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Abstract

The present paper compares improvements to the fracture energy and electrical conductivity of epoxy
nanocomposite materials reinforced by one-dimensional carbon nanofibres (CNFs) or two-dimensional
graphene nanoplatelets (GNPs). The effects of the shape, orientation and concentration (i.e. 0.5, 1.0, 1.5 and
2.0 wt%) of nanoscale carbon reinforcements on the property improvements are presented. Alignment of the
nano-reinforcements in the epoxy nanocomposites is achieved through the application of an alternating
current (AC) electric-field before gelation and curing of the epoxy resin. Alignment of the nano-
reinforcements increased the electrical conductivity and simultaneously lowered the percolation threshold
necessary to form a conductive network in the nanocomposites. Nano-reinforcement alignment also
increased greatly the fracture energy of the epoxy due to a higher fraction of the nano-reinforcement
participating in multiple intrinsic (e.g. interfacial debonding and void growth) and extrinsic (e.g. pull-out
and bridging) toughening mechanisms. A mechanistic model is presented to quantify the contributions from
the different toughening mechanisms induced by CNF and GNP nano-reinforcements on the large
improvements in fracture toughness. The model results show that one-dimensional CNFs are more effective
than GNPs at increasing the intrinsic toughness of epoxy via void growth, whereas two-dimensional GNPs

are more effective than CNFs at improving the extrinsic toughness via crack bridging and pull-out.
Keywords: Nanocomposite, Electrical conductivity, Fracture toughness, Modelling,
1. Introduction

Thermosetting polymers, such as epoxies, are used in a wide range of fibre reinforced composite and coating
applications. Despite having many desirable properties, unmodified epoxies typically have low toughness
and electrical conductivity. Nanoscale carbon-based reinforcements, such as graphene nanoplatelets (GNPs)
[1-3], carbon nanotubes (CNTSs) [4-6] and carbon nanofibres (CNFs) [7-10], have been used to increase the

1



© 00 N O O A W N

e e e e T o o e =
© O N O U A W N B O

20
21
22
23
24
25
26
27

28
29
30
31
32
33
34
35

toughness and electrical conductivity of commercial epoxies. In addition, carbon-based nano-reinforcements
increase the matrix-dominated properties of fibre-reinforced polymer composites, such as the inter- and
intra-ply mechanical properties and the electrical conductivity [11-14]. The extent of the property
improvements depends on the morphology (e.g. CNFs and CNTs are one-dimensional while GNPs are two-
dimensional), volume content and orientation of the carbon nano-reinforcements. In particular,
improvements to many important properties of epoxy nanocomposites containing randomly-oriented carbon
nano-reinforcements are often significantly lower than what might be achieved were the nano-
reinforcements aligned in the optimum direction [15-17]. Goh et. al. [18] recently reported a thorough
review of the literature highlighting various ex-situ and in-situ techniques for aligning carbon nano-
reinforcements in polymer matrices and their influence on electrical and mechanical properties. Ex-situ
alignment techniques such as electrospinning [19] and grafting of radially-aligned CNTs onto micro-scale
fibres [20] have shown great potential for improving mechanical properties of polymer composites.
Similarly, electric- [2,10] and magnetic-fields [7] have recently been employed with great success to in-situ
align carbon nano-reinforcements in thermosetting polymers, while the polymers were in the liquid
(“‘monomeric’) phase prior to cure. In the presence of an electric-field between a pair of parallel electrodes,
the nano-reinforcement may align to form a chain-like structure in the direction of the external field, which
may be easily manipulated and oriented in any desired direction [21]. The resultant nanocomposites
containing aligned carbon nano-reinforcements often outperform their randomly-orientated counterparts
[2,10,16].

Research into polymer nanocomposites has recently advanced to a level where several important
properties, such as strength and stiffness, can be predicted using various modelling approaches [17,19] . This
enables an effective ‘materials design’ approach to be adopted for this new class of materials, which reduces
the cost and accelerates the introduction of novel and improved nanocomposite materials. However, only
limited research has been reported on the comprehensive modelling of the fracture properties of
nanocomposites [10,22,23], and these studies have focused on one-dimensional nano-reinforcements such as
CNTs and CNFs. Thus, in spite of recent efforts, there is a lack of suitable fracture models that enable the

optimum design of nanocomposites with two-dimensional nano-reinforcements for high crack resistance.

We aim to identify the effects of shape, orientation and concentration of the nano-reinforcements on
the electrical conductivity and fracture toughness of epoxy nanocomposites. Firstly, the alignment of CNFs
and GNPs in liquid epoxy using an external alternating current (AC) electric-field is investigated, and the
electro-mechanical mechanisms controlling the rotation and subsequent alignment of the carbon nano-
reinforcements and its effects on the electrical conductivity are studied. Secondly, the improvements to the
fracture toughness resulting from addition of various concentrations of the carbon nano-reinforcements (both
aligned and randomly-oriented) in the epoxy are measured and compared. A mechanistic fracture model is

presented to quantify the improvements in fracture toughness of polymer nanocomposites by one-
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dimensional CNFs or two-dimensional GNPs. Finally, the numerical accuracy of the model and its
sensitivity to input parameters are compared against experimental toughness values for the epoxy polymer

containing CNFs or GNPs.
2. Materials and Experimental Methodology

The carbon nano-reinforcements used in this study were commercially available carbon nanofibres
(Pyrograf® - Ill, grade PR-24-XT-HHT supplied by Applied Sciences Inc.) and graphene nanoplatelets
(xGnP, M grade supplied by XG Science). The CNFs had a diameter of about 70-200 nm and a length of 50-
200 um, while the GNPs had a thickness ranging from 1 to 20 nm and platelet diameter of ~1-50 um. The
GNPs had an average thickness of ~8 nm which equates to about 18 graphene sheets stacked together to
form each platelets based on the d-spacing of 0.34 nm [2]. The epoxy resin used was a liquid blend of about
60-100% of bisphenol A and 10-30% of bisphenol F [24] (‘R105’ from West System) while the curing agent
(‘206 from West System) was a blend of aliphatic amines and aliphatic amine adducts based on
diethylenetriamine and triethylenetetramine. The ratio of resin to hardener used for the epoxy system was
5:1 by weight. Carbon-fibre reinforced-plastic (CFRP) laminate substrates (150 x 250 x 2.65 mm) were
made using 12 plies of unidirectional T700 carbon-fibre/epoxy prepreg (VTM 264 supplied by Applied

Composites Group).

