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A B S T R A C T

Relative to the conventional metals used in structures, epoxy-based composites have poor fracture toughness
properties. This has long been a weak link when using epoxy composites for structural applications and
therefore several efforts are being made to improve their fracture toughness. In this experimental study,
the enhancement of fracture toughness brought about by the addition of carbon nanotubes (CNTs) and
graphene nanoplatelets (GNPs) was investigated. CNT-Epoxy and GNP-Epoxy Compact Tension (CT) samples
were fabricated with 0.1% and 0.5% nanofiller weight concentrations. The potential synergistic effects of dual
nanofiller reinforcements were also explored using CNT/GNP-Epoxy CT samples at a 1:1 ratio of CNT:GNP.
Displacement controlled CT tests were conducted according to ASTM D5045 test procedure and the critical
stress intensity factor, 𝐾𝐼𝐶 , and the critical fracture energy, 𝐺𝐼𝐶 , were calculated for all the material systems.
Significant enhancements relative to neat epoxy were observed in reinforced epoxies. The CNT-Epoxy samples
at 0.5% nanofiller concentration experienced the most enhancement with a ∼ 118% and ∼ 311% increase
in fracture toughness and fracture energy, respectively. The GNP-Epoxy and CNT/GNP-Epoxy samples also
demonstrated significant enhancements relative to neat epoxy, but the enhancements are in general weaker
than those of the CNT-Epoxy samples. Fracture surfaces were analyzed via scanning electron microscopy.
Instances of CNT pullouts on the fracture surface were observed, indicating the occurrence of crack bridging.
Furthermore, increased surface roughness, an indicator of crack deflection, was observed along with some
crack bifurcations in the GNP-Epoxy samples. A further exploration is needed to understand the poor synergy
between CNTs and GNPs in the CNT/GNP-Epoxy samples, which may be due to the CNT:GNP ratio and particle
sizes used in the current study.
1. Introduction

Carbon-based nanoparticles have spurred a lot of interest in the
composites research area because of their excellent mechanical, ther-
mal, and electrical properties, making them a very good choice as filler
materials. Even at low weight concentrations, nanoparticles such as
carbon nanotubes (CNTs) and graphene nanoplatelets (GNPs) enable
significant enhancement of the matrix material’s mechanical properties.
Owing to their multifunctional capabilities, CNT and GNP reinforced
nanocomposites have found applications in a variety of areas such as
energy storage, structural composites, electrical packaging, and flexi-
ble electronics [1,2]. Structural composites, especially fiber reinforced
polymer composites (FRPs) which consist of high strength carbon or
glass fibers embedded in a weaker polymer matrix, are a key focus area
for the application of CNTs and GNPs as they can be readily introduced
into the binder during processing. Traditional FRPs suffer from several
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drawbacks such as weak interlaminar strength, fiber–matrix debonding,
and poor fracture toughness properties. Compared with common metals
such as steels, the fracture toughness of polymers is typically an order
of magnitude lower [3]. Given that FRPs are typically less dense than
metals, but have comparable stiffness and strength, establishing ways
to systematically improve their fracture toughness will make them well
rounded structural materials. In the past two decades, several efforts
have been made towards enhancing the fracture toughness of FRPs, as
well as polymer composites in general [4–8].

In efforts to improve the fracture properties of FRPs, key failure
mechanisms such as inter-laminar delamination, fiber–matrix debond-
ing, and matrix cracking have been identified. Methods such as inter-
layer stitching and ply-pinning are introduced to address the issue
of delamination. Ravandi et al. investigated the effects of through-
thickness stitching by applying flax and cotton stitches through flax
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fiber/epoxy composite laminates [9]. The stitches act as bridging el-
ements through the laminates and bridge the crack once it is initiated,
thus lending it an added ability to resist crack growth. A 21% increase
in fracture toughness was obtained by this method. In addition to
delamination mitigation, methods to reduce fiber–matrix debonding
have also been investigated. One natural thought is to increase the
ability of the fibers to bond with the matrix for them to carry as
much load as possible, thus disallowing crack growth and forming
very strong crack bridging networks. Yildiz et al. grew CNTs on glass
fibers and used these fuzzy fibers to improve fiber–matrix bonding [10].
A 113% increase in fracture toughness was observed. Several other
works have explored similar techniques such as fuzzy carbon fibers
and have found promising fracture toughness enhancements [11,12].
However, the processing involved in growing CNTs or other nanoscale
features on fibers typically results in a strength penalty for the fibers,
making them weaker than their unaltered counterparts [11,13]. A
different reinforcing strategy involves strengthening the matrix mate-
rial by incorporating additional rubbery or soft phases in the form
of block copolymers. These softer phases endure much higher de-
formations than the surrounding brittle matrix, thereby slowing the
advancement of cracks. Kamar et al. incorporated a triblock copolymer
into carbon fiber reinforced epoxy polymer composites (CFRPs) to
improve their mode-I fracture energy [14]. The copolymer, a triad of
polystyrene–polybutadiene–polymethylmethacrylate, was used to mod-
ify the epoxy matrix. Samples with several phr (parts per hundred
resin) concentrations were tested. It was observed that a copolymer
concentration of 10 phr resulted in a 290% increase in fracture energy.
Bakar et al. experimented with the addition of plasticizers to unsatu-
rated polyester resins and studied its effect on the resulting materials’
mechanical properties [15]. A 45% increase in fracture toughness was
observed at a concentration of dioctyl phthalate of 5 phr. Despite the
observed increase in fracture toughness brought about by the addi-
tion of copolymers, complexities and compatibility issues between the
added copolymers and the matrix materials limit the applicable range
of this approach [16–19].

