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a b s t r a c t

There is an increasing demand for high performance composites with enhanced mechanical and elec-
trical properties. Carbon nanofibres offer a promising solution but their effectiveness has been limited by
difficulty in achieving directional alignment. Here we report the use of an alternating current (AC)
electric field to align carbon nanofibres in an epoxy. During the cure process of an epoxy resin, carbon
nanofibres (CNFs) are observed to rotate and align with the applied electric field, forming a chain-like
structure. The fracture energies of the resultant epoxy nanocomposites containing different concentra-
tions of CNFs (up to 1.6 wt%) are measured using double cantilever beam specimens. The results show
that the addition of 1.6 wt% of aligned CNFs increases the electrical conductivity of such nanocomposites
by about seven orders of magnitudes to 10�2 S/m and increases the fracture energy, GIc, by about 1600%
from 134 to 2345 J/m2. A modelling technique is presented to quantify this major increase in the fracture
energy with aligned CNFs. The results of this research open up new opportunities to create multi-scale
composites with greatly enhanced multifunctional properties.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Thermosetting epoxy polymers are widely used in aerospace
and automotive applications as matrices for manufacturing fibre
reinforced composites and as adhesives for joining structural
components. Despite offering many desirable properties, thermo-
setting polymers typically exhibit a low electrical conductivity and
a low fracture toughness, which leads to poor resistance to light-
ning strike and crack growth [1]. In the absence of any through-
thickness reinforcement, fibre composites and bonded joints are
susceptible to delamination or debonding [2]. The low electrical
conductivity of composites and bonded structures, especially along
the thickness direction, present challenges in protecting of aircraft
against lightning strikes and electromagnetic interference. Also,
good electrical conductivity is needed to meet fire retardant anti-
static regulations for mining equipment, and oil-gas storage and
transportation. Hence, improving the through-thickness toughness
g).
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and electrical conductivity of fibre composites is of great
importance.

Traditional techniques to improve the through-thickness prop-
erties and damage tolerance of epoxy polymers are to form a
polymeric alloy via the addition of thermoplastics [3,4] or rubber
tougheners [5,6]. Although these methods provide significant im-
provements to the toughness, the electrical conductivity remains
unchanged because such additives are dielectric. More recently,
studies on conductive carbon-based nanofillers, such as carbon
nanotubes (CNTs) [7e9], carbon nanofibres (CNFs) [10e12] and
graphene nanosheets (GNSs) [13,14], have shown significant
promise to increase the toughness of epoxy polymers, as well as the
ability to improve their electric conductivity. A number of studies
have reported good improvements in toughness of epoxy nano-
composites by the addition of CNTs [15e18] or CNFs [12,19,20]. For
example, Tang et al. [21] reported that the addition of 1 wt% CNTs
increased the fracture energy of an epoxy by about 130%. Palmeri
et al. [22] showed that the addition of just 0.68 wt% CNFs improved
the fracture toughness of an epoxy by about 43e112%. Similarly,
other studies have reported fracture toughness improvements
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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between 40 and 80 % for CNT or CNF modified epoxy nano-
composites. While these improvements are impressive, they are
significantly lower than the nine fold increase in fracture toughness
reported for nano-silica [23] and rubber-toughened modified
epoxy polymers [24]. But the use of carbon based nanofillers can
simultaneously increase the electric conductivity and mechanical
properties, unlike nano-silica and rubber particles.

One major factor limiting the property improvements achieved
to date in epoxy nanocomposites has been the fact that the carbon
nanofillers are typically randomly-oriented, which arises naturally
from the dispersion process using ultrasonication and/or mechan-
ical mixing [25]. Unsurprisingly, the improvements achieved in
many important properties of the epoxy nanocomposites contain-
ing randomly-oriented carbon-based nanofillers are significantly
lower than what would be predicted had the nanofillers been
aligned in the desired direction, albeit that the properties are now
of course anisotropic. Theoretical modelling and computational
simulations suggest that aligning nano-scale structures (e.g. CNTs
and CNFs) in a certain direction should lead to substantial advan-
tages compared with randomly-oriented nanofillers. Indeed, nu-
merical analyses have confirmed that 1.0 vol% aligned CNTs should
increase the stiffness of an epoxy by about 300% [26] in the align-
ment direction. Similarly, the alignment of 3.0 vol% CNTs in epoxy
normal to the crack growth plane is predicted to enhance the
toughness by up to 400% [27]. Unfortunately, there is a dearth of
suitable processes to align carbon nanofillers along the through-
thickness direction of composites. However, recently the use of
electric- and magnetic-fields to align nanoparticles in liquid resins,
prior to curing, has been reported [28e32]. The present authors
have shown that by attaching nano-magnetite (Fe3O4), CNFs can be
aligned by using a very weak (0.05T) magnetic field [32]. Under the
application of an electric field between a pair of parallel plate
electrodes, the nanofillers may align to form a chain-like network
in the direction of the electric field [33]. This mechanism of the self-
aligning of conductive carbon nanofillers in polymers offers a new
opportunity to create multi-scale structures. Since thermosetting
resins, such as epoxy resins, may typically possess a relatively low
viscosity prior to cure, the application of an electric- and/or
magnetic-field will be able to transform the randomly-oriented
carbon-based nanofillers to give a highly aligned structure. Upon
curing, the aligned nanofillers will remain in place in the resulting
epoxy nanocomposite.

The alignment of CNFs [33] and CNTs [16] using an electric field
has indeed been reported to improve the electrical conductivity of
polymers through the formation of a percolating network at
extremely low weight fractions of the added CNFs or CNTs. Khan
et al. [16] has reported an additional 30% increase in the fracture
toughness of CNT modified epoxy nanocomposites due to the
alignment of the CNTs normal to the crack growth plane using a
direct current (DC) electric field. Although randomly aligned CNFs
have also been reported [22] to improve the fracture toughness of
nanocomposites, the effect of their alignment on the fracture en-
ergy has never been studied.