Epoxy nanocomposites with contents of 0.5, 1.0, 1.5, and 2.0 wt% of GNPs were fabricated by
combining sonication and calendaring processes. Epoxy nanocomposites with exact same CNF weight
content were prepared by using only the calendaring process. The GNPs was first mixed with the liquid
epoxy resin using a Hielscher UP200S ultrasonic homogenizer (operated at 0.5 cycles and 50% amplitude)
for 30 minutes, which broke-up the graphene agglomerates. The mixture was then further processed by a
three-roll mill calendaring (Dermamill 100) ten times at 300 rpm with a roller-gap distance of 20 um.
Similarly, the CNFs with desired weight content were first 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 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 epoxy resin
and hand mixed for 5 min. This mixture was then passed four times through the three-roll mill at 150 rpm
with progressively smaller gap size until the smallest gap setting of 20 um had been reached. The
CNF/epoxy mixture was processed at a lower calendaring speed in order to avoid the excessive shear rate
experienced by the CNFs during dispersion. High calendaring shear rate has been reported to reduce the
length of CNFs [25] and CNTs [26] resulting in lower conductivity and fracture toughness of the epoxy

nanocomposites.

As shown in Fig. 1, double cantilever beam (DCB) joints were prepared using the epoxy

nanocomposite as a 2 mm thick adhesive layer bonding the two CFRP laminate substrates. The curing agent
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was added to the dispersed nano-reinforcement/epoxy resin mixture and hand-mixed for approximately 5
minutes. The mixture was then degased and poured between the substrates to form the DCB joints. The
substrates also acted as the electrodes for the application of the AC electric-field in the through-thickness
direction. In the present work, DCB joints were prepared using the epoxy nanocomposite as the adhesive
layer with four concentrations (i.e. 0.5, 1.0, 1.5 and 2.0 wt%) of CNFs or GNPs, and with two different
orientations (i.e. randomly-oriented and aligned) of the CNFs or GNPs. An AC electric field of 30 V/mm at
10 kHz was applied during the initial one hour period of the resin cure cycle, in order to align the nano-
reinforcements in the through-thickness direction of the epoxy nanocomposite layer before resin gelation
which occurred within 1 hour at 25 °C [27]. The electric field induced alignment of the nano-reinforcement
ceased once the resin began to gel. The nanocomposite adhesive layer was cured to its working strength at
room temperature (i.e. 25 °C) for 48 hours in accordance with the resin supplier’s recommendations.
Additional details of the general procedure for testing and analysis of the DCB composite joints, in

accordance with the ISO 25217 [28], were reported in our previous work [2,10].

In order to study the electrical conductivity of the epoxy nanocomposites, the nano-reinforcement
/epoxy mixtures were placed in a silicon rubber mould. The mould was then placed between two aluminium
plates which were used to apply an AC electric-field of strength 30 V/mm in the thickness direction during
the initial one hour period (resin gelation time) of the curing cycle of the epoxy resin. The epoxy was cured
at room temperature for 48 hours and then machined into rectangular test specimens of size 25 x 20 x 2 mm
for electrical conductivity measurements following the ASTM D257 standard. The DC conductivity
measurements were performed using a high resistance meter (Agilent 4339B) at room temperature.
Similarly, the AC conductivity measurements were also performed at room temperature using an impedance
analyser (HP4192A).

Fig 1. Schematic diagram of the double cantilever beam (DCB) specimen for fracture toughness testing
3. Results and Discussion

3.1 Electric-field induced alignment of the nano-reinforcements
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The electric-field induced alignment of the CNFs was investigated using transmission electron microscopy
(TEM) of 90 nm thick slices of the epoxy nanocomposites. The materials with random or aligned nano-
reinforcements were sectioned using ultramicrotomy in the through-thickness direction, and typical TEM
images are shown in Fig. 2a; and a,. As expected, without the application of an electric field the CNFs were
randomly oriented in the nanocomposites. Using the electric field, the CNFs aligned (Fig. 2a;) in the
direction parallel to the external field. Similarly, scanning electron microscopy (SEM) examination of
cryogenically fractured GNP-epoxy nanocomposites revealed alignment of the GNPs in the direction along
the externally applied electric-field (Fig. 2b,). The degree and rate of alignment was not significantly
different between the one-dimensional (CNFs) and two-dimensional (GNPs) nano-reinforcements for the

electric-field conditions used in the present study.

Fig 2. TEM images of the epoxy nanocomposites: (a;) 1.0 wt% of CNFs and randomly-oriented and (az) 1.0
wt% of CNFs and aligned via the application of the AC electric-field. SEM images of epoxy
nanocomposites: (b1) 1.0 wt% GNPs and randomly-oriented and (b;) 1.0 wt% aligned GNPs via the
application of the AC electric-field. The arrows on the micrographs indicate the orientation of the nanoscale
reinforcements. The direction of the applied AC electric-field is indicated by the arrow at the top right-hand
corner in (az) and (by).

Alignment of the nano-reinforcements in the direction of the externally applied electric field can be
explained from the process of dielectrophoresis. Namely, in the presence of the external electric field, the

nano-reinforcements immersed in the epoxy (which is a dielectric medium) gain a dipole moment from their
5
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polarization, which results from the differences in the electrical conductivity and dielectric properties
between the carbon nanoparticles and the liquid epoxy. For CNFs and GNPs, due to their shape anisotropy,
the longitudinal polarizability is at least an order of magnitude greater than the transverse polarizability
[2,29]. Therefore, the interaction between the applied electric field and the induced dipole on the CNFs and
GNPs generates a torque causing both types of nano-reinforcement to rotate and align in the liquid resin.
Upon gelation and subsequent curing of the resin, the aligned nano-reinforcements remain in place in the

resulting epoxy nanocomposite.
3.2 Electrical Conductivity

Fig. 3 shows the electrical conductivity of the CNF- and GNP-epoxy nanocomposites as a function of the
frequency, using logarithmetic scales. For the nanocomposites containing aligned nano-reinforcements,
measurements were made parallel to the alignment direction (i.e. through-thickness direction of the DCB
joint). For the randomly-oriented GNP-epoxy nanocomposites with loadings of 0.5 wt% and 1.0 wt% (Fig.
3b) there is an increase in the capacitive component with increasing frequency, which is similar to that
measured for the unmodified epoxy. However, for the 0.5 wt% aligned GNP-epoxy nanocomposite, there is
a frequency-independent conductivity response at frequencies below about 100 Hz, and at higher
frequencies the response is similar to that of the unmodified epoxy. A similar trend also occurs for the 0.5
wit% randomly-orientated CNF-epoxy nanocomposite with a transition in frequency dependency at about 10
kHz (see Fig. 3a).

2
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Fig 3. Electrical conductivity of the epoxy nanocomposites as a function of frequency. AC conductivity of
the (a) CNF-epoxy polymer nanocomposites and (b) GNP-epoxy polymer nanocomposites; all the solid lines
indicate the best fit using Equation (1).

