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A B S T R A C T   

In this work an innovative electrospinning system is proposed that simultaneously has an adequate temperature 
resistance, a high increase in mode I (þ51%) and mode II (þ96%) delamination performance and can be 
commercially produced. Interleaving nanofibrous veils can potentially solve the issue of the limited delamination 
resistance encountered in composite laminates, but industrial upscaling has always been impeded by one or more 
critical factors. These constraining factors include a limited temperature stability of the nanofibers, a lack in 
simultaneous mode I and II delamination performance increase and the complexity of the electrospinning system 
because non-commercial polymers or specialty nanofibers (e.g. coaxial) are required. In this paper, a robust 
electrospinning system is proposed that is the first to overcome all major hurdles to make nanofiber toughening 
industrially viable. A new class of nanofibers based on biosourced polyamide 11 and its poly(ether-block-amide) 
co-polymers is used to deal with those shortcomings. The nanofibers have tuneable diameters down to 50 nm and 
cross-section morphologies ranging from circular to ribbon-shaped. The key to this work is the fundamental 
underpinning of the toughening effect using a broad range of interleaves with different mechanical and thermal 
properties, fiber diameters and fiber morphologies, all produced from the same bio-based base polymer. 
Generally, round and thin nanofibers performed better than larger and ribbon-like fibers. The relationship 
between the fiber morphology and the delamination performance is further underpinned using detailed analysis 
of the fracture surface. Ultimately, this results in a range of optimized nanofibrous veils capable of improving the 
delamination resistance considerably without suffering from the aforementioned drawbacks.   

1. Introduction 

Today, fiber-reinforced composites are often the material of choice in 
high-end applications as they combine low weight, high stiffness and 
strength. They are commonly used in aerospace, ultralight vehicles, 
modern windmills and in all kinds of sports equipment. However, the 
susceptibility to delamination of composite laminates is still an 
important issue in many applications. A novel methodology to increase 
the interlaminar fracture toughness (IFT) is based on the interleaving of 
thin nanofibrous veils within the composite laminates and has proven to 
be an easy and straightforward pathway to toughened composites 
[1–10]. The nanofibers typically have a diameter below 500 nm and 
these are deposited via electrospinning as a non-woven veil with a very 

high surface area to volume ratio and provide superior mechanical 
performance compared to the bulk polymer [4,5]. 

Nanofiber toughening of composites has been studied for a variety of 
polymer types, e.g. PA46, PA6, PA66, PAN, PCL, PVA, PVB, PVDF 
[5–14]. Some of the most frequently occurring limitations of this 
toughening method stem directly from the choice of polymer. Indeed, a 
widely reported system such as polycaprolactone (PCL) nanofibers for 
example have proven high increases in both mode I and mode II IFT, but 
have a melting point of around 55 �C. This restricts their use to 
room-temperature curing composites or at least require a pre-curing step 
around room temperature if the nanofiber structure needs to be retained 
[4–6,15,16]. PCL can be used for composite toughening through phase 
separation as well, but this decreases other mechanical properties such 
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as elastic modulus and tensile strength as it is shown by Dadfar et al. 
[17]. With the type of highly relevant high-end epoxy resin used in this 
manuscript, a pre-curing step would be required as has been thoroughly 
shown in our previous research [4,14,15]. 

On the other hand our work on temperature stable nanofibers made 
from commercially available polyamide resins resulted in an excellent 
mode II IFT increase (þ80%) for polyamide 6, polyamide 6.6 and 
polyamide 6.9, but the mode I increase was limited, likely caused by a 
lack of matrix adhesion [5–7,14]. Although other researchers have 
booked more success using polyamide nanofibers, e.g. Refs. [18,19], 
these results could not be reproduced by us without providing the 
polyamide nanofibers with a matrix-compatible shell made from 
polycaprolactone to increase its adhesion with the matrix [14,16]. The 
interplay of the nanofiber intrinsic mechanical properties and the 
adhesive interaction with the matrix material is thus highly important as 
pointed out by several research groups as well [5,6,20–23]. 