Another method of reinforcing a matrix material involves dispers-
ing small amounts of nanoparticles (carbon-based, metallic, etc.) in
the matrix. Gojny et al. evaluated single-walled, double-walled, and
multi-walled CNTs doped epoxy nanocomposites [6]. A maximum 43%
increase in fracture toughness was observed for a nanocomposite re-
inforced with double-walled CNTs at 0.1% weight concentration. Ku-
mar et al. investigated the enhancements caused by adding GNPs
to epoxy and observed a ∼200% increase in Mode I fracture tough-
ess at 0.5% weight concentration [20]. Additional efforts have ex-
lored other nanoparticles based on silica, graphene, and copper, and
inc nanowires. Significant enhancements have been reported even
ith small amounts of nanofillers [5,7,8]. The approach of adding
anofillers has several advantages. First, a wide range of nanoparticles
an be chosen to reinforce a certain polymer. Second, the low content of
anofillers that are needed for reinforcement only leads to a marginal
hange of the matrix weight, which is desirable in many applications.
inally, many nanofillers also possess other functionalities (e.g., elec-
rical and thermal functions) in addition to mechanical reinforcement,
hus lending the composite a multifunctional capability [21–30,30–48].

Fig. 1 is a compilation of various fracture toughness data for CNT-
poxy, GNP-Epoxy and CNT/GNP-Epoxy nanocomposites obtained
rom the literature [6,16,20,49–64]. This plot highlights that while
anoparticle-reinforced epoxy composites have been studied to some
xtent, there is still no clear correlation revealed between the degree
f enhancement and the concentration of CNTs and GNPs. The possible
ynergy between the two fillers is not well established and poorly
nderstood. In this experimental study, we aim to systematically study
he enhancement of material properties for epoxy-based composites at
arious nanofiller concentrations (0.1% and 0.5% in terms of weight)
2

nd a 1:1 mixing ratio of CNTs and GNPs. The underlying toughening
mechanisms such as crack bridging, crack deflection, and crack branch-
ing are investigated. The reinforcing capabilities of CNTs, GNPs, and
CNT/GNP mixtures as the nanofillers are quantified with neat epoxy
as the baseline. Mode I fracture toughness properties are evaluated via
Compact Tension (CT) tests and the critical stress intensity factor and
fracture energy results are determined.

2. Experimental methodology

2.1. Materials

In this study, a two-part epoxy matrix material was used: EPON 862,
a bisphenol-F resin, and EPIKURE Curing Agent W, an aromatic amine
curing agent. Both resin and curing agent were supplied by Hexion. As
reported by the manufacturer, the epoxy used has good performance
characteristics, including low viscosity (2200 cP) at room temperature,
low moisture absorption (2–2.5 wt%), and over 20 h of working life
at room temperature. Pristine multi-walled CNTs (MWCNTs) were sup-
plied by Nano-labs. The MWCNTs have a reported purity of >95% with
some iron and sulfur residuals (the residual particle sizes ∼ 80 nm),
a reported outer diameter of 15 ± 5 nm and an inner diameter of
7 ± 2 nm, and an average length of 3 ± 2 μm. xGNP Grade H GNPs
were supplied by XGSciences and have a reported average thickness
∼ 15 nm and an average particle diameter of 5 μm. The GNP particles
have a reported purity of over 95% with some residual acid contents.
The CNTs and GNPs are not functionalized and are used in their pristine
conditions for this study.

2.2. Fabrication

Positive counter molds were designed as per ASTM D5045 guide-
lines [65] and were 3D printed via a high-resolution Polyjet printer
(Connex 3 Objet 500). Silicone molds were then prepared from the
3D printed template and used for the fabrication of CT samples. CNT
and/or GNP doped epoxy nanocomposites with varying nanoparticle
weight concentrations were fabricated to evaluate their effect on the
fracture toughness properties of the reinforced epoxy. Table 1 lists the
material compositions of the seven different material systems fabricated
for this study. Neat epoxy samples (i.e. samples without any nanopar-
ticle content) were fabricated by mixing the resin and curing agent at
a ratio of 100:26.4 by weight, as prescribed by the manufacturer. After
thorough mechanical mixing for approximately 10 min, the mixture
was heated to 90 ◦C and maintained at that temperature to reduce its
viscosity; it was simultaneously degassed at 90 kPa vacuum for 45 min.
It has been noted in the literature that reduced viscosity aids in proper
degassing [20]. The silicone molds were sprayed with a mold release
agent and then the degassed mixture was poured into the molds. The
samples were cured in an oven (MTI DZF-6020-HT) at 121 ◦C for 2 h
and post cured at 176 ◦C for an additional 2 h.

To prepare nanocomposite samples, appropriate quantities (see Ta-
ble 1) of the nanoparticles were measured in a glass beaker. Measured
quantities of EPON 862 resin epoxy were added to the nanoparticles
and the two were mixed using a high shear mixer at 2000 rpm for
45 min. During the high shear mixing process, the resin and nanopar-
ticle mixture was held at 90 ◦C to reduce its viscosity and aid the
nanoparticle diffusion. In order to further disperse the nanoparticles,
the mixture was ultra-sonicated (QSonica Q500 A) in an ice-chilled
water bath at 20 kHz and 30% amplitude for 10 min. After sonication,
the required quantities of the curing agent were added and mixed
with the resin–nanoparticle mixture using a high shear mixer at 2000
rpm for 10 min at room temperature. The resulting mixture was then
degassed using the same parameters as for the neat epoxy samples. The
subsequent processes for pouring the mixture in the molds and curing
the samples were also consistent with the processes for the neat epoxy
samples. The nanocomposite samples were fabricated in batches of five
samples each for the seven different material systems.
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Fig. 1. Fracture toughness data for various CNT, GNP, and CNT/GNP-Epoxy nanocomposites, normalized by the value for neat epoxy, were collected from the literature and
plotted against the nanofiller weight concentrations.
Fig. 2. Graphical illustration of the fabricated CT samples shown with their geometrical dimensions in millimeters (mm).
Table 1
Material compositions.
Material systems CNTs, %wt GNPs, % wt Epoxy matrix, % wt