The frequency-dependent results of the electrical conductivity can be correlated using the universal

dielectric relationship originally reported by Jonsher [30,31] for a wide range of dielectric materials,
6
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o(w) = g4, + Acqw 1)

where o, is the DC conductivity, €, is the dielectric permittivity of the free space (¢, = 8.845 X
10712 F/m), w is the angular frequency, and A is a constant. This conductivity relationship is applicable for
frequencies below 1-10 GHz [30]. For a nanocomposite containing a conductive filler (e.g. CNFs, GNPs),
the conductivity is governed by percolation paths at low frequency and the dielectric matrix at high
frequency. By curve-fitting the AC conductivity results of the unmodified epoxy, the value of the parameter
A has been found to be 5.65. It is interesting to note that the same value of A can be used to model the
frequency-dependent conductivity of all the concentrations of CNFs and GNPs used in the epoxy
nanocomposites in the present investigation. The appearance of a DC plateau for the 0.5 wt% aligned GNP-
epoxy nanocomposite and the 0.5 wt% random CNF-epoxy nanocomposite indicates a transition from the
insulating regime dominated by the epoxy to a conducting regime, which reflects the formation of some
percolating nano-reinforcement networks. At higher concentrations of nano-reinforcements in the epoxy, the
AC conductivity is dominated by the DC conductivity and becomes frequency-independent for both the
CNF- and GNP-epoxy nanocomposites, irrespective of their orientation in the epoxy.
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Fig 4. (a) Effect of concentration and alignment of CNFs and GNPs on the DC electrical conductivities of
the epoxy nanocomposites; (b) comparison of the AC electrical conductivity results with the model given by
Eq. (3) which is represented by the solid lines for corresponding concentrations of nano-reinforcement.

The effects of nano-reinforcement content and orientation on the DC electrical conductivity of the epoxy
nanocomposites is shown in Fig. 4. The electrical conductivity of the randomly-oriented and aligned
nanocomposites increase with the nano-reinforcement concentration up to ~1.5wt%, above which there is
little or no further increase. The electrical conductivity does not increase further due to the difficulty in

achieving a homogeneous dispersion at relatively high concentrations of nano-reinforcement using the
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calendaring process, but instead there occurs a significant agglomeration and clustering of the nano-
reinforcement. Furthermore, at relatively high concentrations, the very close packing of the nano-
reinforcements limits the free space needed for them to rotate and align when subjected to the applied AC
electric-field. The conductivity of the nanocomposites with aligned nano-reinforcements is significantly
higher than that for the nanocomposites with randomly-oriented nano-reinforcements. However, the
improvements in the conductivity of the CNF-epoxy nanocomposites are much more pronounced than for
the GNP-epoxy nanocomposites. The conductivity of fully graphitized CNFs used in this study is reported to
be about 2 x 10° S/cm [32], whereas the conductivity of the multi-layered GNPs is about 100 S/cm
(perpendicular to surface) to 10’ S/cm (parallel to surface) [33]. The anisotropic electrical conductivity of
the GNPs would result in increased contact resistance between multi-layered GNP particles within a
percolating network. This would lead to a lower conductivity improvement of the GNP-epoxy
nanocomposites. Indeed, multi-layered graphite polymer composites have been reported to possess higher
percolation thresholds with lower conductivity improvements [34] in comparison to their expanded graphite

counterparts [35].

The influence of the type of nano-reinforcement, and its orientation in the epoxy, on the percolation
threshold, Vg, can be determined from the scaling-law equation [36] provided the nanofillers are well

dispersed,
Ogc = B(Vf - Vfc)n 2)

where V; is the volume fraction of the nano-reinforcement and B and n are material constants. Table 1 lists
the values of the percolation threshold and the associated material constants which are determined by curve
fitting to Eq. 2 the experimentally measured DC conductivity data as a function of (V; — V) expressed as a
weight fraction but otherwise according to the scaling-law equation. (It should be noted that the percolation
threshold values and the corresponding constants are determined by searching for the highest R-value to
establish the best curve fits.) The percolation thresholds for the nanocomposites with the randomly-oriented
CNFs and GNPs are found to be 0.43 wt% and 0.95 wt%, respectively. The alignment of the CNFs and
GNPs lowers the percolation thresholds to 0.25 wt% and 0.4 wt% respectively. Also, from Fig 3, the
percolation thresholds can be confirmed by the appearance of the DC plateau at the nano-reinforcement
content which represents the percolation threshold. Thus, these results clearly demonstrate that the epoxy
nanocomposites with aligned nano-reinforcements require a significantly lower content of nano-

reinforcement in order to achieve a conductive network, with the CNFs being more effective than the GNPs.

The percolation threshold and the corresponding material constants from Table 1 can be used to
design epoxy nanocomposite materials with the desired electrical properties using the scaling law equation

and the frequency-dependent conductivity response of the epoxy with the following expression if Ve > V.

o(w,Vy) = By — Vi)™ + Agow ©)
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where the dielectric response parameter (i.e. A) can be obtained by curve-fitting the conductivity results of
the unmodified epoxy polymer. As can be seen from Fig. 4b, the model predictions are in good agreement

with the experimental measurements.

Table 1: The value of the scaling law parameter determined by curve fitting the experimental conductivity

results of the epoxy nanocomposites

Nano- Vic ((Wt%) n B
reinforcement

CNF Aligned 0.25 2.65 6.6x10°
CNF Random 0.4 2.22 35x10°
GNP Aligned 0.43 1.10 6.0x10°
GNP Random 0.95 154 3.0x 10”7

Note: The value of parameter A = 5.65

3.3 Fracture energy studies

Fig. 5 shows typical applied load versus crack opening displacement curves for the epoxy nanocomposites
measured from the DCB test specimen. The unmodified epoxy and all the CNF-epoxy nanocomposites
(randomly-orientated or aligned) exhibited large and abrupt load drops with increasing displacement which
is characteristic of unstable “stick-slip” type crack growth. The peak loads of the curves corresponded to the
onset of crack growth, while the minimum loads corresponded to crack arrest. The GNP-epoxy
nanocomposites with randomly-oriented or aligned GNPs at concentrations of 0.5 and 1.0 wt% also
experienced unstable crack growth similar to that observed for the CNF-epoxy nanocomposites. However,
at higher GNPs concentrations of 1.5 and 2.0 wt%, the fracture process was observed to transition to a more
stable form of crack growth with smaller load drops. This suggests that different toughening mechanisms
may operate in the CNF- or GNP-epoxy nanocomposites. The fracture energy values, G, for the onset of
crack propagation were calculated using the maximum loads that were measured in accordance to I1SO
25217 [28]. (The first peak of the load versus displacement curve was ignored to ensure that only subsequent
values of the maximum loads, which were associated with crack initiation from relatively sharp (*natural’)
cracks were used to calculate G, [28]). For all of the DCB tests bonded using the epoxy polymer

nanocomposite and the unmodified epoxy, the locus of failure was along the centre of the polymer layer.
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Fig 6. Effects of the nano-reinforcement concentration, shape and orientation on the fracture energy of the

epoXy nanocomposites.

