J Mater Sci (2022) 57:21080-21103

Composites & hanocomposites

o')

Check for
updates

Interlaminar fracture toughness of carbon fibre
composites with electrospun nanofibrous interleaves
of polystyrene and cellulose nanocrystals

Konstantina Kanari', Michael R. Wisnom', Robert Harniman?, and Stephen J. Eichhorn™*

" Bristol Composite Institute, School of Civil, Aerospace and Mechanical Engineering, University of Bristol, Bristol BS8 1TS, UK
2School of Chemistry, University of Bristol, Bristol BS8 1TS, UK

ABSTRACT

Polystyrene nanofibres reinforced with cellulose nanocrystals have been pro-
duced by electrospinning. Two different orientations of the nanofibres were
produced, namely aligned and random, and these nanofibrous interleaves were
investigated both as-spun and after thermal treatment. Aligned nanofibres
exhibited a 2500% increase in their Young’s modulus compared to the randomly
orientated materials, while the ultimate tensile strength increased by up to
300%. It is also demonstrated that crazing occurs in the nanofibres, which is
thought to enhance the fracture properties of the materials. Interleaves of both
orientations were then included in a carbon fibre-reinforced polymer laminate.
The fracture toughness of the laminate was determined under both mode I and
mode II testing. No increases in mode I toughness were observed. It was,
however, found that the aligned interleaves increased the mode II toughness of
the composite laminate (from 1.9 4+ 0.3 to 2.7 £ 0.2 kJ m~?). This increase is
demonstrated to be due to a combination of nanofibre bridging and the for-
mation of microcracks in the resin under applied tensile and shear load.
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Introduction on the environment. Carbon fibre-reinforced poly-
mers (CFRP) are often laminated, whereby the
structure consists of plies made of a polymeric matrix

Lightweight structures have been increasingly  and carbon fibres as a reinforcement. CFRP com-

replacing metals in the aerospace and automotive
industries, as their low weight can lead to reduced
fuel consumption [1, 2]. The resultant reduction in
carbon emissions could also have a positive outcome
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posites have high specific strength [1]. However, due
to the nature of the materials, which for laminated
systems consists of layers stacked on top of each
other, the materials can suffer from delamination
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[3, 4]. Delamination under an applied load is the
result of the material’s low interlaminar fracture
toughness (ILFT) [4, 5] where a crack is formed in the
resin between adjacent plies [6].

Various methods have been explored for the
enhancement of the ILFT of composite laminates.
One approach is to delay delamination by the intro-
duction of a resin layer between the plies, which
leads to an increase in plasticity and higher fracture
toughness [7]. Another common approach has been
the use of micro- and nanofibrous interleaves, or
veils, as plies [1, 8, 9]. These interleaves consist of
nanofibres with a large aspect ratio; nanofibres with a
diameter in the nanometre range (< 100 nm) are
typically used. These highly affine dimensions can
result in an alignment of the molecular chains in the
nanofibres, which ultimately leads to enhanced
structural mechanical properties (e.g. modulus,
strength) [10]. The main advantages of one-dimen-
sional nanofibres are their high surface free energy,
their large length-to-diameter (aspect) ratios, and
their potentially enhanced structural mechanical
properties.

The incorporation of interleaves has been shown to
improve the ILFT of composite laminates mostly due
to two different mechanisms [8, 11]. The first is the
bridging of crack zones. As the crack is formed and
propagates through the resin layer containing the
fibrous interleave, the nanofibres that remain intact
hold the two newly formed surfaces together [1, 8].
Second, the presence of the nanofibres forces the
crack to follow a longer and more complicated path
through the resin, or the composite itself. This
increases the required energy both for the initiation of
a crack, but also for crack propagation [1, 8].

Electrospinning is an easy and efficient technique
for the production of nanofibres [11-13]. These
nanofibres can be incorporated in the resin layer of a
composite laminate without significantly increasing
their weight [14]. During electrospinning, a high
voltage is applied between two electrodes. One
electrode is typically the needle at the end of a syr-
inge, and the second electrode is often an earthed or
charged target on which the nanofibres are deposited
[10]. The syringe typically contains a polymeric
solution that is passed through the needle at a
specific flow rate, usually controlled with the use of a
pump [15]. As the polymeric solution exits the tip of
the needle, it enters an electric field and is ejected to
the grounded target [16]. As the jet travels through
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the electric field, the solvents evaporate rapidly,
resulting in a solid continuous nanofibre [10]. When
the target is a flat surface, the nanofibres are collected
as a nonwoven fibrous mat. However, when the tar-
get is a rotating cylinder (or drum) then the nanofi-
bres are deposited in an aligned orientation [17].

Ideally, the electrospun nanofibres are continuous,
uniform and without surface defects or beads [18].
These characteristics will lead to uniform mechanical
properties that can enhance the composite laminates’
ILFT. Many parameters affect the morphology of the
electrospun nanofibres; they can be divided into the
solution, processing and environmental parameters
[19, 20]. During electrospinning, all these parameters
are in balance with each other, and their combined
effects determine the nanofibres’ properties [21, 22].

The incorporation of nanoparticles in nanofibres
has been shown to increase their mechanical prop-
erties [23, 24]. Carbon nanotubes have been exten-
sively used in PAN, PLA and PMMA nanofibres,
while graphene has enhanced the mechanical prop-
erties of PAN, PVA and PMMA nanofibres [19].
However, a key parameter in the successful incor-
poration of nanoparticles in the nanofibres for this
purpose is that they are well dispersed [14].

Cellulose nanocrystals (CNCs) have been used
extensively in nanocomposite materials [17, 25, 26].
Cellulose is a biodegradable, natural polymer that
can be used in different applications as an alternative
to synthetic polymers [27]. CNCs are extracted from
plant cellulose via acid hydrolysis [27-29]. They have
a rodlike shape, and their dimensions vary between 3
and 50 nm in width and up to several micrometres in
length [14, 27, 28]. The surface of the CNCs can be
chemically modified to improve the particles’ dis-
persion in a solution or polymer [14, 27].

In the present work, polystyrene (PS) was used to
produce electrospun nanofibres containing CNCs.
The CNCs were intended to alter the mechanical
properties of the PS nanofibres, making them more
ductile. These composite electrospun nanofibres were
collected as interleaves in both random and aligned
orientations. The morphology, thermal and mechan-
ical properties of the composite nanofibres were
examined, to investigate the effect of the presence of
the CNCs. These nanofibrous interleaves were then
incorporated into composite laminates and evaluated
for mode I and mode II fracture toughness. Poly-
styrene is a commodity polymer that is readily pro-
cessable. CNCs have been previously added in PS
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fibres, but only the mechanical properties of the
nanofibres were tested [17, 40, 45, 58]. To the best of
our knowledge, there is no prior report on the use of
electrospun PS nanofibres with incorporated CNCs to
enhance the fracture properties of CFRP laminates.

Methods and materials
Materials

Polystyrene (PS) particles (molecular weight, Mw =
280 000) were purchased from Fisher Scientific
(Leicestershire, UK). Cellulose nanocrystals (CNCs),
sodium form, were supplied by the Process Devel-
opment Center in the University of Maine (Maine,
USA). N,N-Dimethylformamide (DMF) and tetrahy-
drofuhran (THF) of analytical grade were used as
received from Fisher Scientific (Leicestershire, UK)
and from Scientific Laboratory Supplies (Notting-
ham, UK), respectively.

Sample preparation

Solid PS particles were dissolved in a mix of DMF
and THF in a ratio of 3:1; the concentration of the
solutions was 20 wt% PS. CNCs were then added into
this PS solution at concentrations of 0, 1, 5, 10% in
relation to the added weight of PS. The solutions
were initially stirred overnight at room temperature
in order for the PS to be fully dissolved.

After the CNCs were added, the solutions were
magnetically stirred for 1 h followed by a further
hour of sonication to ensure their dispersion. All the
solutions were used immediately after they were
produced.