In addition, we expect that the fiber morphology of the nanofibers 
(diameter and cross-sectional shape) will affect their performance to 
increase the delamination resistance of interleaved laminates. The 
nanofibers absorb delamination energy by straining. A smaller nanofiber 
thus absorbs less energy (proportional to the cross-sectional area) which 
might make its adhesion to the matrix sufficient (proportional to the 
surface area). Although finer nanofibers were reported by several 
researchers to result in more stable crack propagation and better 
mechanical performance under flexure loading, they did not lead to an 
additional increase in mode I and mode II IFT [9,20,24]. On the other 
hand, Our earlier work on polycaprolactone did show a slight positive 
effect of using nanofibers (diameter 370 nm) over microfibers (diameter 
8.4 μm) [4]. These findings thus indicate the need for further 
investigation into the link between the fiber morphology aspects and the 
delamination performance. 

It is clear nanofibrous veils are very promising toughening materials 
but a widespread use requires temperature-stable nanofibrous systems, 
that yet offer the appropriate intrinsic mechanical properties and the 
adhesive matrix interaction. Recently, we proposed a method to 
successfully achieve temperature-stable nanofibers with improved 
delamination resistance [14], based on dedicated coaxial nanofibers. 
However, application-wise, it would be more interesting if single 
component nanofibers are used made from commercially available 
polymers. Therefore, the present paper focuses on polyamide 11 (PA11) 
based polymers as they are expected to provide a higher ductility and 
toughness than polyamides like PA6 and PA6.6 due to their long 
aliphatic flexible backbone segment, with melting points of up to 185 �C. 
In addition the use of bio-sourced PA11 and three PA11-based poly 
(ether-block-amide)s (PEBA) with varying mechanical and 
electrospinning properties allows for a versatile platform of widely 
applicable temperature-stable nanofibers for composite toughening. 
However, at present, no safe eco-friendly method is available to obtain 
large PA11 nanofibrous veils due to the limited solubility of PA11. 

In the present paper, we first develop an innovative solvent system 
that has low toxicity and is sufficiently stable for large-scale 
electrospinning of both PA11 and the PEBA polymers and thus 
industrially relevant. The PEBA (co)polymers are PA11-based but are 
chemically different from one another by their ether content, resulting 
in a variety in mechanical properties. By additionally altering the 
polymer concentration in the solvent system we produce nanofibers 
with a large range of properties and fibrous morphologies (diameter, 
cross-section shape), which are analysed for their mode I and mode II 
IFT performance. Fractography of these specimens is subsequently used 
to relate this delamination performance to the responsible 
micromechanisms. The understanding of these mechanisms is crucial to 
ultimately choose the appropriate nanofiber veils that are temperature 
stable, eco-friendly and commercially viable while allowing a high 
improvement in both mode I and mode II delamination resistance. 

2. Materials and methods 

2.1. Solvent study 

Preliminary solvent studies, each combining formic acid with 
another solvent, were performed at various temperatures in order to 
dissolve 8 wt% PA11. Formic acid was combined with each of the 
following thirty solvents. The selection was based on Hansen Solubility 
Parameters and low-toxicity solvents which are not stated in the list of 
dangerous substances restricted by REACH in Annex XVII [30] 
(more details in Supplementary Information S1): acetic acid, acetone, 
anisole, benzyl alcohol, butyl acetate, n-butanol, s-butanol, t-butanol, 
butanone, γ-butyrolactone, cyclohexanone, diethyl ether, diethylene 
succinate, dimethyl sulfoxide, dioxolan, ethanol, heptane, isoamyl alcohol, 
lactic acid (purity � 90%), limonene (purity � 97%), ethanol, methyl 
tert-butyl ether, methyl isobutyl ketone, n-propanol, propionic acid, n-propyl 
acetate, propylene carbonate, propylene glycol, toluene, 
α,α,α-trifluorotoluene. All solvents were ordered at Sigma-Aldrich and 
have a purity above 98% unless otherwise mentioned. Most of the 
solutions needed temperatures of 60 �C or above to dissolve the polymer 
and precipitated at room temperature. Only an anisole (An)/formic acid 
(FA) solvent system is able to keep PA11 dissolved at room temperature. 
Therefore, this solvent system was further analysed with the aid of 
turbidity measurements (Crystal 16, Avantium Technologies) of 8 wt% 
PA11 solutions with different FA/An ratios. This showed that a 60% 
FA/40%A solution provides the best solubility. 