Fig 6. shows the effects of the weight fraction and orientation of the CNF and GNP nano-
reinforcement on the fracture energy, Gi.. The fracture energy increases almost linearly up to a nano-
reinforcement concentration of 1.5 wt%, although no further improvements occurs at the highest
concentration of 2.0 wt% due to agglomeration and restricted capacity to rotate the nano-reinforcement in
the case of the aligned particles. Alignment of the CNFs and GNPs resulted in an additional toughening

effect, with the fracture energies being respectively 25% and 40% higher for the nano-reinforcement
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concentrations under 1.5 wt%. The toughening mechanisms responsible for the improvements in the

measured toughness are discussed in the following section.

3.4 Toughening Mechanisms

Fractographic analyses of the DCB specimens provided a significant insight into the toughening
mechanisms responsible for the improvements in the fracture energy of the epoxy nanocomposites. As
shown in Fig. 7a, the unmodified epoxy exhibited a smooth and featureless crack surface indicative of brittle
fracture. In comparison, the fracture surfaces of the DCB samples containing CNF-epoxy nanocomposites
(at all concentrations) and GNP-epoxy nanocomposites (with contents of 0.5 and 1.0 wt%) exhibited a stick-
slip crack propagation with distinct stress-whitening of the epoxy in the regions of crack initiation and
arrest, as shown in a representative fracture surface in Fig. 7b;. The stress-whitening arises from plastic
deformation associated with the crack initiation process. The lengths of these stress-whitening bands
increased with increasing concentration of the nano-reinforcements and hence correlate with the observed
increases in the values of their fracture energy. For GNP-epoxy nanocomposites with a nano-reinforcement
concentration of 1.5 and 2.0 wt%, the crack propagation mode was observed to transition from stick-slip to
stable growth, with distinct stress-whitening extending along the entire fracture surface as shown in Fig. 7b,.
As shown in Fig 7 c-f, from SEM studies, patterns of tear marks were visible in the stress-whitened regions,
which provide evidence of plastic deformation of the epoxy. These tear marks indicate that the crack
propagation became more tortuous, with the severity of the tear marks increasing with increasing

concentration of the nano-reinforcements.

The fracture energy of the epoxy nanocomposites is increased by both intrinsic toughening processes
ahead of the crack tip together with extrinsic toughening behind the crack front. In Fig. 8, a significant
number of relatively large voids are visible around both the CNF and GNP nano-reinforcements in the
process zone immediately ahead of the crack. These voids are indicative of high-strain plastic flow of the
epoxy in the process zone. The epoxy void growth mechanism occurs when the triaxial stress-field ahead of
the crack tip is sufficiently high to cause debonding of the nano-reinforcements from the epoxy. A large
amount of plastic strain energy is absorbed via debonding, initiation and growth of the voids, and this
contributes to the increased fracture energy of the epoxy nanocomposites. The volume content of voids
increased with the nano-reinforcement content, and this would account in part for the increased fracture
energy of the nanocomposites with increasing CNF or GNP content. Indeed, for rubber- and nanosilica-
toughened epoxies, this plastic void growth mechanism significantly increases the fracture toughness
[37,38]. Void growth occurred in the nanocomposites with randomly-orientated or aligned nano-
reinforcements. However, the voids around the CNFs were significantly larger than around the GNPs, and

this would account for the higher fracture energy of the CNF-epoxy nanocomposites.
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Fig 7. (a) SEM image of the fracture surface of unmodified epoxy polymer; photograph of the fracture
surface of epoxy nanocomposites with (b;) 1.5 wt % aligned CNFs and (b2) 1.5 wt% aligned GNPs; SEM
images of the fracture surface of epoxy nanocomposites containing (c) 1.5 wt% randomly-orientated GNPs;
(d) 1.5 wt% aligned GNPs; (e) 1.5 wt% randomly-orientated CNFs; and (f) 1.5 wt% aligned CNFs.
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Fig 8. Representative SEM images of the fracture surfaces of the region immediately ahead of the crack
front of the epoxy nanocomposites containing, (a;) and (az) 1.5 wt% of CNFs which are randomly-oriented;

(b1) 1.5 wt% GNPs which are randomly-oriented and (b,) is inset of b, at higher magnification.

The epoxy nanocomposites also exhibited extrinsic toughening processes in the forms of bridging
and pull-out of the nano-reinforcements, as shown in Fig. 9. The formation of the crack bridging zone was
observed to begin with the pull-out of the nano-reinforcements from the epoxy, as shown in Fig. 9 a; and
b;. As the crack front passes across the nano-reinforcements, they start to debond and pull-out from the side
with the shorter embedded lengths on either side of the crack plane (see Fig 9 a, and b,), and this
toughening process shields the crack tip from the applied stress. The length of the nano-reinforcement
bridging zone was longer for the GNP-epoxy nanocomposites compared to the CNF-epoxy nanocomposites
due to the longer length of the GNPs, as shown in Fig. 9 a; and b;. The frictional energy induced by the
pull-out of nano-reinforcements from an epoxy is known to be a dominant toughening mechanism [39]. The
relatively long nano-reinforcements rupture close to the crack plane since their embedded lengths is
sufficiently long that they will break rather than pull-out (see Fig 9 az and bs). The absorbed strain energy
associated with this tensile rupture of the nano-reinforcements contributes to the increases measured in the

fracture energy.
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Fig 9. SEM images of the nano-reinforcement bridging the crack in epoxy nanocomposites containing; 1.0
wit% aligned GNPs (a;) at the crack tip and (ay) further down the crack wake; 1.0 wt% aligned CNFs (b;) at
the crack tip and (b,) further down the crack wake. SEM image of the fracture surfaces of the 1.0 wt% of
aligned nano-reinforcements in epoxy nanocomposite containing (as) GNPs and (b3) CNFs nano-

reinforcements.

