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ORIGINAL ARTICLE

Enhanced tensile strength, fracture toughness and piezoresistive performances of
CNT based epoxy nanocomposites using toroidal stirring assisted ultra-sonication

A. Esmaeilia,b,c , C. Sbarufattib, K. Youssefa, A. Jim�enez-Su�arezd, A. Ure~nad, and A.M.S. Hamoudac

aDepartment of Material Science and Technology, College of Art and Science, Qatar University, Doha, Qatar; bDepartment of Mechanical
Engineering, Politecnico di Milano, Milan, Italy; cDepartment of Mechanical and industrial Engineering, College of Engineering, Qatar
University, Doha, Qatar; dMaterials Science and Engineering Area, Escuela Superior de Ciencias Experimentales y Tecnolog�ıa, Universidad Rey
Juan Carlos, M�ostoles, Madrid, Spain

ABSTRACT
The importance of proper CNT dispersion is still the main challenge in CNTs doped epoxy nano-
composites. Therefore, this study was aimed to investigate the effect of toroidal stirring-assisted
sonication on final mechanical, electrical and electromechanical properties of the nanocomposites.
Two different samples were produced i.e. one with just sonication (M1 batch) and the other was
produced using a combination of sonication and high toroidal stirring in an iterative approach
(M2 batch). While piezoresistivity performance of the CNT based nanocomposites were mainly
investigated in the literature for tensile mode and less attempts were conducted in presence of a
pre-crack, both tensile and fracture tests were performed in this study to measure mechanical and
electromechanical properties of the nanocomposites. SEM and FESEM were used for the micro-
structural characterizations. Results showed that M2 batch resulted in a better mechanical, elec-
trical, and piezoresistivity performance than the M1 batch resulting from a better CNT dispersion
and less amount of voids in the former compared to the latter. In fact, tensile strength and frac-
ture toughness was increased by 70% and 17%, respectively for M2 batch with respect to M1
batch . Moreover, piezoresistive-sensitivity of the M2 batch increased 14%, compared to M1 batch.
Finally, different trends in piezoresistivity was revealed in the fracture test before the occurrence
of macroscopic damage, attributed to state of CNT dispersion and manifesting as a negative and
positive trend for the M2 and M1 batches, respectively.
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1. Introduction

Growing demand of high performance materials in many
industrial sectors including aerospace and automobile sec-
tions has engrossed scientists to engineer multifunctional
materials. In this context, epoxy has been extensively used
as a promising material for creating novel advanced materi-
als, in particular for Carbon Fiber Reinforced Polymers
(CFRPs) and Glass Fiber Reinforced Polymers (GFRPs).
This was mainly attributed to its low cost, easy process, and
appropriate thermal and mechanical properties [1].

Invention of CNTs by Iijima et al. [2], has shed further
light into polymer composites which led to significant
amount of research on the effective exploitation of CNTs in
enhancing mechanical properties of the epoxy including ten-
sile strength properties [2–10]. However, the susceptibility of
epoxy to crack propagation, arisen from its high crosslink
density, made it critical for industrial applications, which
drives research on the effects of CNTs against crack propa-
gation to prevent catastrophic failure. Since CFRP are being
extensively used in safety critical components such as the
aircraft fuselage and wing [11], sensing capability of the
CNT/epoxy piezoresistive sensor should be evaluated in

presence of crack which can be employed for real-time
monitoring of damage initiation and extension in an indus-
trial component.

A comprehensive examination was carried by Gojny et al.
[2, 5] in which they investigated the influence of adding dif-
ferent types of CNTs with different weight concentrations,
including SWCNTs, DWCNTs, and MWCNTs, on tensile
strength, Young’s modulus, and fracture toughness. They
have concluded that SWCNTs and DWCNTs showed higher
tendency to agglomerate compared to the MWCNTs, attrib-
uted to larger specific surface area in SWCNTs and
DWCNTs compared to the MWCNT. However, MWCNTs
manifested lower efficiency in improving mechanical proper-
ties with respect to SWCNTs and DWCNTs resulting from
poor interfacial loading transfer amongst inner tubes.
Regardless of the CNT morphology, the enhancement of
fracture toughness was more noticeable compared to tensile
strength and Young’s modulus. However, it was pointed out
that increasing CNT contents caused further agglomeration
due to higher viscosity of the CNT/epoxy mixture which
turned out to reduce the effectiveness of the dispersion
method used, thus, optimizing CNT contents is also critical
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in achieving appropriate mechanical properties.
Furthermore, high variations can be identified in mechanical
properties, which was attributed to manufacturing defects
such as CNT dispersion, poor interfacial bonding between
CNTs and matrix, and remaining voids.