Neat Epoxy 0 0 100
0.1-CNT-Epoxy 0.1 0 99.9
0.1-GNP-Epoxy 0 0.1 99.9
0.1-CNT/GNP-Epoxy 0.05 0.05 99.9
0.5-CNT-Epoxy 0.5 0 99.5
0.5-GNP-Epoxy 0 0.5 99.5
0.5-CNT/GNP-Epoxy 0.25 0.25 99.5
3

2.3. Sample preparation

CT specimens were prepared according to ASTM D5045
standards [65] to evaluate the fracture toughness properties of the
nanocomposites. Fig. 2 shows a graphical illustration of the CT samples
with their geometric dimensions. The samples were cast using the
silicone molds with a notch built into the mold. The thicknesses of
the samples were within the prescribed ASTM guidelines such that a
plane strain condition can be assumed at the crack tip. Additionally,
raised features like the meniscus formation around the pin-holes and
sample edges, an artifact of the casting process, were sanded to achieve
a uniform thickness across the sample. Because of the limitations of
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Fig. 3. Digital microscope images of a CT sample undergoing the process of notch-tip sharpening and pre-crack creation. Left to Right: cast sample, sample after filing, sample
after sawing, and sample after razor blade tapping.
the casting process, the notch tip of the cast samples was not as sharp
as required by ASTM standards. A sharp pre-crack is essential for a
valid fracture toughness test because (a) a blunt crack tip results in a
pseudo increase of the measured fracture toughness values [20] and (b)
it violates the assumption of an ideal crack underlying linear elastic
fracture mechanics (LEFM), the theory on which the calculations of
the critical stress intensity factor, 𝐾𝐼𝐶 , and critical fracture energy,
𝐺𝐼𝐶 , are based [65,66]. To create a sharp pre-crack, ASTM guidelines
were followed [65]. The cast sample’s blunt notch tip was sharpened
with a knife-edged file. The filed notch tip was sharpened further by
sawing with a thin serrated blade. Finally, a sharp, natural pre-crack
was initiated by tapping the notch tip with a razor blade. Fig. 3 shows
images, acquired via digital microscopy, of a sample at every stage of
the sharpening process of the notch tip and the creation of the pre-
crack. In Fig. 3(d), the thin line extending beyond the machined notch
tip is the sharp, natural pre-crack created by the razor blade tapping
method.

2.4. Fracture toughness testing

Fracture toughness tests were conducted in an INSTRON universal
double-columned test frame via a displacement controlled test at a
displacement rate of 2 mm/min. The force, measured using a load
cell, exerted on and the corresponding displacement of a sample were
recorded until the sample failed. In this study, a sample was considered
to be failed if the instantaneous load carrying capacity dropped by more
than 80% from the peak load.1 Through trial and error, it was observed
that all samples cracked in half shortly upon meeting this criterion
and hence, could be considered to be practically failed.2 A batch of
five samples for each material system was tested to account for the
statistical variation in the load–displacement curves. The gathered data
was analyzed and the peak load, fracture displacement, 𝐾𝐼𝐶 , and 𝐺𝐼𝐶
were calculated for every sample using the process outlined by ASTM
standards.

1 This study investigated the initiation fracture toughness of the materials
and hence, the load and displacement data of the material past its peak load
was not employed in the calculations of the fracture toughness values

2 In some of the tested CNT-Epoxy samples, the crack did not propagate all
the way through the sample despite registering a 80% load drop. However,
the samples broke as they were being dismounted from the test fixture and
hence, could be considered to be practically failed.
4

3. Results and discussion

3.1. Qualitative/visual assessments

Fig. 4 shows photographs of the fabricated CT samples. The addition
of CNTs and/or GNPs lent a distinctive black hue to the composite
samples as opposed to the nominally semi-transparent amber hue of
the neat epoxy. Even at 0.1% weight concentration, there was a marked
change in the color. At 0.5% weight concentration, increased opaque-
ness and a slightly darker black hue were observed. Some bubbles
were observed around the outer edge of some samples (see Fig. 4).
However, any samples with bubbles along the crack path— identified
by inspecting the fracture surface after testing— were discarded and
the corresponding data were excluded from the analysis.

3.2. Mechanical properties

Figs. 5(a–c) show the mean load–displacement curves for the CNT-
Epoxy, GNP-Epoxy, and CNT/GNP-Epoxy nanocomposites, respectively,
as well as the neat epoxy in each case as a reference. The plotted
error bars represent data within two standard deviations of the mean.
The load–displacement data has been post-processed and the value
of displacement has been corrected according to ASTM D5045 pro-
cedures [65]. Specifically, the contribution from the initial non-linear
loading regime, which can be attributed to sample compression, system
compliance, and loading-pin penetration, has been subtracted from
the measured raw value of displacement. The data in Fig. 5 therefore
represents the linearized load–displacement curves, which are plotted
using the slope of the linear part of a load–displacement curve, the peak
load, and the corrected fracture displacement values.