Electrospinning

An Electrospinz ESla electrospinning rig was used
for the manufacture of the PS and composite
nanofibres. The dissolved polymer solution was
poured into glass syringes (10 mL, blunt tip, Socorex)
and transferred through PTFE tubes to metallic nee-
dles (Luer Lock, 50 mm, Supelco). The glass syringe
was mounted on an electric pump (Harvard Appa-
ratus 11 Elite Syringe Pump). The metallic needle was
attached to a high voltage supply and the flat target
was grounded. The temperature was centrally con-
trolled in the lab to approximately 20 °C, and the
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relative humidity was monitored using a thermohy-
drograph. The humidity varied in the range 60-68%.
The setup was in a ‘parallel-to-plate’ configuration
for the collection of fibres of random orientation, to
ensure a uniform electric field. For the collection of
fibres of aligned orientation, a drum was used
instead of a flat plate. The drum rotated at 2500 rpm
during electrospinning.

During electrospinning, the applied voltage was
17.5 kV. The target-to-collector distance was kept
constant at 15 cm. The solution’s flow rate was
0.275 mL h™! and the internal diameter of the needle
was 0.40 mm. Thermal treatment was required to
create a connected network of nanofibres. To achieve
this the nanofibrous interleaves were inserted in a
furnace for 2 h at 110 °C. No external pressure was
used during the thermal treatment of the nanofibres
in order to maintain the porosity of the networks.

Production of composite laminates

Composite laminates were produced using a layup
process and then by curing in an autoclave. The
prepreg that was used for the laminates was MTC
400-1 UD, purchased from SHD Composites (Lin-
colnshire, UK). This material is a toughened epoxy
resin system with unidirectional carbon fibres
designed for aerospace and motorsport applications.

Each composite laminate consisted of 24 plies of
fibres of 0° orientation. In the mid-plane of the lam-
inate, an interleave was inserted during layup. All the
laminates were bagged, sealed and placed under
vacuum for 24 h. Afterwards the laminates were
cured in an autoclave at 100 °C for 4 h. The temper-
ature was then increased to 180 °C and held for 2 h
for post-curing. Curing occurred in an autoclave
under a 6-bar pressure.

Characterisation

Fourier transform infrared (FTIR) spectroscopy
(Spectrum 100 FTIR, PerkinElmer) was used to
examine the nanofibres immediately after their pro-
duction and three days later, to test whether there
was any solvent present in the fibrous interleaves.
Sixteen scans were used for accuracy, within a
wavenumber range of 4000 to 650 cm ™.

The internal structure of the nanofibres was map-
ped using atomic force microscopy (AFM). Fibrous

networks were embedded in ‘Epon’ resin (TAAB
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Labs LTD, UK) which was polymerised at 60 °C for
24 to 48 h. Following this curing, it was microtomed
to reveal cross sections of the nanofibres perpendic-
ular to their lengths. A multi-mode VIII microscope
with a nanoscope V controller was used for the
imaging of the cross sections. The microscope was
operated in tapping mode using non-resonant Peak-
Force feedback control (Bruker, CA, USA).

Differential scanning calorimetry (DSC) and ther-
mal gravimetric analysis (TGA) of the nanofibres
were undertaken simultaneously with an STA 449 F3
Jupiter, High Temperature Platform 400, Netzsch
system; 5 to 7 mg of each sample was tested under a
nitrogen atmosphere. The analysis rate was 5 °C per
minute, starting at 25 °C and ramping up to 650 °C.
A single run of each sample was taken and further
analysed.

Scanning electron microscopy (SEM) (Hitachi TM
3030PLus SEM and JEOL IT300 SEM) was used for
the morphological characterisation of the nanofibres
and networks. The fibrous networks were coated
with 9 nm of silver. The samples were observed
using a 15 kV acceleration voltage. SEM images were
used to determine the diameters of the produced
nanofibres using Image] image processing software.
In total, 100 nanofibre diameters were measured
manually, chosen randomly from the whole sample.

The mechanical properties of the fibrous inter-
leaves were obtained using a Deben rig (Deben
Microtest MT200 Tensile Tester) with a 2 N load cell.
A crosshead speed of 1 mm min~' was used for
uniaxial tensile testing. At least 5 samples were tested
for each mat. Prior to testing, the fibrous interleaves
were cut into sample strips of 15 mm length and
5 mm width. The thickness of each sample was
measured with a Measuring Force Digimatic
Micrometer (CLM1.6“QM, Mitutoyo, Japan) at least 3
times; these thicknesses are reported for the range of
samples tested in Supplementary Information. Ini-
tially the areal densities of each individual sample
were measured, but it was found that due to insen-
sitivity of these measurements that variations in these
values were not detectable. Therefore, it was
assumed that areal density remained constant, and a
value of stress was calculated on the basis of the
cross-sectional area of each individual sample. It is
thought that there may well be some variation in
local areal density, but this is left as a subject for
future investigation. The thicknesses and widths for
all samples are contained in Supplementary
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Information (Tables S1 and S2). Indeed, thickness of
the samples is found to vary and this may be due to a
variation in porosity. The samples were then care-
fully placed on a paper template, with epoxy glue at
each end, to ensure the adhesion of the nanofibres on
the template. The glued sides of the templates also
acted as grips during testing. Finally, the fibrous
interleaves were tested with a gauge length of
10 mm.

A double cantilever beam (DCB) test was used for
the determination of the interlaminar fracture
toughness in mode I (opening mode), based on
ASTM D5528-13. The data reduction method that was
used was the modified beam theory (MBT).The lam-
inates were cut into rectangular samples with
dimensions 140 mm (length) x 20 mm (wide) and
thicknesses of 3.90 = 0.20 mm. All samples contained
a non-adhesive PTFE thin film (thickness of 0.02 mm)
in the mid-plane that acted as the delamination ini-
tiator. This thin film had a 50 mm length and was
placed at the end of the specimen towards the centre
(Fig. 1S, Supplementary Information).

All DCB tests were performed using a Shimadzu
AGS-X tensile tester fitted with 10 kN load cell. At
least 3 samples were tested for each laminate type.
Prior to the actual test, a pre-crack was formed in
each laminate. An opening load was applied on the
hinges at a crosshead rate of 1 mm min~'. When a
crack initiation was observed, it was allowed to
propagate up to ~ 5 mm. The opening load was then
stopped, and the sample was returned to its starting

position at a rate of 20 mm min~".
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Figure 1 Typical Fourier transform infrared (FTIR) spectra for
electrospun PS nanofibres, with and without CNCs, and pure
CNCs. The dotted lines on the graph show the position of bands
located at ~ 1260 cm™' and ~ 3300 cm™".
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For the test, a constant crosshead speed of
1 mm min~' and a load data sampling rate of 10 Hz
were used. The crosshead movement was the con-
trolled variable, and the opening displacement, load
and delamination length were all recorded with a
high-resolution DSLR camera. Upon loading each
specimen, the load and displacement were recorded,
starting at the point at which delamination was
observed. As the crack propagated through the
specimen, the load and displacement were recorded
for every 5 mm of delamination, starting from the tip
of the pre-crack to a total length of 50 mm of
delamination from the pre-crack tip.

End-notched flexure (ENF) tests were used to
determine the mode II interlaminar fracture tough-
ness Gy under mode II shear loading (ASTM D7905).
The manufacturing of the samples was similar to
those used in DCB testing, with a PTFE layer creating
a crack of 50 mm in the mid-plane. Each sample had
dimensions of 160 mm (length) x 20 mm (width)
and a thickness of 3.90 £ 0.20 mm. For ENF testing,
each sample was positioned on two cylinders at a
distance of 100 mm apart, and the load was applied
through a cylindrical indenter that was placed in the
middle of the sample. There was no pre-crack for-
mation prior to ENF testing (Fig. 25, Supplementary
Information).