Other than to increase the mechanical properties of the
material, CNTs also manifested outstanding performance in
increasing electrical conductivity of the epoxy in the range
of several orders of magnitude with a low percolation
threshold, as well as assigning new properties to the matrix,
especially piezoresistivity, that can be exploited in the frame-
work of Structural Health Monitoring (SHM) of composite
materials [12–19]. Specifically for in-situ SHM, CNTs doped
epoxy nanocomposites manifested sufficient sensitivity to
strain in the material, which can be exploited in real-time to
monitor the deformation and damage progression in the
structure, as an alternative to conventional strain gauges.
This is of paramount importance in view of replacement of
traditional strain sensors, typically limited to monitor local
areas in the vicinity of damage, whilst self-sensing by CNTs
doped epoxy is by nature a distributed monitor-
ing approach.

Similarly to their mechanical properties, CNT doped
epoxies also experience high variations in their piezoresis-
tive-sensitivities, expressed as the ratio of normalized resist-
ance and strain, typically in the range between 0.3 and 2.9
[14, 20–25], depending on the CNT weight concentration
and dispersion approaches. Different mechanical dispersion
methods were used to produce CNTs doped epoxy, includ-
ing ultra-sonication, high shear mixing, and calendering
methods, each manifesting positive and negative effects on
CNT morphology [26]. Sonication also known as ultrasonic
homogenizer is the most typical dispersion method used in
nanocomposite due to its minimum waste compared to
other methods as well as its easy implementation.
Nanofillers damage when high sonication time and power
are considered is the main drawback of probe-sonication
[27]. Three roll mill method, also known as calendering
method, is another typical procedure used for nanofiller dis-
persion in which high shear forces exerted by the rollers
caused dispersion of nanofillers. This method was taken into
account as the most efficient method in breaking CNT
aggregates into smaller pieces especially when viscosity was
high [5]. On the other hand, nanofiller wastes and the gap
size limitation (1-5mm) made some concerns for effective
usage of this method for some applications [26]. Finally,
high shear mixing method, also called toroidal method, is
another technique used for polymer nanocomposite fabrica-
tion. The capability to perform degassing under controlled
temperature is the advantage of this method, which is very
helpful in efficient removal of air bubbles, in particular,
when highly viscous materials are treated. The homogeniza-
tion effect of this method was also demonstrated by
S�anchez-Romate et al. [28] in which an effective breakage of
large CNT aggregates into smaller pieces took place. This
was related to 3-D shear forces excreted by propeller leading
to a better homogenization effect. Besides, chemical func-
tionalization of CNTs is another factor influencing their

dispersion states and interfacial bondings with epoxy [26,
29, 30]. Amino-treatment (CNT-NH2) and acid treatment of
CNTs with carboxylic acid (–COOH) or hydroxyl (–OH)
groups known as CNT-COOH or CNT-OH, respectively,
are the most common chemical functionalization approach.
In this paper, the focus will be on a combined mechanical
dispersion approach rather than chemical functionalization
of CNTs.

Although some works have discussed the effect of CNT
dispersion on mechanical and electromechanical properties
of CNT doped epoxy [25, 31, 32], this still requires further
examinations to better interpret the multifunctional proper-
ties of CNT doped epoxy under different dispersion techni-
ques and to ensure achieving high performance materials in
terms of mechanical and self-sensing properties. In addition,
a majority of the previous works on piezoresistive sensitivity
of CNT doped epoxy was conducted in tensile or flexural
modes. On the other hand, their piezoresistivity performan-
ces in presence of a pre-crack, i.e. in fracture toughness
tests, has been rarely addressed, though of large importance
as CNT/epoxy nanocomposite are considered as brit-
tle materials.