Considering that CNFs may be an excellent alternative to CNTs
due to their wide availability and lower cost [34], the present study
focuses on dual improvements in the electrical conductivity and
fracture toughness of an epoxy nanocomposite containing aligned
CNFs. The alignment is accomplished by applying an external AC
electric-field whilst the resin is liquid prior to crosslinking. Upon
curing the epoxy resin, the resultant epoxy nanocomposite con-
tains aligned CNFs. The effects of alignment of the CNFs on the
fracture toughness and electrical conductivity of the epoxy nano-
composite are measured and theoretical modelling studies are
undertaken to quantify the increase in the fracture toughness due
to the alignment of the CNFs. The results are then compared to the
values pertinent to the unmodified epoxy and the epoxy nano-
composites containing randomly-oriented CNFs.
2. Materials and experimental methodology

2.1. Materials

The epoxy resin used was a liquid blend of bisphenol A and
bisphenol F (‘105’ fromWest System) and the hardener (‘206’ from
West System) was a blend of aliphatic amines and aliphatic amine
adducts based on diethylenetriamine and triethylenetetramine.
Commercially-available vapour-grown carbon nanofibres, Pyro-
graf® e III PR-24-HHT and supplied by Applied Sciences Inc., USA,
were employed as the nanofiller. The CNFs had a diameter of about
70e200 nm and a length of 50e200 mm [35]. Carbon fibre com-
posite substrates were manufactured using 12 plies of unidirec-
tional T700 carbon-fibre/epoxy-prepreg (VTM 264 supplied by
Applied Composites Group). The substrates, with dimensions of
300 mm � 250 mm � 2.5 mm, were cured and consolidated in an
autoclave at 120� C for 1 h, in accordance with the manufacturer's
recommended cure process. The substrate surfaces were abraded
using 320 grit aluminium oxide abrasive paper, cleaned under
running tap water for about 2 min, degreased with acetone, and
finally cleaned with distilled water to remove any surface impu-
rities. The substrates were then used as the electrodes between
which the liquid epoxy resin mixed with the CNFs, prepared ac-
cording the procedure described below, acted as an adhesive layer.
2.2. Dispersion and in-situ alignment of the CNFs in the liquid
epoxy resin

A three-roll mill (Dermamill 100) was used to disperse the CNFs
in the liquid epoxy resin. Firstly, 1.0 wt% of the CNFs were hand
mixed with dispersion-aiding additives based upon solvent-free
acrylate copolymers, namely Disperbyk-191 and -192 (supplied
by BYK®). The dispersive surfactants that were added to the CNFs
were equal to the weight of the CNFs, resulting in a mixture of
CNFs:D-191:D-192 at weight ratio of 1:1:1. The CNF-surfactant
mixture was then added to the epoxy resin, with no curing agent
yet added, and handmixed for 5 min. This mixturewas then passed
four times through the three-roll mill at 150 rpm with varying gap
sizes. In order to achieve a homogeneous dispersion of CNFs, with
each subsequent pass the mill gap size was gradually reduced until
the smallest gap setting of 20 mm had been reached. The 1.0 wt%
CNF/epoxy mixture was then diluted by adding epoxy resin, to
achieve the desired weight fraction of CNFs (0.1%, 0.4%, and 0.7%) in
the epoxy resin. A batch of 1.6 wt% CNFs was mixed and dispersed
separately following the above procedure, due to its relatively
higher weight fraction in the epoxy resin.

To observe the AC electric-field induced alignment of the CNFs, a
0.1 wt% CNF/epoxy resin mixture was placed on a glass slide be-
tween two parallel carbon electrodes with a 2.0 mm separation
distance. VTM264 carbon fibre-epoxy prepreg strips were used as
electrodes. An AC signal generator (Tektronix CFG250) in combi-
nation with a wideband amplifier (Krohnhite 7602M) was used to
apply 60 V AC at 10 kHz to generate the AC electric field of 30 V/mm
strength. The in-situ alignment of the CNFs in the liquid epoxy resin
was observed using a Leica optical microscope. Time-lapsed images
of the CNFs were acquired using a Leica DC 300 digital camera to
observe the alignment of the CNFs in the epoxy resin. The distri-
bution of the orientation angles of the CNFs was ascertained using
the Leica image processing software.
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2.3. Joint manufacturing and testing

The surface-treated carbon-fibre composite substrates
(150 � 250 � 2.5 mm) were placed between glass fibre frames
which were used as a dam to prevent the epoxy mixture from
flowing out of the joint. Spacers, 2 mm in thickness made of glass
slides, were placed at both ends of the joint to control the thickness
of the epoxy layer between the substrates. Teflon-coated tape about
30 mm long and 11 mm thick was placed at an approximately equal
distance between the two substrates, at one end of the joint, to act
as a crack starter. The amine-based curing agent was added to the
dispersed CNF/epoxy resin mixture and hand-mixed for approxi-
mately 5 min. This CNF-modified epoxy resin mixture was then
poured between the substrates. Such bonded joints were prepared
using the epoxy nanocomposite as the adhesive layer for six
different concentrations of CNFs (i.e. 0.0, 0.1, 0.4, 0.7, 1.0 and 1.6 wt
%). Studies were undertaken for two different orientations of the
CNFs (i.e. randomly-oriented and aligned). In order to achieve a
highly aligned network of CNFs in the through-thickness direction
of the epoxy nanocomposite layer, an AC electric field of 30 V/mm
at 10 kHz was applied between the carbon-fibre composite sub-
strates during the initial 1 h period of the curing cycle of the epoxy
resin. The epoxy resin was then cured at room temperature (i.e.
25 �C) for 48 h in total to form the epoxy nanocomposite. After this
time period, the CNF epoxy nanocomposite is referred to as ‘n
Random’ or ‘n Aligned’, where ‘n’ refers to the amount of CNF by
percentage weight of the total epoxy resin followed by the orien-
tation. The joints were then cut into 20 mmwide double-cantilever
beam (DCB) adhesively-bonded specimens. The electrical conduc-
tivity of the cured joints was tested using an impedance analyser
(HP4192A). Fig. 1 shows a schematic of the DCB specimen. A sharp
crack tip was achieved by carefully wedging the crack opening from
the tip of the Teflon film. A minimum of five DCB specimens were
tested in a 10 kN Instron machine at a crosshead speed of 1 mm/
min in accordance with ISO 25217 [36]. The load versus displace-
ment curves were recorded continuously, and a travelling optical
microscope was used to observe the crack length in the epoxy
nanocomposite layer. The mode I fracture energy, GIc, was calcu-
lated based on ‘corrected beam theory’ [36]. The crack was always
found to propagate cohesively through the epoxy nanocomposite
layer itself.
3. Results and discussion