The improvements to the fracture energy of the epoxy nanocomposites therefore result from the (a)
frictional energy dissipated by pull-out of the nano-reinforcements, (b) rupture of the nano-reinforcements,
(c) interfacial debonding of the nano-reinforcements, and (d) plastic void growth which initiates from the
microvoids created by the debonded nano-reinforcements. While these toughening mechanisms were
common to both the randomly-oriented and aligned nano-reinforcements, the contribution of each
toughening mechanisms depends on the nano-reinforcement orientation. Alignment of the nano-
reinforcements perpendicular to the crack path leads to a higher fraction of the nano-reinforcement
participating in the toughening mechanisms. For randomly-oriented nano-reinforcements, the probability of
the crack front encountering the nano-reinforcements depends on their orientation, and for an oblique angle
above 60° to the crack plane this probability is less than 50% [15,40]. This would lead to fewer nano-
reinforcements being pulled-out and contributing to the bridging and rupturing mechanisms. This is evident
for the randomly-oriented nano-reinforcements shown in Fig. 7c and e, where a greater number of nano-
reinforcements which were oriented parallel to the crack path have undergone debonding but without
pulling-out. For the nanocomposites with aligned nano-reinforcements, as shown in Fig 7d and f, almost all

the nano-reinforcements along the crack path have experienced debonding and pull-out. In addition, when

14



© 00 N o o1 b~

10

11

12
13
14

15

16
17

18

19
20
21

22

23
24
25
26

27

28
29
30

aligned normal to the direction of crack growth, the nano-reinforcements are more likely to bridge the crack

faces and undergo tensile rupture, as may be seen in Fig. 9.
3.5 Fracture energy modelling

The primary toughening mechanisms operative in the nanocomposites were identified as (a) plastic void
growth initiated by the debonded nano-reinforcements in the process zone ahead of the crack, (b) debonding
and pull-out of the nano-reinforcements, and (c) bridging and rupture of the nano-reinforcements behind the
crack tip. Assuming the application of continuum mechanics is valid at the nanoscale and the interfacial
stress between the nano-reinforcement and epoxy is constant, then the energy dissipated by the pull-out of
two-dimensional platelets such as GNPs can be calculated using the conventional expression for particle
pull-out [41]:

AGpull—out =N2t+W)rg lzzao (4)

where t, W, Iy, are the thickness, width and pull-out length of the GNPs respectively and t; is the interfacial
shear strength. The parameter N is the total number of GNPs per unit area of crack surface, which is related

to their volume fraction, V;, via:

GNPvolume _ lVy Vg _ Vy (5)

volume per GNP LAgNp - AGNP tw

where Agnpe and | are the cross-sectional area and the average length of the GNPs in the epoxy, respectively.
Substituting Eq.(5) into Eq.(4) gives:

2Vy (t+W) 16 130
tw

(6)

AGpull—out =

The GNP pull-out length Iy, is difficult to determine with any high degree of accuracy from the SEM
micrographs of the fracture surfaces. However, the pull-out length can be estimated in a similar way to the
determination of the critical fibre length given by the classical Kelly-Tyson approach [42] where:

_ otw
€T (t+wW) 16

7)

where ¢ is the tensile strength of the GNP. GNPs with lengths exceeding the critical length given by Eq.(7)
are expected to fracture across the crack plane, since their embedded lengths on either side of the crack
plane are sufficiently long for the stress in the GNP to build-up to cause their rupture. Therefore, the longest

pull-out length without breaking is equal to half the critical length of the GNPs embedded in the epoxy:

_ tWo
PO o (t4wW) 1¢

l (8)

Considering the GNP properties as supplied by the manufacturer and with the experimentally measured
interface strength between GNP and the epoxy matrix being ~2.3 MPa [43], the GNP pull-out length is

estimated to be about 8.7 um. This value is similar to the value determined from SEM observations of the
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length of GNPs bridging the crack, as shown in Fig. 9 a; and a,. Substituting Eq.(8) into Eq.(6) gives the
expression for the energy dissipated during pull-out of the GNPs:

VitWwo?
2 (t+W) 16

©)

AGpull—oul: =

The increase in fracture energy due to crack bridging by the GNPs is equal to the energy required to pull-out
the bridging GNPs from the epoxy, and is therefore accounted for by AG,,;—ou¢[44]. However, the energy

associated with the elastic deformation of the GNPs up to their tensile failure stress is given by:

Vflasmax _VflJZ

AGrupture = 2 2 Eg (10)

where Eg and ¢,,,, are the Young’s modulus and the tensile failure strain of the GNPs, respectively.

In addition, the GNPs debond from the epoxy prior to the pull-out process. The energy due to interfacial
debonding can be derived using the same approach as that developed for debonding of fibres given by Hull
[45]:

ZVf (t+w) lpo G

AGdb = W

(11)
where G; is the interfacial fracture energy between the GNPs and epoxy.

Plastic void growth in the process zone ahead of the crack, which is initiated by debonding of the
GNPs from the epoxy, increases the intrinsic toughness of the nanocomposites. The fracture energy
contribution from the plastic void growth mechanism can be calculated by considering the model proposed
by Huang and Kinloch [46]:

2
AG, = (1 + %) Vvoia — Vf)o-yryquzm (12)

where un is a material constant allowing for the pressure dependency of the yield stress and K, is the
maximum stress concentration for the von Mises stresses around a debonded GNP [22]. The parameters oy
and ry, are respectively the tensile yield stress and the plastic zone size at fracture of the unmodified epoxy.
The plastic zone size is given by:

r. = 1 EmGey
yu T en (1-v?)a3

(13)

where G, is the fracture energy, E, is the tensile modulus and v is the Poisson’s ratio of the unmodified
epoxy. From SEM fractographic observations, the volume fraction of voids, V\.ig, IS €stimated by assuming
their shape to be an ellipsoid with their semi-major axis being equal to the average half width of the GNPs

and their semi-minor axis being equal to four times the average GNP thickness as follows, noting V; = Nwt

(Vooia = Vr) = (Nn(4) % — Nwt) =V, (2m = 1) (14)
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By combining the different energy terms given above, the fracture energy of the epoxy nanocomposites

reinforced with 2-dimensional nano-reinforcements can be calculated from the following expression:

VetWa?  Vplo? = 2Vy (t+W) Iy Gy + (

2
Em o 2
2 (t+W) 16 2Eg twW 1+ 3) [vad Vf]ayryqum (15)

Gic = Gey + 73

Similarly, the model for estimating the improvements in the fracture energy of the CNF epoxy
nanocomposites was presented in our previous study by considering the conventional theories for fibre
reinforcements [10]. For comparison with the two-dimensional GNPs given by Eq.(15), the model for the

fracture energy, G, of one-dimensional CNF-epoxy nanocomposites is outlined below

Gic = Gey + AGpui—out + AGryprure + AGgp + AG, (for CNFs) (16)
Veokdy  VpoZlp  VilyoG; m\2 d2
Gie = Goy + Srff zgf + f;f + (1 + %) [Vr (m - 1)]ayryuK§m (for CNFs) (17)

where Iz and d; are the length and diameter of the CNFs.