Therefore, this study aims to investigate the effect of
using different dispersion approaches i.e., sonication method
with and without toroidal stirring method, on mechanical,
electrical, and electromechanical performances of the
DWCNT doped epoxy. In a previous study by some of the
authors, in which DWCNTs at different loadings (0.5 and
0.75wt.%) were dispersed by sonication only [14], a better
mechanical and piezoresistivity performance was achieved
for the former. Thus, a combined iterative approach, i.e.,
toroidal stirring assisted sonication, is used in this study as
an alternative to sonication only. The nanocomposites devel-
oped by the two methods were compared based on the
states of CNT dispersion, mechanical, electrical, and piezore-
sistivity performances. SEM and FESEM were used for mate-
rials characterization, while tensile and fracture tests were
conducted for mechanical and piezoresistivity
characterizations.

2. Experimental

2.1. Materials

A combination of SWCNTs-DWCNTs, hereinafter referred
to as DWCNTs, purchased from Cheaptubes, is used in this
study as conductive nanofiller, specifically with length: 3-
30 mm, outer diameter: 1-2 nm, Purity > 99wt.%, Ash: 0 wt.
%. The matrix was composed of a diglycidyl ether of bisphe-
nol A (DGEBA) epoxy with amine hardener, Araldite LY556
resin, and XB3473 hardener purchased from Hunstman,
with the mass ratio of 100:23 (LY556:XB3473).

2.2. Nanocomposite preparation

Two different manufacturing approaches were employed for
nanocomposite fabrication, as schematically shown in the
flowchart in Figure 1. For both methods, a CNT content of
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0.5 wt.% was selected to investigate the effect of the change
in manufacturing parameters on final mechanical and elec-
tromechanical properties. This was selected based on our
previous research on the mechanical and piezoresistive char-
acterization of DWCNT/epoxy at different CNT load-
ings [14].

Table 1 shows the dispersion and degassing parameters
used in each method. In the first method, named M1, sonic-
ation was mainly employed for CNT dispersion, whereas an
iterative combined approach using sonication and toroidal
methods was used for the second method, hereinafter
referred to as M2. The sonication was performed by
Hielscher UP400S at 50% amplitude and 0.5 s cycle. In add-
ition, a more effective degassing (Figure 1b) was carried out
for the M2 as it was simultaneously performed during the
toroidal stirring, thus, making it easier to evacuate air bub-
bles remained at the bottom side of the mixture. On the
other hand, simple vacuum degassing without toroidal stir-
ring was performed for the M1. It is worth noting that the
manufacturing parameters used in the M2 were selected
based on our previous research on CNT/epoxy and hybrid
CNT-nanoclay epoxy nanocomposites [14, 24, 33, 34].
Finally, the hardener was added to the CNT/epoxy mixtures
and was cast into an open mold with the dimension of
196� 145� 5mm for final curing at 140 �C for 8 h. For the
neat epoxy, the monomer (Araldite LY556) was first
degassed for 30min at 70 �C followed by addition of the
hardener for final curing at 140 �C for 8 h. It should be
noted that the hardener was degassed in the vacuum oven
for 30min prior to addition to the epoxy for both neat and
nanocomposite epoxy.

2.3. Characterization

Tensile and Single Edge Notch Bending (SENB) specimens
were cut from the casted plates using a waterjet technique

according to dimensions shown in ASTM D638 and ASTM
D5045 (Figure 2). Six and five samples were provided for
tensile and fracture tests respectively. It is worth noting that,
while during curing the entrapped air moves toward the
upper side of the plate to leave the CNT/epoxy mixture, a
part of it becomes trapped in the specimen as the material
begins to solidify. Thus, the top surfaces of the plates were
machined to flatten them and to remove possible porosities
that mostly remained at the top surface. Mechanical per-
formance of the nanocomposites was compared based on
the tensile strength and the fracture toughness, i.e., critical
stress intensity factor (KIC). KIC was calculated according to
Equation (1). A pre-crack was created into the SENB speci-
men by sliding a fresh razor blade to guarantee the real frac-
ture toughness properties are obtained, always assuring the
ratio (x) of total crack length (a) and specimen width (w),
Equation (2), was bounded as 0:45 < x < 0:55:

KQ ¼ PQ
BW

1
2

� �
f xð Þ (1)

x ¼ a
w

(2)

B, a, W � að Þ > 2:5
KQ

ry

� �2

(3)

B is the thickness [mm], W the width [mm], a total crack
length [mm], KQ conditional KIC [MPa.m0.5], f xð Þ a calibra-
tion factor is given in ASTM D5045.