3.1. Dispersion and in-situ alignment studies

The as-supplied CNFs were in the form of agglomerates, as
shown in Fig. 2a. The use of the three-roll milling method was
efficient at breaking up the agglomerates and dispersing the CNFs,
as may be seen from Fig. 2b. The diameter of the as supplied CNFs
was measured from five different SEM micrographs (see Fig. 2a)
with a total CNF population equal to 510. As shown in Fig. 2c, the
diameter distribution of the CNFs has a range from 60 nm to
a0

2.5mm
2mm

composite
substrates

CNF modified epoxy

Fig. 1. Schematic of the double-cantilever beam (DCB) joint configuration.
200 nmwith a lognormal peak of about 95 nm. The post-dispersion
length of CNFs in the epoxy resin was measured using the Leica
image processing software. Fig. 2d shows the length distribution of
the CNFs after three-roll milling. The three-roll mill dispersion
resulted in sizes of the CNFs ranging from 2 to 50 mm, with the
majority of the CNFs having lengths of 16e24 mm. Dispersion using
ultrasonication or three-roll milling would inevitably reduce the
length of CNFs, however three-roll milling has been reported to be
less damaging [25]. Retaining a relatively long length for the CNFs
during their dispersion in the epoxy is considered to be important
for obtaining an effective toughening of the epoxy nanocomposite,
since the theoretical improvement in the fracture energy of the
epoxy, from a fibre pull-out mechanism, will be proportional to the
square of half the embedded length of the CNFs [37].

The response of the CNFs in the liquid epoxy resin to the AC
electric field was verified through in-situ optical microscopy. An AC
electric fieldwith an amplitude of 30 V/mmat 10 kHzwas applied to
0.1 wt% of CNFs dispersed in the epoxy resin (i.e. containing no
curing agent). Observations using the opticalmicroscopeweremade
to measure the time to achieve alignment. Fig. 3a shows an optical
micrograph for t ¼ 0 min (i.e. before the application of the AC
electric field) and, therefore, the CNFs are randomly-oriented. Upon
application of the AC electric field the CNFs rotated to align in the
direction parallel to the electric field, as shown in Fig. 3b. For a 30 V/
mm electric-field strength, the time needed to complete the align-
ment processwas found to be about 5min; beyondwhich no further
improvement in the degree of alignment was observed. Fig. 3c
shows a comparison of the angle distribution between the
randomly-oriented CNFs (i.e. no electric field was applied) and the
CNFs where the AC electric field was applied for 5 min. The use of
the AC electric field has resulted in 85% of the CNF population of
being aligned within ±15� of the applied electric-field direction. As
shown in Fig. 4, the orientation of the CNFs was further verified
using transmission electron microscopy to view 90 nm thick slices
(obtained through ultramicrotomy) of the epoxy nanocomposite.
The alignment of the CNFs can be attributed to the dielectrophoresis
process, which is widely used for electrophoretic deposition of
particles [38]. In the dielectrophoresis process, a particle immersed
in a dielectric medium undergoes polarizationwhen subjected to an
externally applied electric field. This arises from the difference in the
dielectric properties and the electrical conductivities between the
particle and the medium. For one-dimensional particles, such as
CNFs and CNTs, due to their shape anisotropy the longitudinal
polarizability is at least an order of magnitude greater than the
transverse polarizability [39,40]. Therefore, when subjected to an
electric field, the difference in polarizability of the CNFs results in an
induced dipole and its interaction with the electric-field gradient
generates a torque resulting in rotation of the long axis of CNFs, so
causing them to align along the external-field direction [41].

3.2. Electrical conductivity studies

Fig. 5a shows a logarithmetic versus logarithmetic plot of the
electric conductivity (or specific conductance) as a function of
frequency of the epoxy nanocomposite layer in the bonded joint in
the direction normal to the substrate surfaces, i.e. in the through-
thickness direction. The ‘0.1 random’ epoxy nanocomposite (0.1
denotes the wt% of CNFs present) reveal an increase in the capac-
itive component with increasing frequency, similar to that of the
unmodified (i.e. ‘neat’) epoxy polymer. While for the ‘0.1 aligned’
case, there is always at least one order of magnitude improvement
in the conductivity below about 1 kHz, independent of the fre-
quency. This is then followed by a region of somewhat increasing
conductivity which is similar in value to that of the ‘0.1 random’

samples. A similar trend was also observed for the ‘0.4 random’