ENF tests were performed using a Shimadzu AGS-
X tensile tester fitted with 10 kN load cell. A high-
resolution DSLR camera was used to record the tests
in video mode. The tests were conducted at a con-
stant crosshead speed of 0.5 mm min~' and a load

2.0 uym
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data acquisition rate of 10 Hz. At least 3 samples
were tested for each laminate type.

For statistical purposes, t-tests were performed to
determine whether data were significantly different.
Analysis of datasets yielding p-values of less than
0.05 was deemed to be significantly different (95%
confidence).

Results and discussion

Fourier transform infrared spectra
of nanofibres

FTIR was used to examine all the electrospun fibrous
interleaves. A representative spectrum of PS nanofi-
bres without CNCs is shown in Fig. 1. There are four
absorbance bands of interest: first, a band located
between 650 and 770 cm ™. This is attributed to -C-H
out-of-plane bending vibrations due to the mono-
substituted benzene in PS [30, 31]. Second, a band
located between 1400 and 1600 cm™' is observed,
which is due to an absorbance from aromatic C-C
stretching [31, 32] and -C-H bending vibrations
[30, 32]. A third band in the region between 2800 and
2950 cm ™' indicates the presence of methylene
groups [30]. Last, an absorption band between 3000
and 3100 cm™' is the result of the aromatic -C-H
symmetric and asymmetric stretching vibrations due
to benzene ring structures in polystyrene [30-32].
Based on these data, it is concluded that the electro-
spun nanofibres are indeed polystyrene without the
presence of any residual solvent. As the samples

2.0 um

Figure 2 Typical atomic force microscope (AFM) images of electrospun PS nanofibres a before and b after annealing. The lines across

the tops of the images are artefacts from the imaging.
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were not degassed prior to the FTIR measurements,
there is a possibility that a small quantity of solvent
might still be present in the samples. The use of
another analytical method would ensure that there is
no residual solvents.

Figure 1 also presents FIIR spectra of PS nanofi-
bres after the incorporation of CNCs. In these spectra,
an additional absorbance band at ~ 1260 cm™" was
visible which became more intense with an increas-
ing CNC concentration. This band has been assigned
to -CH, vibrations within the cellulose structure
[33, 34], indicating that the CNCs were successfully
incorporated inside the PS nanofibres during elec-
trospinning. A weak -OH group absorbance band
located at ~ 3300 cm ™' was expected in the spectra
due to the presence of CNCs. However, this band
was not observed. The absence of this band is
thought to be due to the low concentration of CNCs
compared to the PS. For this reason, AFM measure-
ments were taken to analyse the internal structure of
the electrospun PS nanofibres in order to further
locate the CNCs.

Atomic force microscopy imaging
of nanofibres

AFM revealed that the as-spun nanofibres had an
internal porosity with voids ~ 10 nm in depth and
of widths 91 nm + 68 nm (Fig. 2a). Additionally,
similar internal structures were prominent from the
plane of measurement up to ~ 10 nm. This combi-
nation created a structure of ‘dips and mountains’
inside the PS nanofibres. This morphology is consis-
tent with the previous analysis reported by Pai et al.
[35] and Lu and Xia [36]. They concluded that envi-
ronmental humidity could induce phase separation
inside the nanofibres, which leads to a porous inter-
nal structure.

After thermal treatment of the nanofibres, any
internal porosity was removed (Fig. 2b). The internal
structure of the nanofibres appeared homogeneous,
which led to a decrease in their diameter. Pai et al.
[35] also produced electrospun PS nanofibres and
studied their internal structure before and after
thermal treatment. An internal porosity of was ini-
tially observed for all their electrospun nanofibres.
However, after thermal treatment all nanofibres
condensed with diameters decreasing by up to 30%.

AFM was also used to study the incorporation of
CNCs in the PS nanofibres. The study was conducted
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only with PS nanofibres after they had been ther-
mally treated, as the internal porosity made it diffi-
cult to detect any CNCs. Figure 3 shows consolidated
nanofibres with 5 wt% and 10 wt% CNCs. When 5
wt% CNCs was added in the nanofibres, there was
only a minor change in their internal morphology.
The surface roughness of a typical PS nanofibre was
increased from 0.80 nm for pure PS to 0.84 nm, which
is a significant difference on the scale of AFM mea-
surements. This change indicated that there were
elements on the surface of the PS nanofibres which
are thought to be CNCs. Similar AFM results have
been reported by Gubaa et al. [37] and Vincent et al.
[38]. When the concentration of CNCs was increased
to 10 wt%, two different internal structures were
observed. The first was PS nanofibres that appeared
completely condensed, without any difference in
surface roughness. The second was PS nanofibres
with a large increase in their surface roughness, of up
to 1.67 nm; this was thought to be due to ‘gaps’ on
their surfaces. These ‘gaps’ are thought to be the
result of poor adhesion between the PS and the
CNCs, where the latter have pulled out of the sur-
rounding polymer. This indicates possible poor
adhesion between the PS and CNCs resulting in the
extraction of the latter by the microtome blade that
cut the nanofibres. The combination of these two
internal morphologies leads to the conclusion that an
increased amount of CNCs results in an inhomoge-
neous dispersion in the PS nanofibres.

Thermal analysis of nanofibres

DSC was used to identify any change in the glass
transition temperature (Tg) of the PS nanofibres with
increasing CNC concentrations. The T, of bulk PS has
been reported to be ~ 100 °C [35]. Based on data
from the electrospun nanofibres, the Ty for the pure
PS nanofibres was ~ 111 °C, and it remained
stable even when 1 wt% CNCs was added (Fig. 4).
When the CNCs’ concentration was increased to 5
and 10 wt%, the T increased to 113 °C. Typically, for
constrained thin films of amorphous polymers, such
as PS, a depression of the glass transition temperature
occurs, although increases have also been observed.
Mayes et al. [39] observed that this depression can be
attributed to a localised reduction in the material’s
density as the result of a high number of macro-
molecular chain ends close to the surface of the thin
film. This increase in the T, is an indication that at a
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Figure 3 Typical atomic force microscope (AFM) images of PS electrospun nanofibres with a 5 wt% CNCs and b 10 wt% CNCs.

——PS fibres with 10 wt% CNCs
——PS fibres with 5 wt% CNCs
——PS fibres with 1 wt% CNCs
Pure PS fibres

Heat Flow (mW/mg)

T T T T
80 90 100 110 120 130 140
Temperature (°C)

Figure 4 Typical DSC curves for the different types of fibres.
From bottom to top, each interleave contains 0, 1, 5 and 10 wt%
CNCs, respectively.

high concentration of CNCs they form an internal
network inside the nanofibres; this network is
thought to lead to an increased thermal stability of
the nanofibres with a simultaneous decrease in the
mobility of the molecular chains [40, 41]. Similar
results have been reported by Shi et al. [42] when
they examined the incorporation of CNCs in PLA
nanofibres. They found that the T, of the composite
nanofibres increased by 2 °C when the concentration
of the added CNCs reached 5 wt%. Bai et al. [43]
studied the thermal behaviour of thin polystyrene
films that were placed on top of a cross-linked PS film
which was adhered on a silicon substrate. They
noticed that the polystyrene thin film's Ty was
affected by the cross-linking density of the polymeric
substrate layer. This was attributed to the diffusion of
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polystyrene molecules in nanovoids that were
formed in the interlayer between the cross-linked
polymeric substrate and the silica substrate that was
used; the diffusion led to a topological constraint of
the thin polystyrene film and hence an increased Tj.
Similar results were also reported by Jiang et al. [44],
with the behaviour being observed on silicon
substrates.

Figure 5 shows the TGA thermographs of PS
nanofibres with an increase in the CNCs’ concentra-
tion. The pure PS nanofibres exhibit a one-step
decomposition with an onset temperature (Tonset) Of
360 °C. When the CNCs were added, the nanofibres
remained thermally stable up to ~ 246 °C. The
nanofibres containing 1 wt% CNCs exhibited a sin-
gle-step decomposition with a Tonset Of ~ 331 °C.