The neat epoxy samples have an average peak load of 86.74 N and
an average fracture displacement of 0.19 mm. These samples serve as a
baseline for further comparisons. Adding 0.1% CNTs (by weight) to the
epoxy resulted in ∼53% increase in load-carrying capacity and ∼36%
increase in fracture displacement, with an average peak load of 132.09
N and average an fracture displacement of 0.26 mm. Increasing the
CNT weight concentration to 0.5% led to ∼120% increase in peak load
(to 190.49 N) and ∼89% increase in displacement (to 0.36 mm). For
the GNP-Epoxy nanocomposite samples at 0.1% weight concentration,
the peak load was enhanced by ∼46% to 126.99 N and the fracture
displacement was increased by ∼32% to 0.25 mm. Increasing the GNP
weight concentration to 0.5% makes the enhancement factor of the
peak load and fracture displacement to be ∼111% (to 182.70 N) and
∼78% (to 0.34 mm), respectively. Nanocomposites reinforced with a
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Fig. 4. Photographs of representative CT samples of the seven material systems fabricated for this study.
Table 2
Peak loads and fracture displacements of all the material systems.
Material system Peak load (N) % Increase Fracture displacement (mm) % Increase

Neat Epoxy 86.74 ± 5.04 – 0.19 ± 0.01 –
0.1-CNT-Epoxy 132.09 ± 2.86 ∼53 0.26 ± 0.003 ∼36
0.1-GNP-Epoxy 126.99 ± 6.01 ∼46 0.25 ± 0.01 ∼32
0.1-CNT/GNP-Epoxy 122.84 ± 8.32 ∼41 0.24 ± 0.01 ∼26
0.5-CNT-Epoxy 190.49 ± 6.94 ∼120 0.36 ± 0.01 ∼89
0.5-GNP-Epoxy 182.7 ± 5.91 ∼111 0.34 ± 0.01 ∼78
0.5-CNT/GNP-Epoxy 179.4 ± 4.97 ∼108 0.35 ± 0.01 ∼84
mixture of nanofillers are also of interest as synergistic effects may
occur between nanofillers with different geometrical characteristics.
CNTs and GNPs offer a good opportunity to explore such effects as
CNTs are filament-like, while GNPs have a platelet shape. The different
aggregation behavior among CNTs and GNPs may lead to new rein-
forcement mechanisms not involved in nanocomposites based on one
type of nanofillers. For the CNT/GNP-Epoxy samples at 0.1% weight
concentration and 1:1 weight ratio of CNT:GNP, the peak load was
increased by ∼41% to 122.84 N and the fracture displacement was
increased by ∼26% to 0.24 mm. When the weight concentration of the
CNT/GNP mixture was increased to 0.5%, the peak load and fracture
displacement were enhanced further, by ∼108% to 179.40 N for the
former and ∼84% to 0.35 mm for the latter. Table 2 summarizes the
average peak loads and fracture displacements of all the material sys-
tems tested, with the degree of enhancement quantified using the neat
epoxy as a reference. The data are presented with the associated error
bars (representing one standard deviations of the mean) to indicate the
extent of variability or repeatability of the data from CT tests. It should
be noted that the peak load value is not the indicator of a material’s
tensile strength, but rather its maximum load-carrying capacity in the
presence of a crack. In other words, it represents the maximum amount
of load a material can bear before a crack is able to grow in it and
eventually lead to its failure.

As a straight comparison, the average peak loads and fracture
displacements are also shown as bar plots in Fig. 6. It shows that the
addition of CNTs, GNPs, and CNT/GNP mixtures to an epoxy matrix
enhances its mechanical properties to resist fracture. The enhancement
5

is more significant at 0.5% weight concentration of the nanofillers than
at 0.1% weight concentration. At a given weight concentration, CNTs
slightly outperforms GNPs, while both lead to enhancements marginally
stronger than the CNT/GNP mixtures. The only exception is the fracture
displacement of the CNT/GNP-Epoxy sample at 0.5% weight concentra-
tion, which is slightly larger than that of the GNP-Epoxy sample at the
same weight concentration.

3.3. Fracture toughness and fracture energy

To further quantify the initiation fracture toughness of the nanocom-
posites studied here, Mode I critical stress intensity factor, 𝐾𝐼𝐶 , was
calculated using Eq. (1), where 𝑃 is the peak load, 𝐵 is the average
sample thickness, 𝑊 is the specimen width as defined by ASTM D5045,
and 𝑓 (𝑥) is an empirical calibration factor dependent on crack length,
𝑎, and specimen width, 𝑊 of each sample. Eq. (2) shows the formula
for 𝑓 (𝑥) where 𝑥 = 𝑎∕𝑊 .

𝐾𝐼𝐶 = 𝑃
𝐵𝑊 1∕2

𝑓 (𝑥) (1)

𝑓 (𝑥) =
(2 + 𝑥)(0.886 + 4.64𝑥 − 13.32𝑥2 + 14.72𝑥3 − 5.6𝑥4)

(1 − 𝑥)3∕2
(2)

Using Eq. (1) the value of 𝐾𝐼𝐶 was found to be 0.75±0.04 MPa ⋅ m1∕2

and is consistent with the manufacturer’s reported value of 0.8 MPa ⋅
m1∕2 [67]. The values of 𝐾𝐼𝐶 were 1.14 MPa ⋅ m1∕2, 1.10 MPa ⋅ m1∕2,
and 1.06 MPa ⋅ m1∕2 for the CNT, GNP, CNT-GNP reinforced epoxy at
0.1% weight concentration, corresponding to an enhancement factor



Composites Part B 224 (2021) 109177N. Shirodkar et al.
Table 3
Comparison of the critical stress intensity factor (𝐾𝐼𝐶 ) and fracture energy (𝐺𝐼𝐶 ) of all the material systems.
Material systems K𝐼𝐶 (MPa ⋅ m1∕2) % Increase G𝐼𝐶 (J/m2) % Increase