Fig. 2. (a) SEM micrograph of the as supplied CNF and (b) optical micrograph of the epoxy resin/0.1 wt% CNF mixtures after three-roll mill dispersing; (c) diameter probability
density function of the as supplied CNFs measured from SEM micrograph and (d) length probability density function of the CNFs after the three roll-milling dispersion process from
Fig. 2b.
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epoxy nanocomposite with a frequency-independent conductivity
up to about 10 kHz. This can be explained by considering the
complex frequency dependent conductivity response of conductor-
dielectric nanocomposites that are often analysed in terms of the
resistance-capacitance (ReC) model,

sðuÞ ¼ sdc þ sac ¼ s0 þ Aun (1)

where sdc and sac are the DC and AC conductivity respectively, u is
the angular frequency, A is a constant and the exponent n is in a
range between 0 and 1 depending on the frequency range [42]. The
AC component of the conductivity corresponds to the power-law
frequency dependence and is well known for a wide range of ma-
terials which was noted by Jonscher [43] as the “Universal Dielec-
tric Response”. For each composition of nanocomposite containing
a conductive filler, the above conductivity relationship is governed
by a critical frequency,uc below which the conductivity becomes
frequency-independent (i.e. DC conductivity, sdc when u/0), and
beyond which the power-law is followed. Curve fitting the AC
conductivity results of the neat epoxy composite using Eq. (1), the
following values are obtained: A¼ 1.5 � 10�8 and n¼ 1.0, as shown
in Fig. 5a. It is interesting to note that Eq. (1) with these two values
is in good agreement with the other loadings of CNFs. The
appearance of a DC plateau for the ‘0.1 aligned’ and ‘0.4 random’
samples below their critical frequencies of 1 kHz and 10 kHz,
respectively, indicates a transition from an insulating to a con-
ducting regime, which reflects the formation of some percolating
CNF networks. However, for the ‘0.1 random’ sample, the absence of
the DC plateau region indicates that the conductivity is dominated
entirely by the dielectric property of the epoxy. By contrast, the
conductivity of ‘0.4 aligned’ samples is significantly higher than
that of the ‘0.4 random’ samples and is independent of the fre-
quency over the complete range of frequencies that were investi-
gated. This indicates that the conductivity of the ‘0.4 aligned’
nanocomposite is dominated by the conductor (i.e. the CNF net-
works) for most part. With further increases in the concentration of
CNFs, the conductivity was found to be frequency-independent for
both the randomly-oriented and the aligned nanocomposites, and
increased to a maximum value of 10�2 S/m for the ‘1.6 aligned’
epoxy nanocomposite. The measured increase in the DC conduc-
tivity of the epoxy as a function of the weight fraction of CNFs is
shown in Fig. 5b.

From these results, the increases in the conductivity suggest that
a network of percolated nanofibres formed at a concentration of
CNFs above about 0.7 wt% when they were randomly-oriented.
However, the application of the AC electric field during the curing
of the epoxy resin resulted in alignment of the CNFs and it appears
that the percolation network now formed at a concentration of



Fig. 3. In-situ alignment of 0.1 wt% CNFs in the epoxy resin using the AC electric field (a) t ¼ 0 min (i.e. randomly-oriented CNFs) and (b) t ¼ 5 min (i.e. aligned CNFs), the direction of
the applied AC electric field is indicated by the arrow; (c) comparison of the angle distribution of the randomly-oriented CNFs (from Fig. 3a) and the CNFs aligned after being
subjected to the AC electric field for 5 min (from Fig. 3b).
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CNFs of about 0.4 wt%. A comparison of these results with the DC
conductivity of these nanocomposites gave identical results.
Indeed, the advantage of aligning the CNFs in the epoxy nano-
composites is clearly apparent from the ‘0.7 aligned’ samples,
Fig. 4. TEM images of the epoxy nanocomposites. (a) 0.7 wt% of CNFs and randomly-orie
5 min (The arrows indicate the direction of the applied AC electric field.) Inset shown in (b
which had a higher conductivity than the ‘1.0 random’ samples.
However, for the 1.6 wt% samples, the increase in the conductivity
of the epoxy nanocomposites due to the alignment of CNFs was
minimal. This is attributed to the lack of free space available for the
nted. (b) 0.7 wt% of CNFs and aligned via the application of the AC electric field for
) gives a detailed view of CNF.
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CNFs to rotate in the direction of the electric field due to the
resistance from the interaction between closely packed CNFs [44]
and the likely formation of CNF agglomerates in the epoxy at
these relatively high weight fractions of CNFs.

3.3. Fracture energy studies

As shown in Fig. 6, the applied load versus crack opening
displacement curves for the DCB tests with the adhesive layer
comprising of unmodified epoxy or epoxy nanocomposites con-
taining randomly-oriented or aligned CNFs all revealed that the
type of crack growth was unstable, i.e. stick-slip, in nature, with the
distinct “saw-tooth” shaped load versus displacement curves
typical of such failure. The maximum peak loads of these curves
corresponded to the onset of crack growth, while the lower values
of load corresponded to the arrest of the fast propagating crack. For
the DCB specimens with a higher weight concentration of CNFs in
the epoxy nanocomposite layer, the length of the unstable crack
growth was much greater, due to the higher maximum loads for
crack propagation that were attained. Therefore, the load versus
displacement curves for these samples had fewer peaks. The values
of GIc for the onset of crack propagation were calculated using the
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Fig. 6. Load versus displacement curves for the epoxy nanocomposites containing different
nanocomposite layer.
maximum loads that were measured [35]. The locus of failure was
along the centre of the unmodified (i.e. neat) epoxy polymer or
epoxy nanocomposite layer in all cases.