2.2. Nanofiber veil preparation 

PA11 and PA6 pellets were purchased from Sigma – Aldrich. The three 
poly(ether-block-amide)s: (1) Pebax® Rnew® 40R53 SP 01 resin 
[PEBA40], (2) Pebax® Rnew® 63R53 SP 01 resin [PEBA63] and (1) 
Pebax® Rnew® 72R53 SP 01 resin [PEBA72] were kindly received from 
Arkema. The PEBA polymers are named in increasing order of stiffness and 
PA11 content, PEBA40, PEBA63, PEBA72. The mechanical and thermal 
properties of the polymers are included in Table 1. The pellets were dis-
solved for electrospinning in a mixture of 60% formic acid (FA) and 40% 
anisole (An), both purchased from Sigma – Aldrich. Both solvents are used 
as received. The resulting viscosities of the electrospinning solutions are 
added in the Supplementary Information (SI). 

An in-house developed electrospinning machine based on a rotating 
drum design was used to deposit the nanofibrous directly onto a glass 
fiber plie at 6 g/m2. The areal weight and the nanofiber diameter dis-
tribution of the produced nanofibrous veils was determined at several 
locations throughout the membrane prior to insertion within the com-
posites in order to ensure constant fiber properties and a homogeneous 
areal density of the membrane throughout the composite. PA11 was 
electrospun from solution at a rate of 1 ml/h while PEBA was electro-
spun 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 voltage 
in the range of 25–30 kV for stable electrospinning. Nanofibers were 
produced at 23 � 2 �C and 50 � 10% RH. Representative SEM images 
were taken and nanofiber diameters were measured on dry samples 
prior to resin infusion. The nanofiber diameter and the width of ribbon 
shaped fibers was measured on at least 50 fibers with the software 
package ImageJ resulting in adequate comparisons between different 
membranes [31]. More details on viscosities and other aforementioned 
electrospinning conditions can be found in SI–S2. 

2.3. Interlaminar fracture toughness 

Unidirectional [0�]8 laminates with PA11, PEBA40, PEBA63, 
PEBA72 or PA6 nanofibers in the interlayer as well as virgin laminates 
without nanofiber reinforcements were manufactured by VARTM using 
UDO ES500 unidirectional glass fiber plies (500 g/m2, E-glass, SGL 
Group) and a double steel flat mould. The nanofibers were directly spun 
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onto the reinforcing plies facing the midplane. The epoxy resin 
(EPIKOTE MGS RIMR135) and hardener (EPIKURE MGS RIMH137) 
were used in a 100:30 mass ratio. After infusion two different curing 
cycles were used. In the two-step curing cycle, first a 24 h dwell step was 
applied at 20 �C and 50% relative humidity, followed by a second curing 
step at 80 �C for 15 h. In the one-step curing cycle, curing at 80 �C for 15 
h was initiated immediately after resin impregnation of the composite. 
The laminates had a nominal thickness of 3 mm. The production of the 
PA6 nanofiber toughened composites is described in our previous work 
[5]. The mode I IFT is evaluated by the Double Cantilever Beam (DCB) 
test according to ASTM D5528. Samples were prepared according to a 
previously reported procedure [4,5,15,21]. The mode II IFT is 
determined by End Notched Flexure (ENF) experiments according to a 
previously reported procedure [4,5,21]. Multiple SEM images were 
taken to study the fracture surface of DCB and ENF loaded specimens. 

3. Results and discussion 

3.1. A novel low-toxicity solvent system for PA11 and PEBA’s 

Polyamides like PA6 and PA6.9 are easily electrospun based on a 
formic acid/acetic acid (FA/AA) solvent system [12,13,32]. However, 
due to the large nonpolar parts in the PA11 polymer backbone, the 
FA/AA solvent system is not suitable for PA11-based polymers. 