Neat Epoxy 0.75 ± 0.04 – 247.4 ± 29.87 –
0.1-CNT-Epoxy 1.14 ± 0.02 ∼52 502.92 ± 16.27 ∼103
0.1-GNP-Epoxy 1.10 ± 0.05 ∼46 469.18 ± 39.69 ∼89
0.1-CNT/GNP-Epoxy 1.06 ± 0.07 ∼41 440.53 ± 49.10 ∼78
0.5-CNT-Epoxy 1.64 ± 0.059 ∼118 1017.6 ± 65.57 ∼311
0.5-GNP-Epoxy 1.58 ± 0.05 ∼110 923 ± 43.69 ∼273
0.5-CNT/GNP-Epoxy 1.55 ± 0.043 ∼106 927.14 ± 36.64 ∼275
Fig. 5. Linearized load–displacement curves for (a) 0.1% and 0.5% CNT-Epoxy, (b)
0.1% and 0.5% GNP-Epoxy, and (c) 0.1% and 0.5% CNT/GNP-Epoxy. The result for
the neat epoxy is included in each plot as a baseline. Error bars represent two standard
deviations of the mean.
6

of 52%, 46%, and 41% with respect to the neat epoxy, respectively.
At 0.5% weight concentration, CNT-Epoxy, GNP-Epoxy, and CNT/GNP-
Epoxy samples achieved a ∼118% (to 1.64 MPa ⋅ m1∕2), ∼110% (to
1.58 MPa ⋅ m1∕2) and ∼106% (to 1.55 MPa ⋅ m1∕2) increase in fracture
toughness. Table 3 summarizes the average 𝐾𝐼𝐶 values and the asso-
ciated error bars, corresponding to one standard deviation, for all the
material systems tested. Compared with the neat epoxy, the reinforced
samples showed a marked increase in initiation fracture toughness,
even at a weight concentration as low as 0.1%.

Mode I critical fracture energy was calculated using Eq. (3), where
𝑈 is the corrected strain energy (i.e. the area under the linearized
load–displacement curve), 𝐵 is the average sample thickness, 𝑊 is the
specimen width, and 𝜙(𝑥) is an empirical energy calibration factor. The
expression for 𝜙(𝑥) is given in Eq. (4) (see Box I).

The value of 𝐺𝐼𝐶 was determined to be 247.4 J/m2 for the baseline
neat epoxy samples. For the reinforced samples at 0.1% weight concen-
tration of the nanofillers, the fracture energy was increased by ∼103%
(to 502.92 J/m2) for CNT-Epoxy, ∼89% (to 469 J/m2) for GNP-Epoxy.
and ∼78% (to 440.53 J/m2) for the CNT/GNP-Epoxy samples. At the
higher weight concentration of 0.5%, the CNT-Epoxy, GNP-Epoxy, and
CNT/GNP-Epoxy samples exhibited an increase in fracture energy by
∼311% (to 1017.6 J/m2), ∼273% (to 923 J/m2) and ∼275% (to 927.14
J/m2), respectively. Table 3 summarizes all the average 𝐺𝐼𝐶 values
and the associated error bars. The possible mechanisms underlying
the observed enhancements of the fracture properties of the reinforced
materials will be discussed later in the paper.

A direct comparison of fracture toughness (𝐾𝐼𝐶 ) and fracture energy
(𝐺𝐼𝐶 ) is included in Fig. 7 as bar plots. Similar trends as those in
Fig. 6 are observed. Enhancements of 𝐾𝐼𝐶 and 𝐺𝐼𝐶 are found for all
the reinforced samples. For the reinforced composites containing the
same fraction of nanofillers in terms of weight, CNTs perform the best,
followed by GNPs, while the CNT/GNP mixtures exhibit an enhance-
ment slightly weaker than both CNTs and GNPs. In other words, there
appears to be no synergy among CNTs and GNPs as reinforcement
agents. However, this may be due to the 1:1 mass ratio between the two
nanofillers used in the mixtures in this study. The connection between
mass ratio and possible synergistic effects in CNT/GNP mixtures needs
to be explored with more studies.

3.4. Fracture surface analysis

Scanning Electron Microscopy (SEM) was used to image the post-
failure surfaces of the fractured samples and some results were included
in Fig. 8. These images were taken at a magnification of 500x. The
neat epoxy samples exhibit smooth surfaces, with almost no features or
roughness after fracture, which indicates unobstructed crack propaga-
tion after initiation (Fig. 8(a)). In comparison, the CNT-Epoxy samples,
at both 0.1% and 0.5% nanofiler weight concentrations, have visible
clusters of CNTs on the fracture surface (Fig. 8(b)). Minor surface
roughness near the clusters is also observed. In Figs. 9(a-ii, a-iii) where
the fracture surfaces were imaged at higher magnifications (5000x and
20,000x), CNTs are clearly visible and the epoxy has impregnated the
CNT clusters quite well. Instances of CNT pullouts are also observed,
indicating crack bridging across the fracture surface. Further, it is
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Fig. 6. Bar plots comparing (a) average peak load and (b) fracture displacement for the seven material systems. Error bars shown over every bar represent two standard deviations
of the mean.
Fig. 7. Bar plots comparing (a) fracture toughness (𝐾𝐼𝐶 ) and (b) fracture energy (𝐺𝐼𝐶 ) for the seven material systems. Error bars represent two standard deviations of the mean.
𝐺𝐼𝐶 = 𝑈
𝐵𝑊 𝜙(𝑥)

(3)

𝜙 =
(1.91 + 19.11𝑥 − 2.51𝑥2 − 23.22𝑥3 + 20.54𝑥4)(1 − 𝑥)

(19.11 + 5.02𝑥 − 69.67𝑥2 + 82.12𝑥3)(1 − 𝑥) + 2(1.91 + 19.11𝑥 − 2.51𝑥2 − 23.22𝑥3 + 20.54𝑥4)
(4)

Box I.
believed that the wavy nature of the CNTs observed in Figs. 9(a-iii, c-
iii) can lead to mechanical interlocking behavior, thereby making CNT
pullouts difficult and resulting in stronger crack bridging elements.