The results of the fracture toughness tests of the DCB tests with
the adhesive layer comprising of unmodified epoxy or epoxy
nanocomposites containing randomly-oriented or aligned CNFs are
shown in Fig. 7. The average mode I fracture energy, GIc, of the
unmodified epoxy layer for the DCB joint was found to be 134 J/m2,
as would be expected for a relatively brittle epoxy. An increase in
the value of the fracture energy was observed for all the epoxy
nanocomposites. For the nanocomposites, the fracture energy in-
creases almost linearly with the concentration of CNFs. In addition,
a somewhat greater improvement in the fracture energy was
consistently measured for samples containing aligned CNFs, with
their orientation of course normal to the direction of crack growth.
The ‘1.6 aligned’ specimen showed the highest improvement, with
a sixteen fold increase in the fracture energy compared to the un-
modified epoxy. Further, compared to the nanocomposites con-
taining randomly-oriented CNFs, the alignment of the CNFs
resulted in a consistent rise of about an additional 25% increase in
the fracture energy for the concentrations investigated at, and
below, 1.0 wt%. However, a further increase in the concentration of
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the CNFs to 1.6 wt% showed a relatively small difference between
the fracture energies of the aligned and randomly-oriented CNF
nanocomposites which was not statistically significant. Similar
observations have been reported for CNT/epoxy nanocomposites at
relatively high concentrations of CNTs, and were suggested to be
due to the lack of free space available for the rotation and alignment
of the CNTs in the epoxy when a relatively high concentration of
nanofiller was present [16]. The toughening mechanisms respon-
sible for these observed improvements in the measured toughness
are discussed in the following section.
3.4. Toughening mechanisms

Post-failure examination of the fracture surfaces of the DCB
samples gave an insight into the toughening mechanisms respon-
sible for the improvements in the fracture energy of the epoxy
nanocomposites. A typical featureless and smooth fracture surface
was observed for the unmodified epoxy which was indicative of a
very brittle fracture. Fig. 8 shows a photograph of the fracture
surface for a nanocomposite sample where the regions of crack
initiation and arrest are visible as curved lines across the width of
the sample. In the epoxy layer of the DCB test, crack growth
occurred under predominantly plane-strain conditions but with
plane-stress conditions at the specimen edges of the specimen,
causing the curved profile of the crack front. There is a distinct
whitening of the polymer along these crack initiation/arrest lines.
Examination of these regions using the SEM revealed a pattern of
tear marks, which provides evidence of plastic deformation in the
epoxy polymer along the line of crack initiation, which would have
occurred immediately before the onset of the rapid growth of the
Fig. 8. Photograph of the crack fronts on the fracture surface of an epoxy nano-
composite with 1.0 wt% aligned CNFs.
crack. Further away from the stress-whitened regions, where the
crack had propagated rapidly, there was very little evidence of
ductile, plastic deformation, and the glassy fracture surface was
representative of a very brittle fracture having occurred.

Fig. 9 shows SEM micrographs of the stress-whitened region
which correspond to the location of the onset of crack growth (i.e.
the crack initiation location, see the inset in Fig. 8) in the epoxy
nanocomposites containing different concentrations of aligned
CNFs. Patterns of tearmarks were observed inmost of these images,
revealing the plastic deformation of the epoxy that had occurred in
the stress-whitened regions, either just ahead of the crack tip or
due to some extent of slow crack growth occurring prior rapid crack
growth taking place. The size and roughness of the stress-whitened
region both increased with CNF concentration. The increase in the
severity of the tear marks and the roughness with increasing CNF
concentration is indicative of the increased plastic deformation of
the epoxy in the process zone ahead of the crack tip due to the
presence of the CNFs. As shown in Fig. 9, a significant number of
CNFs were pulled out of the epoxy, leaving behind a void on the
opposite crack surface. The areal density of the pulled-out regions
of the CNFs increased with the increasing concentration of aligned
CNFs. Moreover, some of the CNFs showed evidence of having
experienced uncoiling and a cup-cone type of failure. This uncoiling
phenomenon is unique to CNFs due to their stacked graphene cup
morphology [22], which has been previously observed using TEM,
revealing an uncoiled nanoribbon of graphene sheet [45]. The
uncoiling and cup-cone type failure of CNFs was observed for both
aligned and randomly-oriented CNF epoxy nanocomposites. How-
ever, the fibre pull-out mechanism is typically the most dominant
mechanism in increasing the fracture energy [2]. The increase in
the fracture energy during pull-out is due to the work of friction by
the interfacial shear stress between the CNFs and the epoxy poly-
mer. During this pull-out process the CNFs also formed a bridging
zone behind the crack tip. This is evident from SEM observations of
the crack bridging by CNFs, as shown in Fig. 10. The average length
of the CNFs bridging the crack at its maximum opening displace-
ment was about 8 mm. The bridging density of the CNFs decreased
with decreasing concentration of CNFs, with almost no bridging
being observed for the 0.1 wt% CNF epoxy nanocomposite samples.
In order to pull-out and bridge the crack, the CNF must firstly
debond from the epoxy. The strain energy absorbed in overcoming
the adhesion of the epoxy/CNF interface during the debonding
process would also increase the fracture energy, but to a lesser
extent. If the interfacial bond strength exceeds the strength of the
nanofibres, the CNFs would rupture prematurely before pull-out
occurred. However, the rupture of the CNFs would result in
smaller improvements in the values of the fracture energy, since
the strain energy consumed during fibre rupture is reported to be
significantly lower than that pertinent to pull-out [46].

Further, a significant number of relatively large voids are present
around the CNFs (see Fig. 9cef) and are indicative of plastic void
growth of the epoxy polymer in the process zone, which leads to an
additional increase in the fracture energy, compared to the un-
modified epoxy. This arises because in the process zone ahead of
the crack tip, where a triaxial stress-field exists, the CNFs debond
from the epoxy as the local stresses increase at the crack tip. The
debonded CNFs act as voids in the epoxy which allows the polymer
to deform plastically, and so the voids increase in size. For rubber-
and nanosilica-toughened epoxies, this plastic void growth mech-
anism has been shown to significantly increase the fracture
toughness of the material [23,47].

