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ABSTRACT

This study was aimed to investigate the fatigue life of carbon nanotubes (CNTs) filled natural rubbers (NR) prepared by two

different compounding techniques, including wet and dry methods. This was done to correlate the presence of defects to fatigue
performance and to identify the optimum dispersion approach for CNTs/NR. The wet approach possessed a higher number
of large defects compared to the dry approach, whereas the latter manifested better CNT dispersion. The presence of a higher
number of large defects accounted for a significant reduction in the fatigue life in the wet batch with respect to dry samples.

The formation of multiple tiny cracks and their further developments via crack shielding and crack coalescence were considered

for damage evolution at the macroscale, while the presence of wrenching and river-like patterns was notable at the microscale.

Ultimately, the dry approach could be a better compounding technique for CNT dispersion considering its high quasi-static and

fatigue properties.

1 | Introduction

Natural rubber (NR) has extensively been used in various fields
such as the tyre industry [1] and wave energy converters (WECs)
[2, 3]. This indicates that NR has inherent quasi-static and good
dynamic properties such as a high fatigue life. The latter is quite
important, as most rubber applications operate under repeated
(cyclic) loading conditions; therefore, a high fatigue life is re-
quired [4, 5]. Cyclic loadings applied to elastomers during their
service lives can either result in the nucleation of tiny cracks
within the bulk of materials or lead to the growth of existing
defects, filler agglomerations or porosity, to complete failure
over time.

In this context, carbon nanotubes (CNTs) have been widely used
as a promising nano-reinforcement in rubbers to enhance their
mechanical performance under static and dynamic conditions
[6-13]. However, the resulting functional benefit is strongly de-
pendent on the state of CNT dispersion and the existence of de-
fects such as microscale voids and pores. It is worthy to note that
regardless of the compounding techniques used, it is inevitable
to make defect-free CNTs/NR nanocomposites; therefore, the
optimization of compounding parameters is important. CNTs
have high surface energy and large aspect ratio, so one of the ex-
isting challenges of NRs filled with CNTs is to achieve a proper
CNT dispersion instead of creating agglomerations [14]. Hence,
many efforts have been made to mitigate the CNTs bundling
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Summary

« Damage evolution and fatigue life of CNTs filled NR
prepared by dry and wet techniques.

« To correlate the presence of defects to mechanical and
fatigue properties.

« To grasp crack initiation and crack growth in CNTs
filled rubber during fatigue testing.

+ High-quality digital image correlation results were
provided to show the strain values.

such as latex mixing, solution methods, and mechanical/melt-
ing technology. Solution mixing was one of the few methods at-
tempted for proper dispersions of CNTs into the NR [15-17] in
which NR gum is dissolved into a compatible solvent (toluene
or similar) followed by dispersion of CNTs within the NR/tolu-
ene liquid mixture. In a previous attempt made by the authors
[4, 18], a novel combined solution method and two-roll mill was
compared with the standard melt mixing technique in terms of
the state of CNT dispersion and dynamic shear properties. It
was shown that a combined approach can provide a better CNT
dispersion with respect to the mechanical mixing, while no sig-
nificant difference in dynamic shear properties was identified
among the two methodologies used. However, this needs to be
further investigated under more realistic test conditions includ-
ing fatigue tests such that it can properly simulate the real work-
ing conditions under repeated loading scenarios.

Two different approaches have been used to investigate the
fatigue life of rubbery materials that include crack nucleation
and crack propagation approaches, which are based on contin-
uum mechanics and fracture mechanics, respectively [19, 20].
Fatigue crack growth resistance of NR is based on the correla-
tion of crack growth rate with respect to tearing energy and was
extensively addressed in the literature [21-25], whereas fewer
studies were conducted based on the crack nucleation approach
in rubbers [8, 26-29]. To the best of the authors' knowledge, no
study was performed to correlate the fatigue life of rubbers to the
typical preexisting defects in NR, such as pores, assuming that
it is inevitable to make CNT-NR nanocomposite materials with
no defects. Therefore, damage evolution during fatigue tests is
an important phenomenon requiring further studies in detail to
grasp the crack nucleation process and its propagation. Although
some studies discussed damage evolution in NR [27, 30, 31], it
depends on the specimen geometry, test conditions, and mate-
rials tested. In addition, most of the previous studies focused
mainly on achieving a good dispersion of CNTs in the NR ma-
trix while neglecting the significant impact of preexisting voids
on their dynamic properties. In fact, achieving a sound sample
possessing ideal CNT dispersion and minimal voids and defects
is challenging. Each compounding technique possesses its own
advantages and disadvantages, such that some techniques lead
to better CNT dispersion by sacrificing other characteristics, for
instance, the presence of pores, and vice versa. Hence, the eval-
uation of damage development and the fatigue life of CNT-filled
rubber prepared by different dispersion approaches can provide
better estimation in regard to the performance of the dispersion
approach used for CNTs.

Therefore, this study is aimed at comparing material charac-
teristics, including the state of CNT dispersion and the pres-
ence of preexisting defects such as voids, and the fatigue life
of the NR filled with CNTs prepared by two different com-
pounding methods. Optical microscopy, SEM, and TEM were
employed for materials characterization, while tensile and
fatigue tests were conducted for the mechanical characteriza-
tion. Macro- and microdamage evolutions throughout fatigue
tests were discussed to identify crack propagation mecha-
nisms, in order to correlate the presence of defects including
voids and aggregations of CNTs with their fatigue perfor-
mance and to find out the optimum dispersion approach for
CNTs/NR compounding.