It is worth noting that equation (3), called size criteria,
was met for all samples, meaning a valid KIC was obtained
for all the specimens. Tensile and fracture tests were carried
out using MTS Alliance RF150 and MTS Synergie 200A
electromechanical testing machines, respectively, with a
crosshead speed of 0.5mm/min. SEM (Zeiss EVO 50) and
FESEM (Zeiss SUPRA 40) were employed for dispersion

Figure 1. (a) Manufacturing approaches, (b) toroidal stirring with simultaneous degassing at 60 �C.
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analysis and fractography, after gold deposition on the ana-
lyzed surfaces for better conductivity and imaging.

The volumetric electrical conductivity was measured in a
resistivity chamber Keithley 8009 connected to a source-
meter Keithley 2410 (ASTM D257). Three samples with the
dimension of 10� 10� 1mm3 were prepared while two par-
allel circular electrodes were connected on both sides of the
samples. Voltage of 1 to 100V was applied, and the current
density was read. Samples were subjected to a steady pres-
sure by means of a fixture to guarantee proper and consist-
ent contact between the electrodes and samples was
provided. For piezoresistivity characterization, a two-probe
technique was employed to investigate the strain sensing
performance of the nanocomposites using two electrodes
placed at distance of 50 and 30mm for the tensile and
SENB specimen, respectively. A silver paste was applied to
the electrode/specimen joint to reduce the contact resistance.
A steady current of 0.200 lA was applied between contacts
using a power supply STAB AR60. The change in output
signal (voltage) was recorded in real-time using Data
Acquisition System NI9234 (DAQ) plugged into a laptop
running Ni Signal Express software. Finally, the normalized
resistance change and sensitivity of the developed strain sen-
sor were obtained according to equations (5) and (6).

DRn ¼ DR
R0

¼ Rt � R0

R0
¼ Vt � V0

V0
(4)

[24]

G:F: ¼ DRn

e
(5

[24]
Where V0 and R0 are the initial voltage [mV] and resistance
[X], Vt [mV] and Rt [X] the instantaneous voltage and elec-
trical resistance, which are expected to change by the strain
increase and damage evolution in the system; DRn normal-
ized resistance [X], e the applied strain during the tensile
test [-] measured by an extensometer, and G:F: the gauge
factor or sensitivity [-].

3. Results and discussion

3.1. Cnt dispersion

Figure 3a-b and c-d show the state of CNT dispersion on
the fracture surface of the tensile and SENB specimens
respectively. The presence of CNT aggregate as marked by
red arrows is clear for the nanocomposite produced by M1.

In contrast, a good CNT dispersion is achieved for the sam-
ples produced by M2 i.e., the latter can successfully reach a
better CNT dispersion with respect to the former. This can
be attributed to the high swirling velocity flow applied to
the CNT aggregates by a rotating blade, which breaks the
larger CNT aggregates into smaller pieces, thus, avoiding
CNT re-agglomeration while mixing the nanomaterials [23].

3.2. Voids

Figure 4 show FESEM images of the fracture surface of the
tensile specimens. The presence of manufacturing defects
such as voids is quite tangible for the samples produced by
the M1 as many tiny holes can be clearly seen within the
fracture surface as shown by the red arrows in Figure 4a
and c. On the other hand, no voids or bubbles are noticed
for the sample produced by M2 (Figure 4b and d). This can
be attributed to a better degassing procedure performed in
M1 compared to M2 i.e., simultaneous degassing under tor-
oidal stirring can mitigate better evacuation of the air bub-
bles, especially those that remain at the bottom area
[33–35]. It should be noted that although the same tempera-
ture was used for both methods, the viscosity of the mixture
hampers efficient evacuation of the air, especially those
remained at the bottom side; thus, the high swirly flow
imposed by the toroidal disk can shift them up resulting in
a more efficient degassing. It can be concluded that toroidal
stirring not only improves CNT dispersion but it also leads
to a better evacuation of the air from the mixture.