Therefore, the aggregate increase in the fracture energy of the
epoxy due to the addition of the CNFs is considered to be a com-
bination of the energy dissipated by (a) the frictional energy
associated with the CNFs now pulling-out from the epoxy, (b)



Fig. 9. SEM images of the crack initiation region of the fracture surfaces for the epoxy nanocomposites containing aligned CNFs of concentration; (a) 0.1 wt%; (b) 0.4 wt%; (c) 0.7 wt
%; (d) 1.0 wt%; (e) 1.6 wt% and (f) is of the inset of (d) at a higher magnification for the 1.0 wt% nanocomposite.
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rupture of CNFs, (c) interfacial debonding of the CNFs from the
epoxy, and (d) void growth of the epoxy which initiates from the
hole created by the debonded CNFs.

Considering the alignment of the CNFs perpendicular to the crack
path in the nanocomposites, such alignment of the CNFs would lead
to a higher fraction of CNFs participating in the above toughening
mechanisms. For a random orientation of CNFs in the epoxy, the
probability of the crack front encountering the CNFs depends on
their orientation angle. For short fibre composites with a random
fibre orientation, this probability is given by cosq (refer to Fig. 4 for
the orientation axes), and for an orientation angle above 60� the
probability is less than 50% [27,48]. This would lead to a lower
fraction of CNFs involved in the pull-out, bridging and rupturing
mechanisms for the epoxy nanocomposites containing the
randomly-oriented CNFs. This is clearly evident for the randomly-
oriented materials, as is shown in Fig. 11a, where a greater num-
ber of CNFs which were oriented parallel to the crack path have
undergone debonding but without participating in the pull-out or
void growth toughening mechanisms. While for the aligned epoxy
nanocomposites, as shown in Fig. 11b, almost all the CNFs have now
undergone debonding and pull-out, and hence led to the void
growthmechanism being operative. In addition, if aligned normal to
the direction of crack growth, the CNFs are far more likely to bridge
the crack faces and undergo tensile rupture as the crack tip ad-
vances, as may be seen from comparing Fig. 10c and d.

3.5. Theoretical modelling of the fracture energy

As discussed in the previous section, the primary toughening
mechanisms in the epoxy nanocomposites based on the



Fig. 10. SEM images of CNFs bridging the crack in epoxy nanocomposites. (a) ‘0.4 random’; (b) ‘0.4 aligned’; (c) ‘0.7 random’; and (d) ‘1.0 aligned’.

Fig. 11. Comparison of the pull-out of CNFs in the epoxy nanocomposites for (a) ‘1.0 random’ and (b) ‘1.0 aligned’ samples.
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fractographic evidence were debonding and pull-out of the CNFs,
plastic void growth of the epoxy initiated by the voids formed by
the CNFs debonding and the CNFs bridging and finally rupturing
across the crack faces behind the advancing crack tip. Assuming the
application of continuum mechanics is valid at the nanoscale and
the interfacial stress being constant [15,49], the energy dissipated
by fibre pull-out based on the conventional expression from Hull
[50] and Cottrell-Kelly [see 2] is given by:

DGpullout ¼
Npopdftil

2
po

2
(2)

where lpo is the nanofibre pull-out length, df is the diameter of the
CNF, ti is the interfacial shear strength and Npo is the total number
of nanofibres per unit area of crack surface. Npo is related to the
volume fraction, Vfpo, of CNFs which are pulled-out from the epoxy:

Npo ¼ nanofibre volume
volume per nanofibre

¼ lfVfpo

lfAf
¼ Vfpo

Af
(3)

where Af is the nanofibre cross-sectional area and lf is the nanofibre
length. For a given weight fraction of CNFs in the epoxy, not all of
the CNFs are involved in the pull-out process. Therefore, the vol-
ume fraction of CNFs pulled-out from the epoxy Vfpo has been
determined by counting from the SEM micrographs the number of
CNFs on the fracture surface. A total of sixteen SEM micrographs
were used per sample type to determine the CNF pull-out volume
fraction. Previous studies have successfully demonstrated the use
of a similar approach to analytically calculate the strength [51] and
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toughness [15] of CNT containing polymer composites. (Note: the
CNF pull-out count from the fracture surfaces also includes the
voids left behind by the CNFs pulled-out onto the opposite crack
face). Substituting Eq. 3 into 2 gives:

DGpullout ¼
2Vfpotil

2
po

df
(4)

The CNF pull-out length is difficult to determine with accuracy
from SEM images of the fracture surfaces, particularly for samples
with a relatively high volume fraction of CNFs. Also, relatively long
CNFs are expected to rupture at the crack plane, since their
embedded lengths on either side of the crack plane are long enough
for the stress in the CNF to build up sufficiently to break them. Two
outcomes are possible depending on the length of the embedded
CNFs: (a) the CNFs pull-out when the length is shorter than the
critical length given by the classical Kelly-Tyson [2,52] formula i.e.
lc¼ sfdf/2ti, or (b) the CNFs rupturewhen their length is longer than
the critical length. The longest possible pull-out length of the CNFs
is equal to half the critical length of the CNFs embedded in the
nanocomposites as given by the Kelly-Tyson formula:

lpo ¼ sfdf
4ti

(5)

where sf is the nanofibre strength. Substituting Eq. 5 into 4 gives
the estimate of the pull-out energy in terms of the inherent prop-
erties of the nanocomposite as follows:

DGpullout ¼
Vfpos

2
f df

8ti
(6)

Awide range of values for the interfacial shear strength between
CNFs and epoxies have been reported in the literature, [53,54].
However, the maximum possible interface strength between the
epoxy and CNFs is limited by the shear strength of the epoxy
polymer. From Table 1 the shear strength of the epoxy polymermay
be taken to be half that of the tensile yield strength using Tresca
yield criterion, giving a value of 25 MPa. This value is used to es-
timate the contribution to the fracture energy from pull-out of the
CNFs.

The contribution to the fracture energy due to CNF bridging is
from the energy required to pull-out the bridging CNFs from the
epoxy, and is therefore accounted by DGpull�out [46]. Whereas, the
energy contribution due to the elastic deformation of the CNFs
prior to rupturing, whether in the plastic zone ahead of the crack
tip or in its wake, is given by Ref. [27]:
Table 1
List of values for the various parameters used in the analytical modelling study.