——20% PS

——20% PS + 1% CNC
100 A ——20% PS + 5% CNC
——20% PS + 10% CNC

95+

90 100

Mass [%)]

75

85 50

25
80+
0

0 200 400 600
T T T T T
100 150 200 250 300 350 400

Temperature [C]

Figure 5 TGA thermographs of electrospun PS nanofibres with
different concentrations of CNCs. The fibres were produced with a
20 wt% PS solution, and the different CNC concentrations were 0,
1, 5 and 10 wt%.



J Mater Sci (2022) 57:21080-21103 .

When the CNC concentration increased to 5 wt%, the
nanofibres started to decompose with a double-step
process at ~ 257 °C and a Topget Of ~ 332 °C. At the
highest concentration of CNCs (10 wt%), the nanofi-
bres started to decompose at an even lower temper-
ature (~ 246 °C), with a double-step decomposition
and a Topget Of 332 °C. This double-step decomposi-
tion is consistent with results published by Huan
et al. [45] and Wang et al. [46]. Both these studies
reported the effect of CNCs in electrospun nanofibres
and identified a similar early decomposition of PS
nanofibres as the CNCs’ concentration increased.
This decomposition could be attributed to the pres-
ence of sulphate groups on the surface of the CNCs,
which are known to reduce the thermal stability of
composites [47]. The thermal stability of CNCs has
recently been critiqued and shown to depend more
on the degree of surface charge than the groups
themselves, and whether the sodium or acid form are
used [48]. Vanderfleet et al.[48] concluded that CNCs
in the sodium form are more thermally stable, com-
pared to the acid form, and their thermal degradation
is practically unchanged; any surface groups have a
negligible effect to the thermal decomposition of the
particles.

Nanofibre diameters

Three different variables and their effect on the
nanofibre diameters were studied, namely the inclu-
sion of increasing concentrations of CNCs, thermal
treatment and the orientation of the electrospun
nanofibres themselves. In all cases, the nanofibres
were uniform and without beads. This meant that the
concentration of the solution was high enough for
entanglement of the polymer chains to produce bead-
free nanofibres [49]; additionally, the electric field
was strong enough to counteract the surface tension
of the PS solution and result in a continuous ejection
of the solution [14, 18]. The diameter of the PS
nanofibres with a random orientation (Fig. 6) spun
using an applied voltage of 175kV, was
0.88 + 0.22 pm. When 1 wt% CNCs was added, the
nanofibres had an increased diameter of
1.76 + 0.57 pm. Adding a second component in
electrospun nanofibres is known to result in larger
diameter filaments [50].

An increase in the CNC concentration to 5 wt% led
to the production of nanofibres with a decreased
diameter of 1.25+ 1.02 um. When the CNC
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concentration is increased, it is known that the con-
ductivity of the solution also increases [10, 41]; this
change is probably due to the presence of negatively
charged sulfate half ester groups. This leads to an
increased whipping instability during electrospin-
ning and therefore nanofibres with a thinner diame-
ter [51]. When the CNCs’ concentration was further
increased to 10 wt% the nanofibres had an average
diameter of 1.60 & 0.55 um. This increase in diameter
was the due to the increased viscosity of the solution
in the presence of the CNCs; this increase leads to an
increased quantity of solution being ejected from the
needle tip due to more macromolecular entangle-
ments of the PS [52].

The nanofibres were thermally treated to remove
any internal porosity and thus increase their intrinsic
mechanical properties. During the thermal treatment,
there was a partial fusing at intersections between
filaments due to the increased mobility of the
molecular chains. Afterwards, the nanofibres were
bonded together at the points of intersection by
'nodes’ [53]. Typical images of the annealed PS
nanofibres are reported in Fig. 7. Similar images have
been reported by Xue et al. [14]. They concluded that
the nanofibres were ‘"welded at the cross-points.” This
welding or fusion leads to the creation of a connected
fibrous network. Hatch et al. [54] also produced
electrospun PVP nanofibres with incorporated CNCs.
After a thermal treatment of the nanofibres at 200 °C
for 1 h, they observed cross-linked nanofibres with
fused nodes similar to the results of the present
study.

After the thermal treatment, the diameters of the
nanofibres were measured, the results of which are
reported in Table 1. The diameters of the annealed
nanofibres were found to decrease by up to 56%
compared to the as-spun samples, which is attributed
to their consolidation. Vadas et al. [55] studied the
effect of thermal treatment on the diameter of elec-
trospun PLA nanofibres. They documented a diam-
eter decrease of up to 0.9 um and suggested that
0.3 um of this decrease was due to the evaporation of
solvents, and only 0.6 pm was due to the thermal
treatment itself.

Hatch et al. [54] noted that the nanofibre diameter
of electrospun PVP nanofibres was affected by the
addition of CNCs after annealing. They observed that
the PVP nanofibres were not uniform in thickness
and noted that the CNCs might not have been fully
oriented  during  electrospinning; if  these
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Figure 6 Typical scanning electron microscope (SEM) images of electrospun PS nanofibres with different CNC concentrations: a 0 wt%,

b 1 wt%, ¢ 5 wt%, d 10 wt%.

Figure 7 Typical scanning electron microscope (SEM) images of annealed nanofibres at a x 2000 and b x 10,000 magnification.

agglomerates contained non-oriented CNCs of a lar-
ger length, this could have resulted in the formation
of non-uniform nanofibres. The large standard devi-
ations that were obtained for the diameters of the as-
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spun nanofibres in Table 1 suggest that they appear
to exhibit some of this behaviour, which suggests a
similar orientation to the CNCs. Irrespective of
annealing, the trend in the change in nanofibre
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Table 1 Changes in the
nanofibre diameter of

CNCs (%) Random orientation

Aligned orientation

electrospun PS nanofibres after

Status Nanofibre size (um) Change Status Nanofibre size (um) Change
thermal treatment and with the
addition of cellulose 0% As-spun  0.88 £ 0.22 —17% As-spun  0.62 £ 0.23 - 2%
nanocrystals (CNCs) Annecaled 0.73 £ 0.11 Annealed 0.61 £+ 0.19
1% As-spun  1.76 &+ 0.57 —56% As-spun  0.73 £ 0.34 — 4%
Annealed 0.78 £+ 0.31 Annealed 0.70 &+ 0.26
5% As-spun  1.25 + 1.02 —48% As-spun  0.63 £ 0.31 — 5%
Annealed 0.64 & 0.16 Annealed 0.60 £ 0.29
10% As-spun  1.60 £ 0.55 —26% As-spun  0.67 & 0.15 — 7%
Annealed 1.18 £ 028 Annealed 0.62 £+ 0.28

diameters when increasing the CNCs’ concentration
remained the same.

Figure 3S shows aligned nanofibres, both as-spun
and after thermal treatment and the diameter of the
fibres are reported in Table 1. The diameter of the as-
spun PS nanofibres was 0.62 £ 0.23 pm. By adding 1
wt% of CNCs, the diameter was then found to be
similar (0.73 £ 0.34 um, p > 0.05). When 5 wt%
CNCs was added, the diameter remained the same
(0.63 £ 0.31 um, p > 0.05). Further incorporation of
10 wt% CNCs led to no further increase
(0.67 £ 0.15 pm, p > 0.05). The diameter of the pure
PS nanofibres after the thermal treatment was
0.61 £ 0.19 pum. By adding 1 wt% CNCs, the diameter
remained the same, at 0.70 £ 0.26 pm. Increasing the
CNCs’ concentration to 5 wt% did not significantly
affect the diameter compared to the pure nanofibres
(0.60 £ 0.29 um, p > 0.05), and a further increase to
10 wt% led to no significant change in diameter
(0.62 £ 0.28 um, p > 0.05). The lack of any significant
decrease in the diameter of the nanofibres indicated
that the nanofibres were not porous.