Therefore, we developed a new solvent system based on the combination 
of two miscible solvents to improve the solvency of the polyamides 
while avoiding any toxic halogenated solvents. A synergistic effect in 
solvency can be obtained by using a solvent blend because one solvent 
may help to dissolve the more polar amide groups and the other 
accounts for the long alkane parts [26,30]. Preliminary solubility tests 
were performed in solutions combining FA with a large set of 30 solvents 
that were selected based on hazard profile and Hansen Solubility Pa-
rameters. The combination with anisole (An) showed the best 
solubilising performance and was optimized by turbidimetry which 
resulted in an optimized solution of 60%FA/40%An; SI – S1 [30,33]. 

3.2. Electrospinning different morphologies of PA11 and PEBA nanofibers 

One of the advantages of the FA/An solvent system is that it allows a 
wide range of polymer concentrations to be solvated for each of the 
PEBA as well as the PA11 polymers. Depending on the exact solution 
(polymer type and concentration), fibers with diameters ranging from 
50 nm to 800 nm as well as neat circular or thicker flat ribbon-shaped 
fibers were produced (Fig. 1). 

Overall, solutions with the lowest polymer concentration lead to fine 
nanofibers with a circular cross-section, which increases in radius with 
increasing concentration. Note nanofibers were obtained with a diameter 
down to 50 nm when electrospinning PA11 at low concentrations. This is 

Table 1 
Thermal and mechanical properties of the polymers. Values denoted with ‘*’ are according to CES EduPack (Granta Design, commercial database of material prop-
erties). Values tagged with ‘**’ are obtained by own DSC measurements. All other values are according to the datasheet of the product. The DSC curves are added in the 
Supplementary Information (SI).  

Polymer Tg (�C) nanofiber bulk E (MPa) datasheetƐ (%) CES EduPack σ at break (MPa) 

Tm (�C) Tm (�C) Ɛ (%) 

PA6 44-56 * 221** 219** 944-1180 * – 41-59 * 33-40 * 
PA11 36-48 * 185** 183** 1060-1330 * – 280-320 * 50-55 * 
PEBA72 – 181** 182** 510 >300 290-375 * 56 
PEBA63 – 176** 176** 285 >300 450-548 * 53 
PEBA40 � 65 150** 151** 71 >300 379-785 * 40  

Fig. 1. SEM images showing the Influence of the polymer type and polymer concentration on the nanofiber morphology. “d” is the average diameter/width of the 
fibers in nm. “t” is the thickness of the ribbons in nm. Overall, solutions with the lowest polymer concentration lead to fine nanofibers with a circular cross-section, 
which increases in radius with increasing concentration. When electrospinning at higher polymer concentrations, the circular cross-section changes, resulting in a 
ribbon-like morphology of the fibers. For the areas left blank, no stable electrospinning was possible. All nanofibers were used for composite toughening, except for 
those noted with (*) due to insufficient electrospinning stability. The influence of polymer type on the IFT of nanofibers with constant diameter (green frame) is 
discussed in section 3.3.1. The influence of fiber morphology (pink frame) on the IFT is discussed in section 3.3.2. (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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substantially lower than the typically obtained diameters for polyamides 
in literature and, therefore, it could also be of interest for other 
applications besides composites such as filtration [5,6,25,34]. 
Comparing the nanofibers electrospun at the same polymer concentra-
tions shows PA11 and PEBA40 nanofibers are the finest while PEBA72 
nanofibers have the largest diameter. When electrospinning at higher 
polymer concentrations, the circular cross-section changes, resulting in a 
ribbon-like morphology of the fibers (e.g. 16% PEBA72, Fig. 1). During 
the electrospinning process, the solvent on the outside of the jet 
evaporates upon which the polymer solution on the interface with the air 
dries out. After fiber deposition, the remaining solvent in the core of the 
fiber evaporates as well and the fiber collapses, resulting in a flat ribbon 
structure [26]. 