Table 2. List of values for the various parameters used in the analytical modelling studies.

Parameter Symbol Unit Value Source
CNF diameter ds nm 70-200 [25]
GNP thickness t nm 1-20 [33]
GNP width w um 25 [33]
CNF strength of GPa 8.7 [25]
GNP strength o GPa 5 [33]
Young’s modulus of the CNF Et GPa 320 [47]
Young’s modulus of the GNP Ec GPa 1000 [47]
Density of the CNF pt kg/m?® 1400 [25]
Density of the GNP p kg/m?® 2200 [33]
GNP/epoxy interface strength Tg MPa 2.3 [43]
Density of unmodified epoxy Pm kg/m® 1011 [24]
Tensile yield strength of unmodified epoxy Oy MPa 50.5 [24]
Young’s modulus of unmodified epoxy Em GPa 3.17 [24]
Pressure dependent yield stress constant Mm - 0.2 [46]
Maximum von Mises stress concentration Kvm - 211 [22]

Although the values for the interface strength z between the CNF and epoxy are reported to be as
high as 170 MPa [48], the value is in fact limited by the shear strength of the epoxy, which is approximately

half that of the tensile yield stress using the Tresca yield criterion, giving a value of 25 MPa. The interfacial
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fracture energy G; associated with debonding of the CNFs from the epoxy has been measured to be 3.3 J/m?
[49]. At present there are no reports on the interfacial fracture energy between GNPs and epoxy. Therefore,
a similar value for the interfacial fracture energy between CNFs and epoxy was used to estimate the energy
dissipated during debonding of GNPs. The volume of the voids around the CNFs is assumed to be a
truncated cone with the inner diameter equal to the diameter of the CNFs and the larger void diameter, d,, is
determined from the SEM images to be approximately seven times. The values of all other input parameters
used to calculate the fracture energy of the epoxy nanocomposites are given in Tables 2. The predictions
from the model and a comparison with the experimental results are discussed in the following section.

3.6 Results of the fracture energy modelling

A comparison of the theoretical model predictions with the experimentally measured values of the fracture
energies is shown in Fig. 10. Good agreement can be seen between the experimental results and the
calculated fracture energies for the highest CNF diameter (200 nm) and GNP thickness (20 nm). The model
is particularly sensitive to the diameter or thickness of the nano-reinforcements; larger dimensions enable
longer pull-out lengths (see Eq. 7-9) leading to a greater increase in the degree of extrinsic toughening. The
results shown in Fig. 10 confirm the primary toughening mechanisms proposed for the epoxy
nanocomposites modified using randomly-oriented or aligned nano-reinforcements. The calculated
contributions to the improvement in the fracture energy from each of the toughening mechanisms are given
in Table 3. Pull-out of the nano-reinforcements and void growth are the two most dominant toughening
mechanisms, accounting for the majority of the fracture energy enhancement for all the epoxy
nanocomposites. A notable difference between the modelling results for the CNF- and GNP-epoxy
nanocomposites was that the intrinsic toughening due to void growth was more pronounced in the CNF-
epoxy nanocomposites. In contrast, the extrinsic toughening due to GNP pull-out was significantly more
dominant in the GNP-epoxy nanocomposites, accounting for almost four times the intrinsic energy
dissipation via void growth in the epoxy around the GNPs. This explains the transition to more stable
fracture behaviour that was measured by DCB testing for the 1.5 wt% and 2.0 wt% GNP-epoxy
nanocomposites. In these nanocomposites, the more pronounced extrinsic toughening in the form of pull-out
and crack bridging by the GNPs was more effective at retarding crack growth leading to a more stable
fracture process. By contrast, the CNF-epoxy nanocomposites absorbed a higher amount of energy in the
process zone ahead of the crack via void growth, leading to a greater improvement in its intrinsic toughness.
This is an interesting finding, as it enables the selection of the appropriate type of nano-reinforcement for the
materials design of nano-reinforced polymers in order to achieve the desired fracture properties. One-
dimensional nano-reinforcements such as CNFs may be more beneficial in resisting the initiation of fracture
in the event of impact damage, whereas two-dimensional nano-reinforcements such as GNPs may be more

favourable for designing materials with a greater resistance to the unstable growth of cracks.
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Fig 10. Comparison of the experimental fracture energies and theoretically calculated fracture energies (for

the aligned nano-reinforcements) as a function of (a) CNF and (b) GNP weight content in the epoxy

nanocomposites.

Table 3. Contributions to the fracture energy, G, of the epoxy nanocomposites for the various toughening
mechanisms which were identified, as calculated from the analytical models for the highest values of the
CNF diameter and GNP thickness.

Nano-reinforcement  Concentration AGpuiouit  AGrupwre  AGap 4G,
(Wt%) (I/m?) @m’)  @m?)  (I/m?)
CNFs 0.5 311 10 1.2 369
1.0 622 19 2.4 737
1.5 933 29 3.5 1106
2.0 1243 39 4.7 1474
GNPs 0.5 297 0.9 20 73
1.0 595 1.7 39 146
15 892 2.6 59 219
2.0 1190 3.4 79 292
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4. Conclusions

The effect of the carbon nano-reinforcement shape, orientation and concentration on the improvements
observed in the electrical conductivity and fracture toughness of epoxy nanocomposite materials have been
investigated. The application of an AC electric-field before the cure process of the resin can align CNFs or
GNPs in the direction parallel to the external field. Compared to the unmodified epoxy, the improvements in
electrical conductivity of the nanocomposites with aligned CNFs and GNPs were increased by about ten and
seven orders of magnitude, respectively. Also, the percolation threshold of the nanocomposites containing
aligned nano-reinforcements was about 50% lower that of their randomly-orientated counterparts. The
values of the fracture energy, Gy, of the nanocomposites containing 0.5 wt% of randomly-oriented one-
dimensional CNFs or two-dimensional GNPs was improved by up to about 200%, compared to the
unmodified epoxy. An additional improvement in fracture energy of up to about 40% was achieved by
aligning the nano-reinforcement transverse to the crack growth direction. The efficacy of the alignment of
the nano-reinforcement on the improvement in the electrical conductivity and the fracture energies of the

nanocomposites was found to diminish at higher concentrations of the nano-reinforcement.