A rotating drum was used for the collection of
aligned PS nanofibres. However, as the nanofibres
are deposited on the drum they are stretched due to
the rotation, and the orientation of the molecular
chains has been reported to increase because of this
[17, 18, 56]. This increased orientation and stretching
leads to thinner nanofibres. It is clear that the
stretching of the nanofibres has an effect on the
diameter of the nanofibres that overcomes any
potential diameter decrease due to the incorporation
of the CNCs. This could indicate an increased align-
ment of the CNCs inside the aligned PS nanofibres,
although further investigation would be required to
prove such a hypothesis.

Mechanical properties of the nanofibrous
networks

Nanofibres of random orientation

Networks of pure PS nanofibres exhibited an ultimate
tensile strength (UTS) of 686 &+ 204 kPa and strains to
failure in the range 20-50% (Fig. 8a). Young’'s mod-
ulus was determined to be 5.5 &+ 4.6 MPa from the
initial slope of the stress—strain curve (Fig. 8b). With
the incorporation of 1 wt% CNCs in the nanofibres,
the UTS of the networks was significantly decreased
by 42% to 395 + 64 kPa (p < 0.05), with strains to
failure in the range 40-60%. Young's modulus was
also significantly decreased by 71% to 1.5 £ 1 MPa
(p < 0.05). When 5 wt% CNCs was included in the
nanofibres, the UTS of the networks did not increase
significantly (603 £ 196 kPa, p > 0.05), while the
strains to failure decreased to values in the range
20-40%. Young’'s modulus decreased by 7% to
5.1 £ 2.6 (p < 0.05). When the concentration of CNCs
increased to 10 wt% the UTS of the networks
decreased to 518 &+ 59 kPa (p < 0.05), by 25% com-
pared to the PS nanofibres, with a strain to failure
of ~ 40%. Young’s modulus decreased to
1.7 £ 0.3 MPa (p > 0.05).

Networks (or interleaves) of electrospun nanofibres
with random orientations have been more widely
reported in the literature [9, 10, 15, 18, 23, 24]. These
fibrous interleaves are thought to be held together by
van der Waal’s forces between the filaments [57]. The
UTS obtained for the networks of pure PS nanofibres
is higher than the previously reported value of
0.15 MPa [45] by up to 360%. However, with the
incorporation of the CNCs there was either no dif-
ference, or a decrease in the mechanical properties of
the nanofibrous networks, compared to the pure PS
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Figure 8 Summary of the
calculated Young’s modulus
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nanofibres. It is thought that this is the result of the
inherent incompatibility of the hydrophilic CNCs
and the hydrophobic PS polymer. When the CNCs
are added in the PS solution, they tend to agglom-
erate, resulting in nanofibres with CNC-rich and
CNC-poor areas. Agglomerates have been reported
to increase the mechanical properties of the PS
nanofibrous networks [41, 45]. However, it is more
likely that they act as defects and crack initiators
resulting in nanofibre failure and a low UTS of the
whole network [58].

Huan et al. [45] observed that the incorporation of
CNCs in PS nanofibres led to a 170% increase in the
interleaves’ measured UTS, compared to interleaves
of pure PS nanofibres. On the other hand, Kalantari
et al. [58] concluded that the addition of CNCs
without surface modifications did not enhance the
mechanical properties of electrospun PS nanofibrous
networks. When Huan et al. [56] studied the inclu-
sion of CNCs in PLA nanofibres, another hydropho-
bic polymer, the results were similar to what is
presented here; the aggregation of CNCs at high
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concentration led to a significant decrease in the
networks” mechanical properties.

Pai et al. [59] concluded that the main parameter
affecting the modulus of a fibrous network is the
orientation of the nanofibres. Similar conclusions
were drawn by Tan et al. [60], when they studied the
mechanical properties of PCL nanofibrous networks.
During the electrospinning of random nanofibres,
there is typically a variation in the areal density of the
deposited network [61]. During tensile testing of
random nanofibres, it is primarily those filaments
that are aligned to the axis of the applied deformation
that carry the load until they undergo local failure.
Testing continues with nanofibres being aligned to
the applied load and fracturing locally until catas-
trophic failure of the network occurs [61, 62]. There-
fore, depending on the areal density and the random
orientation of nanofibres, the results of tensile testing
can exhibit significant variations [12, 13].

Farukh et al. [63] studied electrospun polypropy-
lene nanofibrous networks and observed them
rotating towards the axes of the applied load before
failure. This behaviour continued until the samples
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failed. Furthermore, Farukh et al. [64] used compu-
tational modelling to study this behaviour. They
concluded that after the samples reached 50% strain
the number of nanofibres that could carry any
external load was significantly reduced. This change
in the nanofibre orientation is shown in Fig. 4S5
(Supplementary information) showing an interleave
before and after testing; proportionally more nanofi-
bres are observed to have oriented towards the ten-
sile direction after deformation.

With regard to the interleaves of random orienta-
tion after annealing, the UTS of annealed networks of
pure PS nanofibres was initially found to be
1.60 £+ 0.40 MPa (Fig. 8c). Young's modulus was
found to be 89 + 12 MPa (Fig. 8d). When 1 wt%
CNCs was added to the nanofibres the UTS of the
interleave was not found to increase (1.66 £+ 0.3 MPa,
p > 0.05), while Young’s modulus remained the same
(85 4+ 20 MPa, p > 0.05). An increase in the CNC
concentration to 5 wt% significantly decreased both
the UTS by 47% to 0.83 &+ 0.15 MPa (p < 0.05) and
Young’s modulus by 33% to 60 & 24 MPa (p < 0.05).
When 10 wt% of CNCs were added to the nanofibres
a UTS of 1.47 £+ 0.18 MPa (p > 0.05) and a Young's
modulus of 72 4+ 15 MPa (p > 0.05) were obtained
for the interleaves. All samples catastrophically failed
at strains in the range 2.5-3.6%, without a significant
difference to the pure PS nanofibrous interleaves.

The consolidation of the nanofibres and the for-
mation of surface nodes led to an increase in both the
UTS and Young's modulus of all the nanofibrous
interleaves, compared to their as-spun counterparts.
Young’s modulus increased by up to 10 times for the
annealed interleaves, consistent with previously
published results [35, 60, 65]. The surface nodes were
of particular interest in the mechanical testing of
annealed fibrous interleaves. These nodes acted as
“anchors’ between the nanofibres, that allowed the
applied load to be carried by the majority of the fil-
aments and not only the ones already oriented
towards the axis of the applied load. Nevertheless, as
the nanofibres were fused together the re-orientation
of them due to the applied load was not possible and
the interleave failed at lower strains.

Pai et al.[35] observed an increase in Young's
modulus of electrospun PS nanofibres from 1.24 to
3.57 GPa due to annealing. Similarly, their UTS
increased from 17 to 49 MPa. Farukh et al. [66]
studied electrospun PP nanofibrous networks both
experimentally and computationally. They observed
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that the nodes increased the stiffness of the fibrous
interleaves, but there was negligible deformation
before failure. Similar results were presented by
Chavoshnejad et al. [67, 68] when they calculated the
effect of nodes in PMMA interleaves.

SEM was used to identify the failure mechanisms
of the annealed samples. Figure 9 shows a typical
SEM image of an annealed interleave of nanofibres
with random orientation before and after tensile
testing. Three main failure mechanisms are identified
in the fibrous interleaves: necking, shear banding and
crazing. Specifically crazing is observed as a dark
vertical deformation perpendicular to the axis of the
applied load [69]. Figure 55 (Supplementary Infor-
mation) shows the fibrils that were formed at the
point of failure in the annealed nanofibres due to
crazing. It is worth noting that all three mechanisms
were observed in both pure PS nanofibres and those
containing CNCs. However, no crazing was observed
after testing of the as-spun random nanofibres. The
internal porosity of the nanofibres is thought to
suppress any crazing in the nanofibres, as has pre-
viously been observed [70].