Compared with the CNT-Epoxy samples, the GNP-Epoxy samples
have visibly more surface roughness, as seen in Figs. 8(c-i, c-ii). The two
dimensional GNPs are much stronger and stiffer than the surrounding
epoxy. Thus, it is energetically favorable for an advancing crack front
to deviate around GNPs, rather than go through them. In this sense,
the embedded GNPs act as barriers to obstruct the advancement of
cracks. The resulting crack deviation or deflection creates rough surface
features in its wake. Such roughness has been observed by others who
have also attributed it to crack deflection [68,69]. The fracture surface
was found to be rougher as the nanofiller weight concentration was
increased to 0.5%; this is indicative of more crack deflection occurring
7

along the crack path. It must be noted that as a crack circumvents a
GNP, it may conceal a GNP under the fracture surface, which makes
spotting GNPs via SEM harder than detecting CNTs. A few instances
of partially exposed GNPs are visible in Figs. 9(b-ii,iii), wherein cracks
can be seen bifurcating and deflecting around the GNPs.

SEM images of the fractured surfaces of the CNT/GNP-Epoxy sam-
ples shown in Figs. 9(c-i, c-ii, c-iii) reveal markers indicating the
occurrence of both crack mitigation processes: deflection and bridging.
The former can be deduced from the increased surface roughness and
the latter is confirmed by the presence of CNT clusters and pullouts on
the fractured surfaces [68,69]. Fig. 9(c-iii) shows an instance of CNTs
agglomerated around/near a GNP (most likely a group of GNPs situated
close to each other). Exposed pulled-out CNTs are visible in front of the
bifurcation point of the crack, suggesting that both crack bridging and
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Fig. 8. SEM images of the fracture surfaces of all the tested materials: (a) Neat Epoxy,
(b-i, ii) 0.1% and 0.5% CNT-Epoxy, (c-i, ii) 0.1% and 0.5% GNP-Epoxy, (d-i, ii) 0.1%
and 0.5% CNT/GNP-Epoxy. In each image, the direction of the yellow arrow indicates
the direction of crack propagation.

deflection may have occurred in that region. Furthermore, SEM images
shown in Fig. 8(d-i, d-ii) also reveal that as the weight concentration
of the nanofillers is increased, the fractured surface becomes rougher
and more CNT clusters can be observed on the surface.

3.5. Discussion on toughening mechanisms

CNT, GNP, and CNT/GNP reinforced epoxies experience different
dominant toughening mechanisms due to characteristics such as differ-
ent geometry (fiber-like for CNTs as opposed to plate-like for GNPs),
aspect ratio, and available surface area to form interfaces with the
epoxy matrix. Furthermore, the active mechanisms involved in enhanc-
ing initiation fracture toughness are different from those mitigating
crack propagation. CNTs and GNPs are much stiffer and stronger than
the surrounding epoxy matrix and as a result, the localized stiffness
of the region ahead of the crack front is higher. This influences the
elastic and inelastic stress distributions in the fracture process zone
(FPZ) ahead of the crack tip, which in turn affects the size of the
FPZ of the material [70,71]. The initiation fracture toughness of a
material is related to the radius of the FPZ; larger FPZs result in higher
initiation fracture toughness [71]. In addition, the orientation of the
nanofillers present in the localized matrix region also affects the local
stiffness, thereby affecting the FPZ. CNTs and GNPs that lie parallel
with the direction of loading (Mode I opening loads) increase the
8

stiffness in that direction. Therefore, in a randomly oriented dispersion
of nanofillers, a certain percentage of the total individual nanofillers
take a favorable orientation and increase the local stiffness in the Mode
I loading direction. This also affects the FPZ size ahead of the crack
front and is believed to contribute towards the initiation toughness
enhancement observed in the epoxy nanocomposites.

Due to differences in the size of GNPs and CNTs used in this study,
it can be shown that at the same weight there are more CNTs than
GNPs by about 1 order of magnitude.3 With more individual CNTs than
individual GNPs, there is a greater possibility for favorably aligned
CNTs which enhance the stiffness in the Mode I direction. Similarly,
GNPs that are favorably aligned with the loading direction can use
their 2D plane stiffness to improve stiffness in the Mode 1 direction;
however, there are fewer of them, and those that are lying parallel to
the loading direction offer little improved stiffness from their through-
thickness direction. The differences in the local stiffness resulting from
the above mentioned phenomenon, and consequently their influence
on the FPZ, explain the higher initiation toughness values of the CNT-
Epoxy samples compared with their counterparts. It must be noted that
CNT agglomerations impregnated with epoxy (observed in SEM images,
Fig. 9(a-iii)) may impart some regions with stiffness enhancement
larger than the individual CNTs which may aid the initiation toughness
enhancement. Crack bridging and crack deflection are primary mech-
anisms that dominate the mitigation of crack propagation in CNT and
GNP reinforced epoxies, respectively [6,72]. Crack bridging occurs in
the wake of a crack tip and is a result of bridging elements present on
the crack path, more specifically, across the separated fracture surfaces
that lie in the wake of a crack (see Fig. 10(a)). The high aspect ratios
of CNTs make them suitable for crack bridging. Load transfer occurs
from the epoxy to the strong and stiff CNTs via interfaces held by
van der Waals forces that exist between the CNTs and epoxy. During
crack initiation under Mode I loading, the wake of the crack tends to
open but is halted by the CNTs which act as bridging elements [73–
76]. This, in turn, slows crack propagation [76]. In addition to the van
der Waals forces between the CNTs and epoxy at the interface, there
exists interfacial friction and some degree of mechanical interlocking
between the CNTs and epoxy, both of which must be overcome for
the CNTs to pull out and the crack to advance. The CNTs used in this
study have random chirality, which results in wavy, convoluted profiles
along the length of the CNTs (Fig. 9). Such complex waviness results
in features resembling hooks and zigzag lines, which lead to strong
mechanical interlocking. Such interlocking, coupled with interfacial
friction, is believed to contribute towards increasing the ability of CNTs
to bridge cracks [77–79]. Crack deflection typically occurs in the region
ahead of the crack front; but, it still requires the crack to initiate
and advance in order to deflect, and hence, is classified as a crack
propagation mitigation mechanism. GNPs that lie ahead of a crack
front effectively act as a wall because of their 2D planar structure. The
localized stiffness of the GNP-Epoxy region ahead of the crack front is
high, and thus, the crack path is forced to deviate around those regions
(Fig. 10(b)). This process slows down crack propagation. The presence
of pulled-out GNPs has been observed in the SEM images (Fig. 8(b-iii))
which suggests GNP pullout as an additional possible mechanism for
crack propagation mitigation.