The large improvements in the fracture energy of the epoxy nanocomposites were due to toughening
mechanisms involving (a) debonding of the nano-reinforcements, (b) the energy associated with the
frictional pull-out of the nano-reinforcements from the epoxy, (c) crack bridging and rupturing of the nano-
reinforcements, and (d) void growth around the debonded nano-reinforcements in the process zone. Fracture
energy modelling revealed that the one-dimensional CNFs are more effective at increasing the intrinsic
toughness in the form of epoxy void growth, whereas the two-dimensional GNPs are efficient at extrinsic

toughening through pull-out and crack bridging of the GNPs.

The results from the present modelling studies were in good agreement with the experimental results
and will enable the materials design of polymer nanocomposites, thereby resulting in the more rapid and
cost-effective development of such novel materials.

Acknowledgements

The authors kindly acknowledge the technical assistance of the RMIT laboratory facility team. The authors
are thankful for the financial support received from the Australian Research Council’s Discovery Grant
Program (DP140100778).

References

[1] Ahmadi-Moghadam B, Sharafimasooleh M, Shadlou S, Taheri F. Effect of functionalization of
graphene nanoplatelets on the mechanical response of graphene/epoxy composites. Materials &
Design 2015;66:142-9. doi:10.1016/j.matdes.2014.10.047.

[2] Wu S, Ladani RB, Zhang J, Bafekrpour E, Ghorbani K, Mouritz AP, et al. Aligning multilayer
graphene flakes with an external electric field to improve multifunctional properties of epoxy
nanocomposites. Carbon 2015;94:607-18. doi:10.1016/j.carbon.2015.07.026.

20



N -

o 01~

oo

10
11
12

13
14
15

16
17

18
19

20
21
22

23
24
25

26
27

28
29
30

31
32
33

34
35
36

37
38
39

3]

[4]

[5]

[6]

[7]

8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Rafiee MA, Rafiee J, Srivastava |, Wang Z, Song H, Yu Z-Z, et al. Fracture and fatigue in graphene
nanocomposites. Small (Weinheim an Der Bergstrasse, Germany) 2010;6:179-83.
doi:10.1002/sml1.200901480.

Shirkavand Hadavand B, Mahdavi Javid K, Gharagozlou M. Mechanical properties of multi-walled
carbon nanotube/epoxy polysulfide nanocomposite. Materials & Design 2013;50:62-7.
doi:10.1016/j.matdes.2013.02.039.

Ayatollahi MR, Shadlou S, Shokrieh MM. Fracture toughness of epoxy/multi-walled carbon nanotube
nano-composites under bending and shear loading conditions. Materials & Design 2011;32:2115-24.
doi:10.1016/j.matdes.2010.11.034.

Bauhofer W, Kovacs JZ. A review and analysis of electrical percolation in carbon nanotube polymer
composites. Composites Science and Technology 2009;69:1486-98.
doi:10.1016/j.compscitech.2008.06.018.

Wu S, Ladani RB, Zhang J, Kinloch AJ, Zhao Z, Ma J, et al. Epoxy Nanocomposites Containing
Magnetite-Carbon Nanofibers Aligned Using a Weak Magnetic Field. Polymer 2015.
doi:10.1016/j.polymer.2015.04.080.

Bal S. Experimental study of mechanical and electrical properties of carbon nanofiber/epoxy
composites. Materials & Design 2010;31:2406-13. doi:10.1016/j.matdes.2009.11.058.

Poveda RL, Gupta N. Electrical properties of carbon nanofiber reinforced multiscale polymer
composites. Materials & Design 2014;56:416-22. doi:10.1016/j.matdes.2013.11.074.

Ladani RB, Wu S, Kinloch AJ, Ghorbani K, Zhang J, Mouritz AP, et al. Improving the toughness and
electrical conductivity of epoxy nanocomposites by using aligned carbon nanofibres. Composites
Science and Technology 2015;117:146-58. doi:10.1016/j.compscitech.2015.06.006.

Bortz DR, Merino C, Martin-Gullon I. Mechanical characterization of hierarchical carbon
fiber/nanofiber composite laminates. Composites Part A: Applied Science and Manufacturing
2011;42:1584-91. doi:10.1016/j.compositesa.2011.07.002.

Esawi AMK, Farag MM. Carbon nanotube reinforced composites: Potential and current challenges.
Materials & Design 2007;28:2394-401. doi:10.1016/j.matdes.2006.09.022.

Hamer S, Leibovich H, Green A, Avrahami R, Zussman E, Siegmann A, et al. Mode | and Mode II
fracture energy of MWCNT reinforced nanofibrilmats interleaved carbon/epoxy laminates.
Composites Science and Technology 2014;90:48-56. doi:10.1016/j.compscitech.2013.10.013.

Hadden CM, Klimek-McDonald DR, Pineda EJ, King JA, Reichanadter AM, Miskioglu I, et al.
Mechanical properties of graphene nanoplatelet/carbon fiber/epoxy hybrid composites: Multiscale
modeling and experiments. Carbon 2015;95:100-12. doi:10.1016/j.carbon.2015.08.026.

Mirjalili V, Hubert P. Modelling of the carbon nanotube bridging effect on the toughening of
polymers and experimental verification. Composites Science and Technology 2010;70:1537-43.
doi:10.1016/j.compscitech.2010.05.016.

Khan SU, Pothnis JR, Kim J-K. Effects of carbon nanotube alignment on electrical and mechanical

properties of epoxy nanocomposites. Composites Part A: Applied Science and Manufacturing
2013;49:26-34. doi:10.1016/j.compositesa.2013.01.015.

21



N -

o O~

oo

10
11
12

13
14
15

16
17
18

19
20

21
22

23
24
25

26
27

28
29

30
31

32
33

34

35
36

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

Huang J, Rodrigue D. The effect of carbon nanotube orientation and content on the mechanical
properties of polypropylene based composites. Materials & Design 2014;55:653-63.
doi:10.1016/j.matdes.2013.10.039.

Goh PS, Ismail AF, Ng BC. Directional alignment of carbon nanotubes in polymer matrices:
Contemporary approaches and future advances. Composites Part A: Applied Science and
Manufacturing 2014;56:103-26. doi:10.1016/j.compositesa.2013.10.001.

Lionetto F, Calo E, Di Benedetto F, Pisignano D, Maffezzoli A. A methodology to orient carbon
nanotubes in a thermosetting matrix. Composites Science and Technology 2014;96:47-55.
doi:10.1016/j.compscitech.2014.02.016.

Qian H, Kalinka G, Chan KLA, Kazarian SG, Greenhalgh ES, Bismarck A, et al. Mapping local
microstructure and mechanical performance around carbon nanotube grafted silica fibres:
methodologies for hierarchical composites. Nanoscale 2011;3:4759-67. doi:10.1039/c1nr10497g.

Monti M, Natali M, Torre L, Kenny JM. The alignment of single walled carbon nanotubes in an
epoxy resin by applying a DC electric field. Carbon 2012;50:2453-64.
doi:10.1016/j.carbon.2012.01.067.