Nanofibres of aligned orientation

As-spun fibrous interleaves of aligned orientation
were mechanically tested, but only as pure PS
nanofibres and with 5 wt% of CNCs (Fig. 10a). The
pure PS nanofibres exhibited a UTS of
2.89 £ 0.73 MPa, which remained the same when the
CNCs were added (3.56 + 0.97 MPa, p > 0.05).
Young’s modulus of the pure PS nanofibres was
148 £ 38 MPa, a value that significantly increased by
93% to 285 + 84 MPa (p < 0.05) when CNCs were
added. The strain at break was not determined as the
samples exhibited a steplike gradual failure.
Regarding the annealed nanofibres, PS nanofibres
were measured both with and without the presence
of CNCs, the former with 1, 5 and 10 wt% concen-
trations (Fig. 10b). Young’s modulus of the different
interleaves continuously increased with the addition
of CNCs. The pure PS nanofibres had a Young's
modulus of 285 & 90 MPa, a value that remained the
same when 1 wt% CNCs was added in the nanofibres
(281 &+ 37 MPa, p > 0.05). When 5 wt% CNCs was
added in the nanofibres, Young’s modulus signifi-
cantly increased by 59% to 454 4+ 132 MPa (p < 0.05).
The addition of 10 wt% CNCs increased this to
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Figure 9 Typical scanning electron microscope (SEM) images of
random PS nanofibres after they have been thermally treated;
a nanofibres before tensile testing; b an image of the nanofibres
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Figure 10 Summary of the calculated Young’s modulus (E) and UTS values for aligned nanofibres, tested a as-spun and b after annealing.

790 & 194 MPa, a significant increase of 177% com-
pared to the pure PS nanofibres (p < 0.05).

The UTS of the aligned annealed nanofibres was
6.11 £ 2.20 MPa, which significantly decreased by
60% with the addition of 1 wt% CNCs to 2.43 £+ 1.20
(p < 0.05). By increasing the CNCs to 5 wt%, the
nanofibres” UTS did not change (5.83 £ 2.28 MPa;
p > 0.05). Finally, by adding 10 wt% CNCs in the
nanofibres the UTS was 3.74 + 0.38 MPa (p > 0.05).
The large standard deviation associated with these
values was attributed to a large number of samples
tested, each of which contained fibres of random
orientation; it has been previously shown in the lit-
erature that the UTS of the samples is largely affected
by the different orientations of the nanofibres in each
sample [61, 63, 64, 66].

All the mechanical properties of fibrous interleaves
with aligned orientation were significantly increased
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compared to fibrous interleaves with random
nanofibres. Young’s modulus of pure PS as-spun
nanofibres increased by more than 2500% compared
to the random nanofibres (p < 0.05), while the UTS
increased by more than 30% (p < 0.05). Moreover,
Young’s modulus of aligned annealed PS nanofibres
increased by 220% and the UTS by 282% (p < 0.05).
These results are similar to the data presented by
Thomas et al. [71]; they managed to increase Young's
modulus of PCL nanofibres by 900% just by align-
ment of the nanofibres. Similarly, Huang et al. [72]
obtained a 400% increase in Young's modulus for
aligned nanofibres compared to a random orienta-
tion. These increases are thought to be the result of a
combination of effects. First, when the nanofibres are
deposited on a rotating collector, they are further
stretched due to the rotation. Therefore, the molecu-
lar chains are thought to orient towards the axis of
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the nanofibres, which enables them to withstand
higher stresses before catastrophic failure [17, 56].
Moreover, the number of nanofibres that carry the
load at any given moment during tensile testing is
increased [41, 73]. Last, due to the increased align-
ment of the macromolecular chains in the nanofibres,
it can be argued that the incorporated CNCs will also
be aligned; this alignment could enhance the
nanofibres’ modulus due to the inherently stiff nature
of the CNCs [17]. Lee et al. [74] studied how the
mechanical properties of electrospun PVA nanofibres
were affected by the orientation of the deposited
nanofibres. They concluded that the UTS and
Young’s modulus of the fibrous networks were
increased when the degree of the nanofibre alignment
was increased. Similar results were presented by
Huan et al.[56] for PLA nanofibres. They also noted
that an increase of more than 5 wt% added CNCs was
detrimental to mechanical properties.

Mode I fracture toughness of a composite
laminate

Mode I testing of composite laminates was per-
formed in order to calculate the fracture toughness at
initiation (Gyeini) and during propagation (Gic, prop)
before and after an insertion of an electrospun
interleave comprising PS and CNCs. The average
areal weight of each interleave was approximately
3.6 g m 2, while the average nanofibre diameter was
0.66 £ 0.29 um for the aligned nanofibres and
1.11 £+ 0.50 pm for the random nanofibres. Gy i, Was
calculated at the onset of the nonlinear region of the
measurements, to avoid any influence of the value
due to carbon fibre bridging [75, 76]; hence, the cal-
culated values are thought to be conservative [77].

Nine different types of interleaves were tested, and
at least 3 samples for each type of laminate. First, a
composite laminate without an interleave was tested
as a baseline. Then, 4 types of interleaves with
nanofibres of random orientation; the nanofibres had
an increasing amount of CNCs at 0, 1, 5 and 10 wt%.
Last, 4 interleaves were tested, with nanofibres of
aligned orientation; the CNC concentrations in the
nanofibres were again 0, 1, 5 and 10 wt%. In all the
laminates containing fibrous interleaves, variation
was observed between the samples of the same
laminate. This variation was attributed to differences
in areal thickness and nanofibre orientation of the
interleaves [78].
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Random nanofibres

Gic,ini for the baseline sample (without any interleave)
was 163.9 + 19.4 ] m ™2 (see Fig. 11), a value compa-
rable to the work of Hojo et al. [79] and Beckermann
etal. [75]. Gy, prop Was 404.3 £ 118.0 ] m™?, but it was
clear that this value increased continuously during
the testing. This increase was attributed to fibre
bridging of the carbon filaments in the unidirectional
samples. Nanofibre bridging was observed (Fig. 6S,
Supplementary Information); visible carbon fibres at
the crack tip of the opening and at the fracture sur-
face after testing were observed. Carbon fibre bridg-
ing in unidirectional laminates has often been
reported in the literature [3, 79, 80].

The calculated G; values for laminates with ran-
dom nanofibre interleaves are also shown in Fig. 11.
For the laminate with random pure PS nanofibres,
Gic,ini Was found to significantly decrease to a value of
107.7 £ 5.9 J m > (p < 0.05, compared to the baseline
sample). When the nanofibres contained 1 wt%
CNCs, Giein; was 1022 £ 9.7 T m™2 (p > 0.05, com-
pared to the pure random sample). When the CNCs’
concentration increased to 5 wt%, Gicini remained
unchanged at 109.7 £ 126 m 2 (p > 0.05). The
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Figure 11 Fracture toughness values (mode I) at initiation
(Gre,ini) and propagation (Gicprop) for the baseline laminate and
laminates containing interleaves of random nanofibres.
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Gie, prop Values for the different laminates were cal-
culated. Gy, prop for the pure PS interleave was
122.6 £ 16.1 Jm 2. With nanofibres containing 1
wt% CNCs, Gicprop decreased by 16% to
103.1 + 7.9 ] m~? (p < 0.05). Nanofibres containing 5
wt% CNCs led to a 15% decrease of Gicprop tO
104.8 + 11.9 ] m™2 (p < 0.05), compared to samples
with an interleave with pure PS nanofibres. Nanofi-
bres with 10 wt% CNCs caused a further decrease of
the Gicprop t0 96.5 & 6.87 J m™? (p < 0.05).