Table 1. Dispersion and degassing approaches.

ID Dispersion Degassing
M1 batch Sonication-30min 30min at 70 �C
M2 batch i. toroidal stirring- 10min at

5500 rpm
ii. Sonication-15min
iii. toroidal stirring- 10min at

2000 rpm
iv. Sonication- 15min
Toroidal- 30min at 50 rpm

Simultaneous degassing during
toroidal at 70 �C (Figure 1b)

Figure 2. Sample configuration: (a) Dog-bone specimen, (b) SENB specimen.
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3.3. Mechanical properties

Table 2 shows the mechanical properties of the developed
nanocomposites and the neat epoxy, along with their stand-
ard deviation interval. The nanocomposite produced by M2
manifested higher mechanical properties compared to the
ones developed by M1. In fact, an increase of 70% and 17%
in tensile strength and fracture toughness, respectively, are
achieved for the nanocomposites manufactured by M2 with
respect to the M1.

Likewise, a lower tensile strength, 44% reduction, is
obtained for M1 with respect to the neat epoxy, though
the tensile strength of the M2 did not show any reduction
compared to the neat epoxy. Severe reduction of the ten-
sile strength of the M1 can be attributed to the formation
of voids and higher number of aggregates within the
matrix (Figures 3 and 4) due to inappropriate manufactur-
ing method. Unlike the tensile strength of M1, which is
drastically lower than the neat epoxy, the fracture tough-
ness is enhanced by 44% compared to the neat epoxy. This
can be related to the test configuration, i.e. the SENB spe-
cimen is subject to a localized stress whilst a global stress
distribution is applied to the dog-bone specimen during
the tensile test [24]. As a consequence, the SENB specimen
will not be significantly impacted by the presence of voids.
In addition, from Figure 4, a cleavage pattern, which is a
typical fracture patterns for brittle materials, can be distin-
guished for all samples, though a higher surface roughness
manifested for the specimen produced by M2 compared to
M1. It is worthwhile noting that the higher surface rough-
ness correlates to a higher tensile strength and vice versa

[34] i.e. higher plastic deformation was taking place before
final failure.

Significant improvement of fracture toughness of the
nanocomposites with respect to the neat epoxy can be
related to the crack-bridging mechanism, which is a typical
toughening mechanism for CNT doped epoxy nanocompo-
sites (Figure 5). In this context, higher energy is required for
crack-opening and propagation due to the fact that bridg-
ing-CNTs limits damage progression; thus, fracture tough-
ness increases [36]. In addition, as shown in Figure 5, an
appropriate interfacial CNT/epoxy bonding occurred, indi-
cating a successful shear-loading transfer between the CNTs
and the epoxy. This can also be proven by the stretching
condition of the CNT during loading, manifesting as a
change of diameter at the interface and at mid-length, as
indicated by white arrows in Figure 5. Finally, as mentioned
before, the nanocomposite fabricated by M2 manifested
higher tensile strength and surface roughness compared to
M1. The higher fracture surface roughness can be explained
by higher deviation of crack-front during propagation
(Figure 3c-d) due to the fact that CNTs act as a barrier
against crack propagation. In other words, the crack-front
has to either bend around the CNTs or cross through them,
which makes the surface more rough. This process also leads
to higher dissipation of energy and, as a consequence, frac-
ture toughness is increased.

3.4. Electrical conductivity

Figure 6 shows the electrical conductivity of the samples.
Regardless of the manufacturing procedures used, electrical