The differences in fiber morphology are also reflected in the higher 
specific fiber surface area (Sf) for fine nanofibers (e.g. 21 m2/g for 8% 
PEBA72) in comparison to the much lower specific fiber surface area for 
thicker nanofibers (e.g. 10 m2/g for 12% PEBA72) or for ribbon-shaped 
microfibers (e.g. 3.6 m2/g for 18% PEBA72), as calculated by the 
formula proposed by Eichhorn et al. [32] taking into account the 
cross-sectional shape (Fig. 2). A low nanofiber diameter gives clearly rise 
to a high Sf. Hence, the nanofibers spun from low wt% solutions are 
possibly much more effective at toughening composites since they allow 
much more interaction with the matrix resin when embedded in the 
composite. Similarly, the cross-sectional area varies considerably as 

well, for example from 0.028 μm2 for 8% PEBA72 nanofibers to 2.1 μm2 

for ribbon-shaped 18% PEBA72 microfibers. 
These aspects are important to relate the effectiveness of a certain 

nanofiber system for the toughening of composites to its fibrous 
morphology, as discussed in Section 3.3.2. Based on one single solvent 
system and polymer family, we can now investigate the influence of 
mechanical properties (increasing stiffness for the range PEBA 
polymers), fiber diameter and morphology on the composite’s inter-
laminar fracture toughness (IFT). 

3.3. Delamination performance of interleaved composites (mode I and 
mode II interlaminar fracture toughness) 

3.3.1. Influence of the polymer type 
Fig. 3 illustrates the effectiveness of each PA11-based polymer 

system for toughening a composite laminate using interleaves with 
similar fibrous morphologies (cross-sectional area and Sf). It’s immedi-
ately clear that PA11-based nanofibers have a positive effect on both the 
mode I and mode II fracture toughness in comparison to a non- 
toughened composite. The high ductility and adequate adhesion with 
the epoxy matrix of the fine PA11 and PEBA nanofibers with diameters 
in the range of 100–200 nm results in a mode I IFT up to 600 J/m2 and 
the mode II IFT up to 3300 J/m2. Such improvements are seldom ach-
ieved with other single polymer nanofiber systems [5,11,20,35]. 

Fig. 2. The specific fiber surface area (Sf) and fiber width of electrospun nanofibers are compared with the polymer concentration of the solution they originate from. 
Clearly, the Sf strongly increases when lowering the wt% polymer in the electrospinning solution (a) which allows much more interactions with the epoxy matrix 
when embedded in the composite. In Fig. 2b the high increase of fiber width with increasing polymer concentration becomes very apparent. For the PA11/PEBA 
nanofiber system the ribbon morphology (denoted with X) starts to emerge at fiber diameters of 750 nm and above (b,c). Figure c clearly shows that small diameters 
are essential for obtaining a high Sf. 
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Fig. 3. A comparison of the mode I and mode II 
IFT of PA6 [5], PA11 and PEBA 
nanofiber-reinforced composites (for the nano-
fibers shown in the green frame in Fig. 1). All 
nanofiber types except PA6, provide a similar high 
increase in mode I fracture toughness when 
compared to a non-reinforced reference composite 
(the largest p-value is 0.039 for the four PA11 
based nanofibers, one tailed T-test, α ¼ 0.05). For 
all nanofiber reinforced composites the mode II IFT 
is up to 80% higher than a non-reinforced com-
posite (the largest p-value is 0.013 for the four 
PA11 based as well as the PA6 nanofibers, one 
tailed T-test, α ¼ 0.05). (For interpretation of the 
references to colour in this figure legend, the 
reader is referred to the Web version of this 
article.)   