Parameter Symbol

CNF diameter df
CNF average length after dispersion lf
CNF strength sf
Young's modulus of the CNF Ef
Density of the CNF rf
Density of unmodified epoxy rm
CNF/epoxy interface fracture energy Gi

Tensile yield strength of unmodified epoxy sy

Young's modulus of unmodified epoxy Em
Pressure dependent yield stress constant mm
Maximum von Mises stress concentration Kvm
DGrupture ¼ Vfposf lf εmax

2
¼ Vfpos

2
f lf

2 Ef
(7)

where Ef and εmax are the Young's modulus and the tensile failure
strain of the CNFs, respectively.

The CNFs undergo debonding prior to the pull-out process. The
interfacial debonding of the CNFs is an essential process because it
allows them to pull-out and initiates plastic void growth of the
epoxy around the hole so created. The interfacial debonding energy,
DGdb, is given by Refs. [15,50]:

DGdb ¼ Vf lpoGi
df

(8)

where Gi is the interfacial fracture energy between the CNFs and
the epoxy. Ozkan et al. [53]. measured the interfacial fracture en-
ergy between CNFs and an epoxy polymeric matrix to be 3.3 J/m2,
and this value was used in the present study.

In addition to the CNF pull-out mechanism, the plastic void
growth of the epoxy matrix promoted by debonding of CNFs from
the epoxy matrix would further increase the fracture energy. In
previous studies [23,47], the plastic void growth mechanism was
quantitatively shown to significantly improve the fracture tough-
ness of a nanosilica modified epoxy polymer. Huang and Kinloch
[55] have shown that the fracture energy, DGv, contribution from
the plastic void growth mechanism can be calculated as follows:

DGv ¼
�
1þ mmffiffiffi

3
p

�2�
Vvoid � Vfpo

�
syryuK2

vm (9)

where Vvoid is the volume fraction of the voids and mm is a material
constant allowing for the pressure dependency of the yield stress.
The parameter Kvm is the maximum stress concentration for the
vonMises stresses around a debonded CNF, which lies between 2.11
and 2.12 [15]. The parameters sy and ryu are respectively the tensile
yield stress and the plastic zone size at fracture of the unmodified
epoxy. The plastic zone size is given by:

ryu ¼ 1
6p

EmGCU�
1� v2

�
s2y

(10)

where Gcu is the fracture energy, Em is the tensile modulus and v is
the Poisson's ratio of the unmodified epoxy polymer. Each void is
assumed to be a truncated cone with the smaller diameter equal to
the diameter of the CNFs and the larger void diameter is deter-
mined from the SEM micrographs which has a varying distribution
depending on the size of the CNFs. In the present study the void
diameter was estimated from SEM micrographs to be approxi-
mately seven times the diameter of the CNFs aroundwhich the void
Unit Value Source

nm 135 [35]
mm 20 This study
GPa 8.7 [35]
GPa 320 [56]
kg/m3 1400 [35]
kg/m3 1011 [57]
J/m2 3.3 [53]
MPa 50.5 [57]
GPa 3.17 [57]
e 0.2 [55]
e 2.11 [15]
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are formed. In other words, Vvoid ¼ 16Vfpo in the present case.
Therefore, the fracture energy, GIc, of the CNF toughened epoxy can
be expressed as:

GIc ¼ GCU þ DGrupture þ DGpullout þ DGdb þ DGv (11)

The above model is used to estimate the fracture energy
improvement by considering an average CNF diameter equal to
135 nm as supplied by the manufacturer [53].

Equations (6), (8) and (9) show that the energy contributions
due to CNF pull-out, debonding and epoxy void growth depend
strongly on the diameter of the nanofibres. The probability density
function of CNF diameter is shown in Fig. 2c. The 135 nm diameter
value provided by the manufacturer corresponds to the median of
this distribution. By accounting for the distribution of the CNF
diameter, the total fracture energy can be expressed in terms of the
diameter probability function r(df):

GIc ¼ GCU þ DGrupture þ
Zdmax

dmin

�
DGpullout þ DGdb þ DGv

�
r
�
df
�
ddf

(12)

where DGrupture is independent of the CNF diameter as can be seen
from Eq. (7). The fracture energy modelling results are calculated
from the experimentally-determined values of Vfpo for the random
and aligned nanocomposite, apart from the ‘1.6 aligned’ nano-
composite. Due to the relatively high concentration of CNFs in the
1.6 wt% nanocomposite, it is excessively time consuming to count
the number of CNFs pulled out on the crack surface.

The fracture energy is also calculated by assuming all the CNFs
are pulled out, hence Vfpo ¼ Vf. The Vf is estimated from the CNF
weight fraction by considering the graphitic CNF wall density to be
1400 kg/m3 [35]. This approach assumes that all the CNFs in a unit
volume of epoxy are intersected by the advancing crack. The values
of all the input parameters used to calculate the fracture energy of
the epoxy polymers containing the CNFs are given in Tables 1 and 2
Model predictions and comparison with experimental results are
presented in the following section.
3.6. Results of theoretical models

Fig. 12 shows the results from the theoretical modelling studies
compared to the experimentally measured values of GIc. The figure
shows two curves calculated using the model assuming that the
CNFs have the mean diameter (Eq. (11)) or the diameter varies
according to the probability density function (Eq. (12)). The
toughness values are slightly higher when it is assumed that all the
CNFs have the same (mean) diameter. Good agreement can be seen
between the experimental results and the predicted fracture en-
ergies which supports the primary toughening mechanisms which
have been proposed for the epoxy polymers modified using
Table 2
Measured values of the volume fraction, Vfpo, of CNFs which are pulled-out from the
epoxy and the volume fraction, Vvoid, of the voids formed around the debonded
CNFs.