Figure 3. SEM image of the CNT dipesrion: (a-b) tensile, (c-d) SENB specimens (left and right figures represent samples produced by M1 and M2 respectively).
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conductivities increase by nine orders of magnitude with
respect to the neat epoxy with the conductivity of 10�11 S/
m. In addition, M2 manifests a limited increase (5.5%) in
electrical conductivity compared to the M1 batch, which
again can be attributed to its better CNT dispersion, as
shown in Figure 3. It is worth noticing that tunneling effect
among neighboring CNTs, direct electrical contact between
CNTs and intrinsic electrical conductivity of CNT are
accounted for the significant increase in electrical conductiv-
ity, though tunneling effect plays the dominant role [24].
This was well addressed in the literature indicating the elec-
trical conductivity of the CNTs doped epoxy exponentially
increases at percolation threshold region, 0.1 to 0.3 wt.%
CNTs, in which tunneling effect amongst neighboring CNTs
plays the predominant mechanism [37]. Although in a pre-
vious study by the authors a percolation threshold in the
range 0.2-0.3 wt.% CNTs was identified for the DWCNT/
epoxy [14], an increased amount of CNTs (0.5 wt.%) was
used in this research to achieve improved mechanical prop-
erties. It can be concluded that although the CNT dispersion
was improved in M2 batch compared to M1 batch, this can-
not play a significant role in improving conductivity as the
CNT content used are far above the percolation threshold.
This is in line with our previous results indicating that

increasing DWCNT content above percolation threshold led
to negligible increase of electrical conductivity, though with
a more consistent formation of agglomerates [14].

3.5. Piezoresistivity

CNTs induce self-sensing properties to the host material,
which can be used for strain sensing applications.
Specifically, Figure 7b shows the piezoresistivity perform-
ance of the nanocomposite during the tensile test. First,
the normalized resistance increases in response of a strain
increase which can be attributed to breakage of the

Figure 4. FESEM image of the fracture surface of tensile specimen: (a-b) M1, (c-d) M2, red arrows point to presence of voids.

Table 2. Mechanical properties.

Materials Tensile strength (MPa) Fracture toughness (MPa.m0.5)

Neat epoxy 52 ± 3 0.77 ± 0.1
M1 30 ± 8 1.11 ± 0.07
M2 53± 3 1.3 ± 0.04

Figure 5. Crack-bridging mechanism of CNTs.
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electrical pathways resulting from tunneling distance
increase and loss of electrical contacts [38, 39]. Second,
two different trends can be seen for both nanocomposites,
including a nonlinear trend at low strain followed by a lin-
ear trend at high strain. This indicates that, at low strain,
tunneling resistance mainly drives the piezoresistivity
whilst a combination of tunneling resistance and loss of
electrical contacts amongst neighboring CNTs drives the
piezoresistivity at higher strain levels, reducing the slope
of the curves [14]. Finally, M2-nanocomposites manifest a
better strain sensing compared to M1, arisen from their
better CNT dispersion. In fact, a sensitivity of 2.6 [-] at
strain of 0.01 [-] is obtained for the nanocomposites pro-
duced by M2 (Figure 7c) whereas a sensitivity of 2.27 [-]
is achieved for the M1 batch. It should be noted that sen-
sitivity value begins to increase by increasing strain up to
a strain value of 0.01 [-], when a nonlinear piezoresistivity
can be seen, which is approximately the elastic/plastic
transition limit for the nanocomposite material, followed
by a constant value (linear trend). Therefore, the sensitiv-
ity of the samples at a strain of 0.01 [-] are higher than

that for a strain around 0.005 [-], as illustrated in
Figure 7c.

The piezoresistivity performance of the nanocomposite
during the fracture test is shown in Figure 8. Since the
change in normalized resistance before and after crack
propagation is very large, they are shown separately in
Figure 8(a) and (b), respectively. Before entering into the
discussion of the experimental results, it should be noted
that a combination of positive and negative variations in
normalized resistance is expected for the tension and com-
pression sides, respectively, during the three-point bending
test. This is visible in Figure 9(c), where a finite element
simulation of the SENB specimen is used to predict the sign
of the strain field axial component. New electrical pathways
form in the compression side due to reorientation of CNTs
whilst breakages of the electrical networks are more com-
mon in tension side [23, 33]. As a result, the normalized
resistance in fracture test before failure (Figure 8a) is dra-
matically decreased compared to its value in tensile test i.e.
the normalized resistance reduces by 2 order of magnitudes
with respect to the tensile test condition, indicating a signifi-
cant effect of formation of new electrical paths in the SENB
bending test.

