf] specimens (Section S4),
the crack stays within the interlaminar region without deviating into
the neighbouring interlayer for both reference and nanofibre toughened
specimens. The added IFT here is thus attributed to the interaction be-
tween the crack path and the toughened interlayer solely. Because the
crackmainly propagates on the glass fabric reinforcement side of the in-
terface, the mode I [Gf + CUD] interface results in similar values for the
mode I IFT tested [Gf + Cf] sample. In both cases, the delamination
propagatesmainly through the glass fibre reinforcement, which implies
that the neighbouring carbon reinforcement, be it unidirectional or fab-
ric, has little to no influence on the crack path behaviour. This could be
because the glass fibre-epoxy adhesion is worse than the carbon fibre-
epoxy adhesion.

The crack path of mode II tested specimens is similar for all three
specimens for both non-toughened and toughened laminates. It follows
the warp yarns without substantial bifurcations through the laminate
except in the case of [Gf + Cf] where occasional bifurcations occurred,
but were always redirected back by the surrounding part of the crack
that does remain within the dissimilar interface (S4).
4. Conclusion

We can conclude that the nanofibre toughening is beneficial in prac-
tical applications where dissimilar interfaces form a damage-prone
boundary between composite plies having different structural or me-
chanical properties. For all of the considered dissimilar interfaces an
overall increase is noted of 30–50% in mode I and 70–130% in mode II
initiation IFT. This is due to multiple aspects including nanofibre bridg-
ing effects, the inherent toughness and plastic deformation of the
nanofibres and the frequent crossings of the crack path through the
nanofibre toughened interlaminar zone. Besides the direct effects of
the nanofibre toughening itself, we have also shown that augmented
occurrence of crack bifurcations towards adjacent non-toughened inter-
layers is an important factor for the improved IFT, which also explains
why the increase in mode I propagation IFT (100%) is most substantial
for multistructural composites.. These bifurcations were likely induced
by the inherent higher toughness of the interlayer at the dissimilar in-
terface. Thus, this novel insight suggests that in the majority of cases
the dissimilar interface is toughened to such a degree that the adjacent
interlayers might need to be toughened to achieve optimum results.
Though, design-wise this may exceed what is necessary as it is much
simpler to have just one nanofibrous layer at the specific damage-



Fig. 8.When comparing themode I propagation of non-toughened (a) and nanofiber toughened (b) samples, the high increase inmode I propagation IFT (Fig. 4b) of the composites that
still haveunidirectionalfibres at the interface can be explained. Thenanofibre toughened composite showsmany crack bifurcations and the formation of a secondmajor interlaminar crack
propagating inparallel at the adjacent interlayer. In contrast, the [Gf+Cf] interface (supplementary information Fig. S4.2) does not showany significant crack bifurcations and thus the IFT
in mode I propagation does not drastically increase. The high mode II IFT (GIIC) increases are due to the crack propagating through the nanofibre toughened interlayer thereby regularly
crossing the nanofibres (b,d).
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prone dissimilar interface instead of throughout the laminate. The ab-
sence of any resin viscosity increase in addition to the ease of applying
nanofibre toughening could possibly open up opportunities towards in-
dustrial composite toughening near dissimilar interfaces.
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