CNFs (wt%) Vf (%) Vfpo (%) Vvoid (%)

Aligned Random Aligned Random

0.1 0.08 0.02 0.01 0.32 0.23
0.4 0.33 0.23 0.18 3.99 3.34
0.7 0.58 0.53 0.43 9.39 8.12
1.0 0.82 0.78 0.63 13.76 11.91
1.6 1.31 e e e e
randomly-oriented or aligned CNFs. The CNF pull-out and the
epoxy void growth were the two most dominant toughening
mechanism, accounting for the majority of the fracture energy
enhancement for all the epoxy nanocomposites.

Table 3a shows a comparison of the highest fracture toughness
improvements that have been reported in the literature for CNT
and CNF modified epoxies against the nanocomposites studied
here. It is noteworthy that the toughness improvements achieved
in the present study are many times higher than those reported
previously. These variations in the enhancement of the fracture
energy may be mainly explained by the differences in the length of
the CNFs, and its effect on the fracture energy due to pull-out of
the CNFs as given by Eq. (4). For example, if the CNF length is
reduced to 6 mm, as was the case in the study by Palmeri et al. [22],
the fracture energy due to pull-out will be greatly reduced. In
order to obtain a better estimate for such an effect, and for the
purpose of comparison between the two studies, it has been
assumed that the volume fraction of CNFs that are pulled-out is
only dependent on the concentration of CNFs and is independent
of the length. On this basis, for the 0.7 wt% of random CNF
nanocomposite studied by Palmeri et al. [22], assuming that all the
modelling parameters (besides the value of the nanofibre length,
lf) are similar in value to those used in the present work, the ex-
pected improvement in the value of the fracture energy, as given
by Eq. (11) with a CNF length equal to 6 mm, would be about 116%.
This is very similar to the measured improvement reported in
their study, see Table 3a. The improvements in the fracture energy
of epoxy polymer containing CNFs reported in some other studies
can be similarly estimated and the data are given in Table 3b
where the matrix properties are taken from Ref. [58]. Using Eqs.
(11) or (12) and the relevant data in Tables 1 and 3b, the proposed
model gives a reasonable estimate for the measured values of GIc
reported previously in the literature, as may be seen from Table 3a.
It is also clear that the improvement in the fracture energy of the
epoxy due to the addition of the CNFs or CNTs is strongly
dependent on the dimensions of the nanofiller, especially the fibre
length. Thus, the use of longer CNFs, as in the present study, would
indeed be expected to lead a better enhancement in the fracture
energy of the epoxy nanocomposites.

4. Conclusions

The fracture energy and electrical conductivity of a thermoset
epoxy polymer modified by the addition of carbon nanofibres
(CNFs) have been investigated. The CNFs were dispersed in a liquid
epoxy resin using a surfactant and then processed employing a
three-roll mill to give a good degree of dispersion with the ma-
jority of the CNFs having lengths of between 16 and 24 mm. An AC
electric field has been found to be very effective in aligning CNFs
to form a chain-like structure in epoxy with the majority (85%) of
the CNFs lying within ±15� of the applied electric field. The
alignment of 0.4 wt% of CNFs in the epoxy nanocomposite led to
the formation of a percolating network of CNFs which yielded a
measurable DC conductivity, while simultaneously increasing the
average fracture energy, GIc, from 134 J/m2 to 453 J/m2, compared
to the unmodified epoxy polymer. The highest increases in
toughness and conductivity were for the epoxy nanocomposites
containing 1.6 wt% of aligned CNFs. The fracture energy and the
electrical conductivity of this nanocomposite were increased by
about 1600% (from 134 to 2345 J/m2) and seven orders of
magnitude above the unmodified epoxy. When compared to
randomly-oriented CNFs, the alignment of the CNFs resulted in a
27% increase in the fracture energy and about a five-fold increase
in the electrical conductivity at 1.0 wt% of CNFs. The main
toughening mechanisms which led to the increase in the fracture



Fig. 12. Comparison of the experimental and theoretically calculated fracture energies as a function of the concentration of CNFs. (a) Model calculations based on total volume
fraction (Vfpo ¼ Vf) using minimum, mean, maximum, and probabilistic distribution of the CNF diameter; and (b) model calculations based on the experimentally measured Vfpo for
random- and aligned-CNF nanocomposites.

Table 3a
Fracture toughness, GIc, values of epoxy polymers toughened with 1-D carbon nanofillers.

Source Nanofiller Nanofiller concentration (wt%) Improvement (%) Model prediction (%)

The present study CNFs-Random 1.6 1500 1410
CNFs-Random 1.0 850 880
CNFs-Random 0.7 500 610
CNFs-Random 0.4 180 350

Tang et al. [21] MWCNTs* 1.0 130 e

Palmeri et al. [22] CNFs 0.68 113 95
Liu et al. [19] CNFs 0.4 80 140
Hsieh et al. [15] CNTs 0.5 70 60

*Multiwall carbon nanotubes (MWCNTs).

Table 3b
Parameters used to calculate the fracture energy improvement in Table 3a using the
theoretical model from Section 3.5 for the different studies from the literature.

Source Nanofiller ti (MPa) lf (mm) df (nm)

Palmeri et al. [22] CNFs 36 (Ref [58]) 6 135
Liu et al. [19] CNFs 36 (Ref [58]) 20 135
Hsieh et al. [15] CNTs 47 120 120
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energy for the nanocomposites were identified to be (a) interfacial
debonding of the CNFs from the epoxy, (b) the energy associated
with the pull-out of CNFs from the epoxy, (c) void growth of the
epoxy which initiates from the hole created by the debonded
CNFs, and (d) the rupturing of CNFs. The alignment of CNFs
perpendicular to the crack path generally led to a higher fraction
of CNFs participating in the above toughening mechanisms, and
thus accounted for the relatively higher values of GIc typically
measured for these nanocomposites, compared to those contain-
ing randomly-oriented CNFs.
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