Fig. 4. The fracture surface of a mode I (a,b,c,d,e) and mode II (f,g,h) PA11 nanofiber-toughened composite is shown. (a,c,f) show an optical image of a 
PA11 nanofiber toughened composite with the crack propagating in the x-direction. (d,e,g,h) depict an SEM image of the crack path crossing the interlaminar 
nanofiber-toughened region. In figures (d) and (g), the pale coloured areas on the top and bottom side show both neighbouring reinforcing plies, while in the dark 
section in-between, the crack crosses through the nanofiber-toughened epoxy layer. In figure (g) more hackles are noted in comparison to (d), which is a typical mode 
II failure feature. (b) displays a 3D visualisation of the crack crossing the PA11 nanofiber-toughened interlayer. A close-up on the fracture surface (e,h) shows very 
similar large plastic deformations of the PA11 nanofibers that result in the high increase in fracture toughness of the composite. 
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Polymers like PCL provide similar increases in toughness as PEBA and 
PA11 [4,5]. Yet, with melting points from 150 �C up to 185 �C, these 
PA11-based nanofibers have a much higher temperature stability than 
PCL (Tm � 55 �C), allowing integration into high-temperature curing 
resins. Note that the selected resin system [EPIKOTE MGS RIMR13 & 
EPIKURE MGS RIMH137] is an already high toughness epoxy resin that 
is used in wind turbine manufacturing, showing that even inherently 
tough resins benefit from nanofibrous interleaves. 

The increase in fracture toughness of the PA11 and PEBA 
nanotoughened composites can be related to their mechanical 
behaviour. Indeed, our previous research on SBS nanofibers shows that a 
high mode I IFT of interleaved composites can be correlated with a 
relatively high elongation at break of the nanofibers (150–500%), while 
for this system a high mode II IFT is reached at for polymers with a 
higher stiffness (>60 MPa) [4,14,21]. Nevertheless, for tuning of the 
mechanical properties of the SBS-nanofibers an additional chemical 
treatment with in-house synthesized reactants is necessary which makes 
commercial production not realistic. The properties of PA11 and PEBA 
polymer are in the optimal mechanical range, and thus, each of the 
produced nanofiber interleaves results in a high improvement of the 
delamination resistance. 

Post mortem analysis of mode I delaminated samples, Fig. 4c and d & 
e, shows that frequent interlaminar crossings occur in the delamination 
path for each system, while the delamination is mainly located at the 
reinforcing ply boundary. We know from previous research that these 
crossings are crucial to create nanofiber bridging zones that increase the 
delamination resistance by straining and fracture of the nanofibers 
[4–7,14]. Analysis of these zones indeed show plastically deformed 

nanofibers protruding from the surface. Similarly, the fracture surface of 
mode II delaminated specimens show the same occurrence of 
interlaminar crossings resulting in the improved GIIc. 

Interestingly, the fracture surface of delaminated specimens 
toughened with the PA11-based nanofibers is completely different to 
those toughened with PA6 nanofibers that we studied previously [5,14], 
see Fig. 5. Although similar in nanofiber diameter and cross-sectional 
shape, the PA6 nanofibers barely result in an improvement of the 
mode I IFT as the adhesion with the matrix is insufficient [14]. For PA6 
toughened composites, the delamination path is situated almost 
completely within the nanofiber modified interlayer (Fig. 5a), but due to 
debonding of the nanofibers almost no energy is absorbed (Fig. 5d). On 
the other hand, for the PA11 and PEBA toughened composites, smaller 
crossings are observed (Fig. 5b and c), but the nanofibers show plastic 
deformation without signs of debonding (Fig. 5e and f). Thus, this 
indicates that the higher stiffness and smaller elongation at break of PA6 
compared to PEBA and PA11 (Table 1), together with a difference in 
nanofiber/matrix adhesion, is likely the main cause why the long-chain 
polyamides have a much better performance under mode I delamination 
loading. 

3.3.2. Influence of fiber morphology 
Staying within a specific polymer system, increasing the polymer 

concentration in the electrospinning solution results in larger nanofibers 
that go from a cylindrical to a ribbon-like shape (Fig. 1, horizontal pink 
frame). In general, thin round nanofibers resulted in the largest IFT 
increases (Fig. 6). With increasing fiber diameter, there is a slight 
downwards trend of the IFT visible, but the nanofibers still result in a 