From Figure 8a, it can be seen that for the samples pro-
duced by M2, the normalized resistance decreases as a func-
tion of displacement while an increasing trend is noticed for
M1. This contradictory behavior can be attributed to
improper CNT dispersion in M1 batch compared to M2 as
shown in Figure 9 where the red and blue lines represent
the electrical pathways in the compression and tension sides,
respectively. Figure 9a suggests the possibility for creation of
new electrical pathways in the compression side for M1
batch is less, due to presence of the aggregates, resulting in
the augmented distance among CNTs preventing theFigure 6. Electrical conductivity for the samples produced by M1 and M2.

Figure 7. (a) stress-strain cruve for three samples tested, piezoresistivity behavior of the nanocomposites during tensile test, (c) sensitivity.

MECHANICS OF ADVANCED MATERIALS AND STRUCTURES 7



creation of new electrical pathways: a positive trend in pie-
zoresistivity is eventually obtained, mainly related to CNTs
augmenting their relative distance in the tension side. In
addition, formation of micro-cracks in the vicinity of CNT
aggregates and poor bonding between the epoxy and CNTs
can further increase piezoresistivity, even in the compression
side [14, 24].

On the other hand, a more homogenous CNT dispersion
for the M2 batch, resulted in higher possibility for creation
of new electrical networks in the compression side, intui-
tively represented as an higher numbers of red lines in
Figure 9b. This leads to a more balanced piezoresistivity
with a slight negative trend for M2 compared to the marked
positive trend obtained for M1 batch. Furthermore, as
shown by the green arrow in Figure 9b, formation of new
electrical paths in the tension side is also possible at lower
strain levels due to reorientation of CNTs [40]. It can be
concluded that, for a very homogenous sample as the M2
batch in this study, contribution of the compression side in
piezoresistivity is more dominant than the tension side for a
very low strain. Similar results were obtained in a study
made by S�anchez-Romate et al. [23] where a negative pie-
zoresistivity was obtained for a CNT/epoxy thin film coated
on the surface of GFRP plate.

On the other hand, an abrupt increase in normalized
resistance can be seen once the crack extension takes place
(for both samples), indicating the main specimen failure
(Figure 8b). It should be noted that the nanocomposite

produced by M1 did not fail completely upon first crack
extension and some further step by step pattern is noticed.
Accordingly, the normalized resistance versus displacement
show the same trend.

In total, based on the achieved electrical, mechanical, and
electromechanical properties of the developed nanocompo-
sites, it can be concluded that the optimized manufacturing
methodology used in M2 can successfully tailor aforemen-
tioned properties. In other words, achieving better CNT dis-
persion as well as less numbers of voids are the key factors
in enhancing multifunctional properties, which is demon-
strated throughout this study.

4. Conclusion

In this study, two nanocomposites were produced using dif-
ferent dispersion and degassing techniques. Results showed
that the toroidal stirring method with simultaneous degass-
ing (M2) reached a more homogeneous CNT dispersion
compared to the case when only sonication was used (M1).
This was related to the breakage of CNT aggregates into
smaller pieces by using toroidal stirring. Samples produced
by M1 contained a higher amount of pores with respect to
samples produced by M2, which resulted in a severe reduc-
tion of the tensile strength for the former, even lower than
the neat epoxy. As a consequence of the improved CNT dis-
persion of M2, tensile strength and fracture toughness
increased by 70% and 17%, respectively, with respect to
samples produced by M1. The electrical conductivity of the
M2 batch showed a slight increase compared to M1 batch.
Crack-bridging was deemed to be responsible for the signifi-
cant increase of fracture toughness in M2. Piezoresistivity of
the M2 nanocomposites showed a better performance during
tensile test, where a sensitivity of 2.6 was achieved. Finally,
the M2 batch nanocomposite showed a different trend in
piezoresistivity (negative) with respect to the M1 batch
(positive) before crack extension, which was attributed to
the dominating effect of creation of new electrical pathways
in the compression side, with respect to their breakage in
the tension side.

Figure 8. Piezoresistivity behavior during fracture test: (a) before crack exten-
sion, (b) after failure.

Figure 9. (a-b) Schematic illustration of formation and breakage of electrical pathways during fracture test in M1 and M2 batches respectively, (c) tension and com-
pression stress distributions in the SENB specimen, results based on finite element analysis.
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