The CNT/GNP-Epoxy samples exhibit both toughening mechanisms,
i.e., crack bridging and crack deflection. Chatterjee et al. explored
the synergistic effects of CNTs and GNPs at different CNT/GNP ratios

3 In the present study, the approximate diameter of a GNP is ∼ 5 μm, while
the CNTs have an average an outer diameter (OD) of ∼ 15 nm. Considering that
a CNT can be thought of as a GNP rolled into a tubular structure, a single GNP
— assumed to be a 5 μm × 5 μm square plate for this hypothetical thought
experiment — can yield about 10 multi-walled CNTs with ∼ 5 μm length and
∼ 15 nm OD. Therefore, for a CNT-Epoxy sample and a GNP-Epoxy sample
at the same nanofiller weight concentration, there are more individual CNTs
than individual GNPs dispersed in the epoxy.
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Fig. 9. Sequential high magnification SEM images of the fracture surfaces of (a) 0.1% CNT-Epoxy, (b) 0.1% GNP-Epoxy, (c) 0.1% CNT/GNP-Epoxy. The images in the top, middle,
and bottom rows are taken at 500×, 5000×, and 20,000× magnification, respectively. Colored boxes highlight the approximate regions magnified further. In each image, the
direction of the yellow arrow indicates the direction of crack propagation. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
Fig. 10. Graphical illustrations of (a) CNTs bridging the fractured surface in the wake of a crack and the influence of mechanical interlocking in enhancing the CNTs’ bridging
capabilities; (b) GNPs deflecting cracks and the effects of GNP orientation on the efficacy of crack deflection. SEM micrographs are included to demonstrate the proposed toughening
mechanisms.
and experimented with different particle sizes [72]. They reported that
only the samples reinforced with CNT/GNP mixtures at the 9:1 ratio
of CNT:GNP and 0.5% weight concentration exhibited enhancements
larger than those of the CNT-Epoxy samples containing 0.5% CNTs
by weight; at all other ratios (1:3, 1:5, 1:9, 5:1, and 3:1), the val-
ues of 𝐾𝐼𝐶 are smaller for the CNT/GNP-Epoxy samples. A similar
trend is observed in the present study, where the CNT/GNP-Epoxy
9

samples with CNT:GNP at the 1:1 ratio have relatively lower 𝐾𝐼𝐶
values than the CNT-Epoxy samples. At the 1:1 ratio, the weights of
CNTs and GNPs are equal, however, there are more individual CNTs
than individual GNPs, as discussed earlier. When 50% of the CNTs in
a CNT-reinforced sample are replaced with GNPs, the total number
of nanofillers is reduced roughly by 50% as well, resulting in fewer
reinforcing agents in the CNT/GNP-Epoxy sample. Since CNTs and
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Table 4
Sources and value of the normalized critical stress intensity factors, 𝐾𝐼𝐶 , of reinforced epoxies obtained from the literature and plotted in Fig. 1.
Author(s) Material system Nanoparticle weight concentration (%) Normalized 𝐾𝐼𝐶

Sun et al. (2007) Epoxy-Pristine SWCNTs 1 1.035
Epoxy-Functionalized SWCNTs (ammonia) 1 1.17

Chatterjee et al. (2012) CNT-Epoxy 0.5 1.8
25 μm GNP-Epoxy 0.5 1.6
1:9 CNT:GNP-Epoxy 0.5 1.46
9:1 CNT:GNP-Epoxy 0.5 1.79
1:5 CNT:GNP-Epoxy 0.5 1.24
5:1 CNT:GNP-Epoxy 0.5 1.46
1:3 CNT-GNP-Epoxy 0.5 1.7
3:1 CNT:GNP-Epoxy 0.5 1.7

Chatterjee et al. (2012) 5 μm GNP-Epoxy 0.1, 1, 2 1.02, 1.22, 1.59
25 μm GNP-Epoxy 0.1, 1, 2 1.52, 1.7, 1.8

Ahmadi-Mohgadum et al. (2014) 25 μm GNP-Epoxy 0.5, 1, 2 1.24, 1.37, 1.68
2:3 (25 μm GNP):CNT-Epoxy 0.5 1.32
7:3 GNP-CNT-Epoxy 1 1.62
1.7:0.3 GNP-CNT-Epoxy 2 1.75

Hernandez-Perez et al. (2007) CNT-Epoxy 1 1.33
Zaman et al. (2011) GNP-Epoxy 0.25, 1, 4 1.42, 1.08, 1.91
Ayatollahi et al. (2010) MWCNT-Epoxy 0.1, 0.5, 1 1.15, 1.263, 1.192
Zhou et al. (2007) CNT-Epoxy 0.1, 0.2, 0.3, 0.4 1.17, 1.25, 1.32, 1.07
Shokrieh et al. (2014) GNP-Epoxy 0.5 1.152
Hsieh et al. (2011) MWCNT-Epoxy 0.1, 0.2, 0.5 1.23, 1.25, 1.42
Rafiee et al. (2009) SWCNT-Epoxy 0.1 1.12