Fig. 5. A comparison of the mode I fracture surface of PA6 (a,d), PEBA40 (b,e) and PEBA72 (c,f) nanofiber toughened composites. A large plateau through the 
interlaminar region is seen for PA6, while the crack transverses relatively sudden through the interlayer (double arrow) for PEBA40 and PEBA72 nanofiber toughened 
composites similar to PA11 in Fig. 4d. A close-up of the fracture surface of the PA6 nanofiber-toughened interlayer (d) shows that low interactions between the 
nanofibers and the matrix material cause the nanofibers to peel off and actually promote delamination. These flat interlayer plateaus that are reminiscent of poor 
delamination properties are totally absent for PEBA (b,c) and PA11 (Fig. 4d) nanofiber toughened composites. A close-up of the PEBA fracture surface (e,f) shows 
clear plastic deformations of the nanofibers without signs of debonding which indicates a high energy absorbing fracture mechanism. 
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significant improvement of both mode I and mode II IFT. The decrease in 
IFT between thin and thicker nanofibers with a circular cross-sectional 
shape is explained by their decrease in specific surface area (e.g. 40 
m2/g vs 10 m2/g for 100 nm and 400 nm nanofibers) which in turn 
results in less interfacial bonding (per volume) between the nanofibers 
and the matrix (Fig. 6c and d). When the cross-sectional shape changes 
to ribbon-like, the improvement in IFT decreases considerably. Indeed, 
PEBA72 fibers with ribbon morphology even decrease the IFT to beneath 
the non-modified reference value. 

Analysis of the fracture surface of delaminated specimens 
showed that the ribbon-shaped fibers locally mimic closely stacked 
non-adhering polymer films. Indeed, the flat morphology causes 
relatively large zones where fibers overlap (ribbon-ribbon interface) 
between which cracks are free to propagate in the in-plane direction 
(Fig. 7a–e), ultimately lowering the delamination resistance. In 
addition, larger forces are needed to deform thicker nanofibers, which 
promotes fiber-matrix debonding over plastic deformation. This causes 
composites toughened with thicker nanofibers such as 390 nm PEBA72 
to induce a similar crack delamination behaviour as we previously 
obtained for PA6 nanofibers (Fig. 7f and g). 

3.3.3. Influence of high curing temperature on the interlaminar fracture 
toughness 

The previous sections clearly showed that the PA11-based nanofiber 
system resulted in a good delamination performance, under both mode I 
and mode II loading conditions, similar to what we previously achieved 
using PCL nanofibers [4,5,15]. The advantage of using PA11-based 
nanofibers is their much higher inherent temperature stability 
(Tm ¼ 150 �C–190 �C, see Table 1) compared to PCL (Tm ¼ 55 �C). This 
allows to immediately cure the interleaved composite laminates at 
elevated temperatures (T > 60 �C) as is done in many industrial settings. 
PCL nanofibers immediately melt and dissolve into the epoxy matrix 
resin [36] when cured at elevated temperatures resulting in a loss of the 
nanofibrous morphology as well as bad mode II delamination resistance 
(Fig. 8). On the contrary, the nanofibrous morphology of PA11-based 
nanofibers is retained in the final structure and a good mode I and 
mode II delamination performance are obtained. This is shown in Fig. 8 
for 12 wt% PEBA40 and 8 wt% PEBA72 nanofiber interleaved 
composites cured using two different curing cycles: immediately cured 
at 80 �C after infusion (1-STEP) and 24-h dwell-step at room 
temperature followed by a post-cure at 80 �C (2-STEP). Note that the 
2-STEP procedure is the same curing cycle that we used in previous 

Fig. 6. The mode I (a,c) and mode II (b,d) IFT is shown of composites reinforced with different PEBA and PA11 electrospun morphologies both compared with the 
fiber diameter/width (a,b) as well as the specific fiber surface area (Sf) (c,d). Fine nanofiber-toughened composites provide major IFT improvements in comparison to 
the non-toughened reference composite (dashed line). The veils with larger diameter fibers (and lower Sf) provide a less significant IFT increase and ribbon shaped 
fibers (*) with an even lower Sf are even detrimental for the composite’s IFT. In the majority of cases the decrease in IFT with increasing fiber diameter is statistically 
significant (one-tailed T-test, α ¼ 0.05, p-value indicated below the brackets in the graph), while the observed decreasing trend of GIC for PEBA40 and PEBA63 and 
the apparent increasing trend for the GIIC of PA11 interleaved specimens is not statistically significant (one-tailed T-test, α ¼ 0.05,**). 
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research to retain the PCL nanofibrous morphology [4,5,15]. SEM 
analysis performed on the fracture surface of delaminated specimens 
showed clear presence of nanofibers, thus confirming that they did not 
dissolve/melt during the curing of the composites. Hence, these 
experiments show that the temperature stability of our nanofibers is 
certainly sufficient to allow many composite manufacturing routes, with 
a possibility to go to a more temperature stable variant (e.g. PA11 or 
PEBA72) where necessary. 