The main observation from all data is that there is a
decrease in Gj. values when a fibrous interleave is
incorporated into the laminate. This was mainly
attributed to the suppression of carbon fibre bridging
during testing [80]. Furthermore, the SEM images of
the laminate surface after testing show no evidence of
bridging or necking by the nanofibres (Fig. 7S, Sup-
plementary Information). The nanofibres completely
peeled off the resin, as it can be seen from the
imprints that have been left behind. Additionally, the
nanofibres show a clear rupture at their points of
failure rather than ductile necking. That leads to the
conclusion that the decrease of Gi. was the result of
debonding of the nanofibres from the matrix
[75, 80, 81]. Similarly, Daelemans et al. [80] observed
a decrease of Gy in; from 538 ] m 2 to 322 ] m~2 with
the presence of a PA6 interleave (3 g m™?) and a
decrease of the Gic prop from 829 to 491 ] m 2. Beck-
ermann et al.[75] and Zhang et al. [81] attributed
nanofibre debonding to poor adhesion to the epoxy
resin. One cause of the debonding could have been
trapped air or moisture that was released from the
nanofibres during the curing of the laminates. Air or
moisture could act as a ‘defect’ in the resin causing
premature failure [82], although we have no evidence
to confirm this.

As the CNCs tend to aggregate inside the nanofi-
bres, they became more brittle, and this is also
thought to also occur inside the laminate. The com-
bination of the brittleness of the nanofibres with the
CNCs’ aggregation acting as areas of stress concen-
tration possibly led to failure at lower loads, as has
been seen before [38]. This could result in premature
failure of the nanofibres containing CNCs compared
to the pure PS nanofibres [17, 46]. Wang et al.[46]
observed that an addition of 3 wt% CNCs in PEI
nanofibres, however, resulted in a 20% increase of
Gicini- But when 5 wt% of CNCs were added a 28%
decrease in Gy in; 0Occurred, which may have been due
to the effect of increased aggregation.
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Aligned nanofibres

Figure 12 shows the calculated Gi. values for com-
posite laminates with fibrous interleaves of aligned
orientation. The laminate with a fibrous interleave of
pure PS had a Gy, of 155.3 & 14.2 ] m 2 When 1 wt%
CNCs was added to the nanofibres, Gi. remained the
same at 154.6 + 157 m™> (p > 0.05). With the
addition of 5 wt% CNCs in the nanofibres, the Gi.
decreased by 20% to 124.5 + 17.1 ] m™2 (p < 0.05). A
32% decrease was observed for the interleave with 10
wt% CNCs to 1178 £77]Jm > (p < 0.05). The
Gicprop Value for the laminate with pure PS nanofi-
bres was 141.1 £ 80Jm 2 1 wt% CNCs in the
nanofibres led to a 6% increase in Giprop tO
150.3 + 10.1 ] m™ (p < 0.05). When 5 wt% CNCs
was incorporated in the nanofibres, Gy prop decreased
to 123.4 + 11.3  m 2 (p < 0.05). Last, the addition of
10 wt% CNCs decreased the Gicprop Vvalue to
1203 £ 2.9 ] m 2 (p < 0.05).

Both Gy and Gy prop values were lower than the
baseline laminate values, which is attributed to the
poor adhesion of the aligned nanofibres to the resin.
Bovicelli et al. [83] observed a 3.2% decrease in Gy ini
when a PCL interleave was incorporated in a
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Figure 12 Fracture toughness (mode I) values at initiation
(Gic,ini) and propagation (Gi prop) for the baseline laminate and
laminates containing interleaves of aligned nanofibres.
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composite laminate and a 3.4% decrease when the
interleave was made of Nylon 6,6. Beckermann et al.
[75] and Kageyama et al. [84] studied the effect of
interleaves in composite laminates and they both
reported higher Gicin; values compared to Gicprop-
The values for aligned interleaves were higher than
values for interleaves of random nanofibres. This is
most likely the result of the different mechanical
properties of the aligned nanofibres compared to the
random interleave. Kalantari et al. [17] suggested that
the decreased diameter of the aligned nanofibres
might lead to an increased orientation of the macro-
molecular chains inside the nanofibres. This could
lead to enhanced mechanical properties which in
turn could lead to an improved fracture toughness.

Mode II testing

Mode II testing of the composite laminates was used
to measure the fracture toughness at initiation under
shear forces (Gy) for each laminate. Nine different
types of interleave were tested; a composite laminate
without an interleave was used as a baseline. Four
types of interleaves with nanofibres of random and
aligned orientations were tested. The nanofibres of
both orientations included CNCs with concentrations
of 0, 1, 5 and 10 wt%. Similar to mode I testing, there
were variations observed between the samples of the
same laminate. These variations were the result of
differences in areal thickness and nanofibre orienta-
tion, as has been previously observed [78]. For that
reason, at least 3 samples were tested for each
laminate.

Random nanofibres

Gpe for the baseline sample was calculated as
1.9 + 0.3 k) m 2. When an interleave of pure PS was
added in the laminate, Gy was found to remain the
same (1.6 + 0.1 kf m~2, p > 0.05). When 1 wt% CNCs
was added in the nanofibres Gy dropped by 29% to
12404k m? (p<005). 5 wt% CNCs in the
nanofibres led to a similar Gy of 1.6 + 0.3 k] m~
(p > 0.05), while 10 wt% CNCs decreased the Gy by
21% to 1.3 £ 0.1 k] m™? (p < 0.05). All these values
are summarised in Fig. 13a.

The incorporation of pure PS nanofibres did not
significantly change the Gy of the laminate, which
could be indicative of the lack of nanofibre bridging
during testing [85]. Any change of the Gy, could be a
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result of the interleaves’ aerial weight [75]. In con-
trast, an increase in the amount of CNCs incorpo-
rated into the nanofibres led to a significant decrease
in Gr.

According to Zhang et al. [81], the incorporation of
CNCs into nanofibres without any surface treatment
can result in a decrease in Ge.

In Fig. 14, the SEM image of the surface of a com-
posite laminate with an interleave after mode II
testing has been magnified. It was clear that the resin
had penetrated through the random nanofibres, as
both nanofibres and indents of nanofibres can be seen
at different heights from the surface. This surface
morphology is also indicative of a crack propagation
through the random network of nanofibres. Some
nanofibres are present that also show partial
debonding from the resin. Furthermore, typical
matrix debris and hackle marks are also evident after
mode II testing. Hackle marks are typical of failure
under shear stresses in composite laminate testing
[85, 86]. The crack path during mode II testing is also
observed to move from inside the resin layer to the
interface between the resin and the carbon fibres.
Such observations are consistent with the published
literature [7].

Aligned nanofibres

The Gy for the laminate with pure PS nanofibres was
calculated as 2.6 + 0.2 k] m 2, a significant increase
of 38% compared to the baseline composite
(p < 0.05). When 1 wt% CNCs was added in the
nanofibres, the Gy was found to be unchanged at
2.6 + 0.1 k] m 2 (p > 0.05). With a further increase in
the CNC concentration to 5 wt% the laminates, Gy of
the laminate did not change (2.6 + 0.2 k] m?
p > 0.05). Finally, by further increasing the CNC
content to 10 wt% the Gp. remained stable at
2.7+ 02Kk m™? (p>0.05. The results of all the
calculations are summarised in Fig. 13b.

The incorporation of an interleave with aligned
nanofibres required a higher load to fail, leading to a
higher value of Gy.. This was the result of nanofibre
bridging in mode II testing that enhances the tough-
ness of the material under shear load. Daelemans
et al. [86] used PA 6.9 aligned nanofibres as inter-
leaves in composite laminates. They found that Gy
increased by 50% due to nanofibrous bridging of
microcracks. Nevertheless, the addition of any
amount of CNCs did not alter the properties of the
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Figure 13 a Fracture toughness values for mode II (Gy) testing for the baseline laminate and laminates containing interleaves of
a random nanofibres and b of aligned nanofibres, with different concentrations of cellulose nanocrystals (CNCs).

Figure 14 Scanning electron microscope (SEM) images of a composite laminate containing an interleave of random nanofibres after mode

II testing.

composite laminates when the nanofibres were
aligned. Li et al. [87] studied the incorporation of
different concentrations of multi-wall carbon nan-
otubes in electrospun PSF nanofibres as interleaves. It
was reported that Gy increased with the addition of
these nanofibrous interleaves in the laminates.