Hsieh TH, Kinloch AJ, Taylor AC, Kinloch IA. The effect of carbon nanotubes on the fracture
toughness and fatigue performance of a thermosetting epoxy polymer. Journal of Materials Science
2011;46:7525-35. d0i:10.1007/s10853-011-5724-0.

Wagner HD, Ajayan PM, Schulte K. Nanocomposite toughness from a pull-out mechanism.
Composites Science and Technology 2013;83:27-31. doi:10.1016/j.compscitech.2013.04.017.

ATL-Composites. MSDS R105 West System Epoxy Resin - Version 2 2015.
http://www.amcsupplies.com.au/manuals/R105-MSDS-280111.pdf (accessed December 16, 2015).

SIGMA-ALDRICH. Properties and application of carbon nanofibers (CNFs) synthesized using vapor
grown carbon fiber (VGCF) manufacturing technology 2015. http://www.sigmaaldrich.com/china-
mainland/zh/materials-science/nanomaterials/carbon-nanofibers.html (accessed December 14, 2015).

Thostenson ET, Chou T-W. Processing-structure-multi-functional property relationship in carbon
nanotube/epoxy composites. Carbon 2006;44:3022-9. doi:10.1016/j.carbon.2006.05.014.

Westsystem. 105/206 Technical Data Sheet 2014. http://www.westsystem.com/ss/assets/Product-
Data-PDFs/TDS 105 _206.pdf (accessed December 21, 2015).

ISO. 25217:2009, Determination of the mode | adhesive fracture energy of structural adhesive joints
using double cantilever beam and tapered double cantilever beam specimens. Geneva: 2009.

Benedict L, Louie S, Cohen M. Static polarizabilities of single-wall carbon nanotubes. Physical
Review B 1995;52:8541-9. doi:10.1103/PhysRevB.52.8541.

Jonscher AK. The “universal” dielectric response. Nature 1977;267:673-9.

Jonscher AK. A new understanding of the dielectric relaxation of solids. Journal of Materials Science
1981;16:2037-60. doi:10.1007/BF00542364.

22



N -

[S2IF N

~N o

10
11

12
13
14

15
16
17

18
19
20

21
22

23
24
25

26
27

28
29
30

31
32
33

34
35
36

37
38

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Tibbetts G, Lake M, Strong K, Rice B. A review of the fabrication and properties of vapor-grown
carbon nanofiber/polymer composites. Composites Science and Technology 2007;67:1709-18.
doi:10.1016/j.compscitech.2006.06.015.

XG Sciences. XxGnP Grade M Product Characteristics 2015. http://xgsciences.com/wp-
content/uploads/2012/10/10-15-13_xGnP-M_Data-Sheet.pdf.

Zheng W, Wong S-C. Electrical conductivity and dielectric properties of PMMA/expanded graphite
composites. Composites Science and Technology 2003;63:225-35. doi:10.1016/S0266-
3538(02)00201-4.

Zheng W, Lu X, Wong S-C. Electrical and mechanical properties of expanded graphite-reinforced
high-density polyethylene. Journal of Applied Polymer Science 2004;91:2781-8.
doi:10.1002/app.13460.

Sandler JKW, Kirk JE, Kinloch 1A, Shaffer MSP, Windle AH. Ultra-low electrical percolation
threshold in carbon-nanotube-epoxy composites. Polymer 2003;44:5893-9. doi:10.1016/S0032-
3861(03)00539-1.

Hsieh TH, Kinloch AJ, Masania K, Sohn Lee J, Taylor AC, Sprenger S. The toughness of epoxy
polymers and fibre composites modified with rubber microparticles and silica nanoparticles. Journal
of Materials Science 2009;45:1193-210. doi:10.1007/s10853-009-4064-9.

Hsieh TH, Kinloch AJ, Masania K, Taylor AC, Sprenger S. The mechanisms and mechanics of the
toughening of epoxy polymers modified with silica nanoparticles. Polymer 2010;51:6284-94.
doi:10.1016/j.polymer.2010.10.048.

Wichmann MHG, Schulte K, Wagner HD. On nanocomposite toughness. Composites Science and
Technology 2008;68:329-31. doi:10.1016/j.compscitech.2007.06.027.

Li VC, Wang Y, Backer S. A micromechanical model of tension-softening and bridging toughening
of short random fiber reinforced brittle matrix composites. Journal of the Mechanics and Physics of
Solids 1991;39:607-25. doi:10.1016/0022-5096(91)90043-N.

Kim JK, Mai YW. High strength, high fracture toughness fibre composites with interface control-A
review. Composites Science and Technology 1991;41:333-78. d0i:10.1016/0266-3538(91)90072-W.

Kelly A, Tyson WR. Tensile properties of fibre-reinforced metals: Copper/tungsten and
copper/molybdenum. Journal of the Mechanics and Physics of Solids 1965;13:329-50.
d0i:10.1016/0022-5096(65)90035-9.

Gong L, Kinloch 1A, Young RJ, Riaz I, Jalil R, Novoselov KS. Interfacial Stress Transfer in a
Graphene Monolayer Nanocomposite. Advanced Materials 2010;22:2694-7.
d0i:10.1002/adma.200904264.

Blanco J, Garcia EJ, Guzman de Villoria R, Wardle BL. Limiting mechanisms of mode I interlaminar
toughening of composites reinforced with aligned carbon nanotubes. Journal of Composite Materials
2009;43:825-41. d0i:10.1177/0021998309102398.

Hull D. An introduction to composite materials. Cambridge solid state science series. 2nd ed.,
Cambridge: Cambridge University Press; 1996.

23



[

[46]

[47]

[48]

[49]

Huang Y, Kinloch AJ. Modelling of the toughening mechanisms in rubber-modified epoxy polymers.
Journal of Materials Science 1992;27:2763-9. doi:10.1007/BF00540703.

Ozkan T, Naraghi M, Chasiotis I. Mechanical properties of vapor grown carbon nanofibers. Carbon
2010;48:239-44. doi:10.1016/j.carbon.2009.09.011.

Manoharan MP, Sharma A, Desai A, Haque MA, Bakis CE, Wang KW. The interfacial strength of
carbon nanofiber epoxy composite using single fiber pullout experiments. Nanotechnology
2009;20:295701-6. doi:10.1088/0957-4484/20/29/295701.

Ozkan T, Chen Q, Chasiotis I. Interfacial strength and fracture energy of individual carbon nanofibers

in epoxy matrix as a function of surface conditions. Composites Science and Technology
2012;72:965~75. doi:10.1016/j.compscitech.2012.03.004.

24