4. Conclusions 

This paper describes the first nanofibrous system for composite 
toughening that has good temperature stability and provides tough 
composites with a simultaneous high increase in both mode I & II 
interlaminar fracture toughness, all from a commercially viable polymer 
system. As such, this work is a big step ahead for the current state of the 
art as it allows going towards general interleave systems for high 
efficiency toughening of composite laminates. 

Bio-based polyamide 11 and poly(ether-block-amide) are 

successfully electrospun through a novel eco-friendly solvent system 
which allows to vary the morphology of the nanofibers from ultrathin 
nanofibers with a diameter down to 50 nm until ribbon-shaped fibers up 
to 4 μm in width by varying the polymer concentration. The 
solvent system is based on formic acid and anisole, both non-toxic, 
non-halogenated solvents, whose combination results in an increased 
solvency for the long-chain polyamide family. 

Composites interleaved with different nanofiber morphologies 
clearly show that the morphology, both diameter and cross-sectional 
shape, has a major impact on the composite’s IFT. It is important to 
use sufficiently thin round nanofibers as they lead to high mode I and 
mode II IFT increases while the IFT decreases when thicker nanofibers 
are used and is even detrimental in the case of ribbons. 

Analysis of the fracture mechanisms show that the fiber morphology 
affects the crack path. Indeed, ribbon shaped fibers result in weak zones 
at overlapping fiber points where delaminations can easily grow. In 
contrast, very fine round nanofibers are less prone to debonding (more 
surface area per volume) and result in effective nanofiber bridging zones 
that increase the IFT substantially. Additionally, PEBA and PA11 

Fig. 7. On top, the fracture surface is shown of a mode I tested composite specimen interleaved with 3950 nm wide PEBA72 ribbons (a,b,c,e) as well as the ribbons 
(d) prior to composite production. The crack propagates easily in the x-direction through the interlaminar region due to the low bonding strength of the ribbon- 
ribbon and ribbon-epoxy interface. Therefore, no bare glass fibers are visible, but only ribbons and epoxy (b,c). Similarly, in mode II tested composites the crack 
mainly propagates through the interlaminar region. Composites interleaved with thick nanofibers (390 nm) show a transient behaviour between thin nanofiber 
toughened composites and ribbon interlayed composites (f,g). There are fracture zones that are dominated by nanofiber debonding as well as fracture zones where 
cleavage of nanofibers prevails (g). 
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nanofibers possess a relatively high intrinsic temperature resistance 
(Tm ¼ 150�C–185 �C) which allows for good IFT improvements, even 
when cured at elevated temperatures, highly relevant for a wide com-
mercial applicability. 

Overall, the proposed system for composite toughening allows for a 
flexible choice of polymer nanofibers depending upon the application. 
PA11 nanofibers result in a fully bio-based system with the highest 
temperature stability, where the PEBA’s are very suitable for higher 
production rates due to a more stable electrospinning process at higher 
solution throughput. The PA11/PEBA-based nanofibers thus are an ideal 
platform that provides a unique combination of a straightforward 
eco-friendly electrospinning of a commercially available polymer, a high 
temperature resistance and an outstanding toughening performance in 
both mode I (þ51%) and mode II (þ96%) IFT. This will open up future 
commercial applications where toughening is needed both in well 
established epoxy resins as well as novel bio-sourced epoxy systems. 
Further, by the addition of nanofibers, the composite structures will be 
produced lighter, because no weight is added, while improving the 
design criteria (higher delamination resistance). 
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