@ Springer

Discussion

The addition of CNCs in electrospun PS nanofibres
did not significantly affect the mechanical properties
of the nanofibres. This is thought to be due to the
incompatibility between the CNCs and the PS poly-
mer. Even though crazing as a toughening mecha-
nism was observed in the nanofibres, the CNCs did
not significantly increase the degree of crazing.
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Nanoinclusions in nanofibres and amorphous poly-
mers have previously resulted in the initiation of
crazes [88]. Instead, the poor dispersion of CNCs
inside the nanofibres is thought to cause stress con-
centrations which leads to the decrease in the
nanofibres” UTS. The agglomeration and lack of full
alignment of CNCs in electrospun nanofibres has
been previously highlighted as a reason as to why the
theoretical mechanical properties are not obtained
[89]. The addition of active groups on the surface of
the CNCs could potentially lead to a better adhesion
of the CNCs and the PS nanofibres and hence the
induction of crazing at a larger scale, making the
nanofibres more ductile and thereby leading to
enhanced fracture toughness of the laminated
composites.

Two techniques that enhanced the nanofibres’
mechanical properties were the thermal treatment of
the interleaves and the alignment of the nanofibres.
Thermal treatment led to the consolidation of the
porous PS nanofibres and the creation of fused nodes
at the points of contacts. The consolidation of porous
PS nanofibres has been shown to increase their
mechanical properties [35]. The nodes led to a uni-
form distribution of the applied load on the fibrous
sample and thereby an increased UTS and Young's
modulus compared to the as-spun nanofibres. The
alignment of the nanofibres had a twofold effect:
First, the production process of the nanofibres
decreased their diameter, and potentially, the
macromolecular chains inside the nanofibres were
then more orientated to the axis of the nanofibres.
Second, the alignment of the nanofibres led to a more
uniform distribution of the applied load on the whole
sample, leading to an enhanced Young’'s modulus
and UTS. The largest enhancement of the electrospun
nanofibres was observed in samples that were both
thermally treated and aligned.

The main mechanisms that could be used for the
enhancement of the mechanical properties of CFRP
laminates with interleaves are bridging of nanofibres
and crack deflection. It has been suggested that
plastic deformation of ductile materials is necessary
for high fracture toughness values during testing of
composite laminates [90]. However, since the epoxy
matrix of most CFRP laminates is brittle, a ductile
material would be beneficial for the increase in ILFT
in composite laminates. Hence, it is unsurprising that
most published research [8, 90] has been based on
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electrospun interleaves of ductile polymers, such as
PAN and PCL.

PS is an inherently brittle material and the incor-
poration of CNCs did not enhance its ductility.
Therefore, any increase in ILFT in the tested com-
posite laminates were mostly due to the alignment of
nanofibres. With respect to the thermal treatment of
the nanofibres, all the interleaves that were used were
as-spun. In mode I, both random and aligned inter-
leaves led to a decrease in the laminate’s G;. This was
attributed the different nature of epoxy matrix and
the polystyrene nanofibres, which led to low adhe-
sion between the two materials. Compatibility
between the matrix and the interleave is crucial in the
toughening of composite laminates [90]. During
testing of the laminate, the low adhesion of the
nanofibres led to the nanofibres being pulled out of
the matrix. They also did not form any stable crack
bridges during this process. Furthermore, due to the
brittle nature of the PS nanofibres, the crack was not
deflected around the nanofibres in the epoxy but
instead caused their failure at low loads. Even though
alignment of the nanofibres influenced the G; these
values were still lower than the values obtained from
a composite laminate without an interleave, a result
of the lack of carbon fibre bridging due to the inser-
tion of the interleave. Surface modification of the PS
nanofibres would be advisable for increased adhesion
between the two materials that could potentially lead
to nanofibre bridging.

Regarding mode II testing, the incorporation of
aligned nanofibres increased the CFRP laminate’s
G, something that was not observed when random
nanofibres were used. Even though the toughening
mechanisms behind mode II fracture are not yet fully
understood [90], ILFT depends not only on nanofibre
bridging, but also on a combination of tensile and
shear microcrack growth. Furthermore, the addition
of nanofibres of high tensile strength can lead to an
increased mode II ILFT [90] that could explain why
the inclusion of aligned nanofibres led to an increase
in Gy compared to a laminate without an interleave
or one comprising random nanofibres.

In both mode I and mode II testing, the random
nanofibres decreased the fracture toughness of the
baseline laminate (laminate without any interleave).
This result has already been attributed mainly to the
low adhesion between the PS nanofibres and the
epoxy matrix. However, the low porosity of the
interleave due to the high coverage of the nanofibres
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could also have restricted the infusion of the resin
inside the interleave. In a recent review paper, Val-
lack and Sampson [90] state that fibrous veils made of
micron-sized fibres increases the fracture toughness
of laminates, whereas nanofibrous veils have little
effect, both in mode I and mode II testing. The
improved resin infusion when micron-sized fibres are
used could also result in resin-rich areas inside the
interleave increasing the toughness of the laminate.
This conclusion is in agreement with our results,
where nanofibres of random orientation reduced the
fracture toughness of the laminates. In the future PS
micron-sized fibres of random orientation could be
used to further investigate this. Nonetheless, we
suggest that it is the alignment of the nanofibres of
the interleave that seems to dominate the interleaves’
toughening effect.

Conclusions

Polystyrene nanofibres were produced using an
electrospinning technique. The nanofibres contained
varying amounts of CNCs, and they had two differ-
ent orientations: random and aligned. These nanofi-
bres were morphologically analysed and
mechanically tested, and subsequently added as
interleaves in the mid-plane of composite laminates.
The laminates were studied in mode I and mode II
testing. It was found that annealing of the fibrous
networks was necessary to bond the nanofibres to
each other, but to also remove porosity of the
nanofibres. Both these led to an increase in the overall
mechanical properties of the networks.

Both Young's modulus and ultimate tensile
strength (UTS) of the fibres were negatively affected
by the inclusion of CNCs when the samples were as-
spun. It was thought to be the result of the difference
between the hydrophobic PS and the hydrophilic
CNCs that led to the nanofibres failing at low applied
loads. When the nanofibres were aligned, their
mechanical properties increased compared to their
random counterparts: Young's modulus and UTS
increased by approximately 2600% and 320%,
respectively. Similarly, when annealed pure PS
nanofibres were tested, Young’s modulus and UTS
increased by 220% and 282%, respectively. These
increases suggested that the orientation of the
nanofibres plays a major role in the mechanical
properties of the networks and inherently the

@ Springer

J Mater Sci (2022) 57:21080-21103

nanofibres within those networks. This could be due
to the production of the aligned nanofibres that leads
to further stretching of the nanofibres after electro-
spinning. That could increase the orientation of the
macromolecular chains inside the nanofibres and in
turn enhance their mechanical properties under axial
load.

Composite laminates were successfully tested with
nanofibrous interleaves in their mid-plane to study
the effect of the nanofibre orientation on the fracture
toughness of the laminates. When the interleave was
made of random nanofibres, the nanofibres decreased
the fracture toughness of the material. That was
attributed to the nanofibres inhibiting carbon fibre
bridging during testing. Furthermore, the aggrega-
tion of CNCs inside most likely acted as stress con-
centrations leading to failure at lower loads.

When the interleaves comprised aligned nanofi-
bres, the laminates exhibited similar behaviour to
mode I testing with the random nanofibres. In mode
II testing, the fracture toughness of the laminates was
increased by 35% compared to a laminate with no
interleave. The alignment of the nanofibres seemed to
be optimal for testing in shear loading, and the
enhanced mechanical properties of the aligned
nanofibres might have contributed to this. No sig-
nificant difference was observed amongst the differ-
ent CNC concentrations that were used.
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