MWCNT-Epoxy 0.1 1.18
GPL-Epoxy 0.1 1.467

Gojny et al. (2005) Epoxy-SWCNT 0.05, 0.1, 0.3 1.1, 1.23, 1.12
Epoxy-DWCNT 0.1, 0.3, 0.5 1.169, 1.30, 1.30
Epoxy-MWCNT 0.1, 0.3 1.215, 1.23

Kumar et al. GNP-Epoxy 0.1, 0.5 2.42, 3
Cha et al. (2017) Melamine-CNT-Epoxy 1, 2, 3 1.98, 1.95, 2.02

CNT-Epoxy 0.5, 1, 2, 3 1.4, 1.3, 1.45, 1.51
Zeinedini et al. (2018) CNT-Epoxy 0.1, 0.3, 0.5, 0.7 1.085, 1.13, 1.24, 1.21
Cha et al. (2019) GNP-Epoxy 2 1.49

Melamine-GNP-Epoxy 2 2.25
Bisht et al. (2017) GNP-Epoxy 0.1, 0.2, 0.3, 0.5, 1 1.4, 1.8, 2, 1.92, 1.32

CNT-EPoxy 0.1, 0.2, 0.3, 0.5, 1 1.64, 2, 2.28, 2.48, 1.44
Domun et al. (2017) Nitric Acid Functionalized GNP-Epoxy 0.1, 0.25, 0.5, 0.75, 1 1.32, 1.51, 1.4, 1.265, 1.135
GNPs, as individual nanofillers, have comparable stiffness, a reduction
in the total number of stiffening/reinforcing agents in the epoxy can
affect the local stiffness of the CNT/GNP-Epoxy regions. Therefore, it is
not surprising that a CNT/GNP-Epoxy sample underperforms compared
with the CNT-Epoxy counterpart. However, the same argument would
suggest that a CNT/GNP-Epoxy sample should show a more signifi-
cant enhancement compared with the GNP-Epoxy counterpart at the
same nanofiller weight fraction. This is inconsistent with the experi-
mental results presented here, which show that the CNT/GNP-Epoxy
nanocomposites are only slightly outperformed by both CNT-Epoxy and
GNP-Epoxy nanocomposites at a given nanofiller weight concentration.
This observation suggests that other factors beyond the number of
reinforcing elements are at work, such as the agglomeration behav-
ior between CNTs and GNPs. This observation also suggests that 1:1
may not be the optimum ratio for CNT/GNP-Epoxy nanocomposites,
although a significant enhancement in fracture toughness and fracture
energy is still observed compared with neat epoxy. Further explorations
are warranted to better understand the toughening mechanisms behind
crack initiation and propagation in CNT and GNP reinforced epoxies
and evaluate their effect on overall fracture toughness; and to elucidate
the possible synergy between CNTs and GNPs as dual nanofillers.

4. Conclusions

In this study, enhancements in initiation fracture toughness of struc-
tural epoxies brought about by the addition of carbon nanotubes (CNTs)
and graphene nanoplatelets (GNPS) have been investigated. Samples
with different weight concentrations of nanofillers were studied and
dual-nanofiller reinforcements were also explored to understand any
synergistic effects that may exist between the two nanofillers. CNT-
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Epoxy, GNP-Epoxy, and CNT/GNP-Epoxy compact tension samples at
0.1% and 0.5% nanofiller weight concentrations were fabricated and
tested according to ASTM D5045. Results were compared with those
from neat Epoxy samples, which served as a baseline. Significant en-
hancements in critical stress intensity factor (𝐾𝐼𝐶 ) and critical fracture
energy (𝐺𝐼𝐶 ) were observed in all samples. CNT-Epoxy samples at 0.5%
weight concentration achieved the highest enhancement with a ∼118%
(1.64 MPa ⋅

√

m) and a ∼103% (502.92 J/m2) increase in 𝐾𝐼𝐶 and 𝐺𝐼𝐶 ,
respectively.

In the present study, there is a difference in the number of individual
nanofillers dispersed in the matrix at the same weight concentration,
as a result of the difference between the CNT and GNP particle sizes;
more individual CNTs are present, compared to GNPs. This difference
in number of nanofillers manifests itself by creating local nanofiller-
matrix regions with a different stiffness for different nanocomposites.
Local high stiffness regions in the matrix ahead of the crack tip, created
by the addition of nanofillers, influence the size of the fracture process
zone which is thought to be the primary cause for initiation tough-
ness enhancement. Via scanning electron microscopy (SEM), crack
bridging was found to be the dominant toughening mechanism for
the CNT-Epoxy samples during crack propagation, where instances of
CNT pullouts were regularly observed at the fractured surface. For
the GNP-Epoxy samples, fractographical analysis revealed increased
surface roughness, which could be considered as a marker of crack
deflection. SEM images of the fractured surfaces in the CNT/GNP-Epoxy
samples indicated the presence of CNT-rich regions, CNT pullouts, and
increased surface roughness along with instances of crack bifurcations,
suggesting that both crack bridging and crack deflection were at work
during crack propagation.

At the 1:1 ratio of CNT:GNP, the CNT/GNP-Epoxy samples also
show significant enhancements in their fracture properties compared
with the neat epoxy. However, the enhancements are slightly weaker
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than those in the CNT-Epoxy and GNP-Epoxy samples at the same wt%
of the nanofillers. In other words, no synergy was found between CNTs
and GNPs with regard to reinforcing epoxy polymers. This is likely due
to the largely differing sizes of the CNTs and GNPs used in the present
study, which may require a much different CNT:GNP ratio than 1:1.
The results obtained highlight the complexity of fracture toughening
mechanisms and the multitude of factors contributing to toughening,
including particle size and shape, dispersion quality, the aspect ratio of
nanofillers, their orientation, weight concentration, properties of the
nanofiller itself, as well as the possible synergistic interactions in the
case of multi-filler systems.
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