2 | Experiment
2.1 | Materials and Sample Preparations

NR, SMR CV60 gum, and multiwall carbon nanotubes
(MWCNTSs) were provided by Malaysian rubber and Nanocyl
companies, respectively. Two different dispersion techniques
were employed that include solution mixing and a melting
methodology known as mechanical mixing. The first technique,
which is achieved by dissolving NR gum into toluene and soni-
cation of the CNTs/toluene mixture followed by the addition of
the CNTs/toluene mixture to the NR/toluene liquid mixture, is
called the wet method. The second was performed in a dried
state only, i.e., CNTs were added to the internal mixer directly,
hereinafter called the dry method; 3-phr (parts per hundred
rubber) CNTs loading was used for both approaches to mainly
concentrate on the effects of CNTs dispersion and subsequent
macro- and microstructural defects that can affect the fatigue
life of NR. Zinc oxide (5 phr), stearic acid (2 phr), 6PPD (3 phr),
and Sasol wax (2 phr) were incorporated into the rubber inside
the internal mixer while sulfur (1.5 phr) and CBS (1.5 phr) were
added on the two-roll mill. Further explanations regarding the
dispersion and compounding techniques can be found in refs
[4, 18].

2.2 | Material Characterizations
2.21 | Microscopy

The ZEISS Smartzoom 5 digital light microscope was em-
ployed for analyzing surface defects including voids and cracks
before and after the fatigue tests, while a Scanning Electron
Microscope (SEM, Zeiss Evo LS25) was employed for fractog-
raphy. Samples were coated by platinum to avoid electrostatic
charging. Transmission Electron Microscopy (TEM), Jeol JEM-
1400 fitted with a Gatan Riol6 digital camera operated at 120kV,
was used to characterize the state of CNTs depression within the
NR by preparing an ultrathin section of sample (60-70nm) cut
by an ultra-microtome at —120°C.

2.2.2 | Mechanical Testing

A highly advanced and custom-built electromechanical fatigue
testing machine (ADMET eXpert 8000, USA) was used for the
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tensile and fatigue tests (Figure 1a,b). A digital image correla-
tion (DIC) system equipped with a 5.0 Megapixel digital camera
(2448 %2028 @ 75 fps) and a 2D DIC system analysis software
were used for real-time reading of nominal strain throughout
the test using a virtual extensometer and for further postprocess-
ing of the images to obtain full-field planar strains (Figure 1c).
A fine speckle was created over the surface of the samples using
a roller stamp. Tensile properties of the nanocomposite rubbers
were investigated by performing quasi-static tests up to 363%
strain with a crosshead speed of 0.5mm/s. The loading-unload-
ing of the first 5cycles during the quasi-static test were provided
so that the Mullins effect as well as mechanical properties at
the stable region can be observed. A sinusoidal waveform with
a 2-Hz frequency was utilized for the fatigue tests. Different

strain amplitudes including 48%, 97%, 144%, and 202% strains
were used for the fatigue tests while an R-ratio of 0.1 (minimum
to maximum strain ratio) was considered for all tests. At least six
samples were tested for each batch for the fatigue tests, in which
samples were tested simultaneously in one setup as shown in
Figure 1a,b. It is worth noting that 12 samples were tested si-
multaneously, i.e., two sets of six where each set is taken from an
individual batch. The cycle numbers to failure for each sample
were obtained by postprocessing the load-displacement data. A
dog bone sample was used for the fatigue tests, where the sam-
ples were cut from the molded rubber sheets with a 2-mm thick-
ness by a standard die cutter according to ISO 37-type 2. It is
worth noting that the longitudinal axis of the dog bone samples
was collinear with the two-roll mill direction. The fatigue life of
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dog bon sample tested at approximately 48% strain. The red and green curves represent the longitudinal and transverse strains, respectively. [Colour

figure can be viewed at wileyonlinelibrary.com]
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the materials was counted from the start to the final rupture of
each sample, i.e., a crack nucleation approach, which is based
on continuum mechanics, was used in the current study [32].
Temperature variations throughout the fatigue tests were less
than 4°C, which were measured by means of an infrared ther-
mometer. This can be attributed to the small thickness of the
samples (2mm) used in this study, avoiding high heat build-up
during the cyclic test [29, 33].

3 | Results and Discussion
3.1 | Microstructural Characterization

The presence of macro- and microscopic defects, especially
voids, are common features observed in NR nanocomposite
throughout mixing, curing, molding, or even preparation of test
coupons for rubber testing [34]. In particular, for the solution
mixing technique, due to the presence of residual solvent upon
vulcanization, many voids or pin-hole defects can be seen [35].
In addition, achieving proper CNT dispersion is critical to ef-
fectively exploit reinforcement effects of CNTs in tailoring me-
chanical and electromechanical properties. One should make
a balance between these two phenomena, i.e., proper CNT dis-
persion and the presence of voids, which are dependent on the
compounding approaches used. It is worth noting that the crack
initiation during fatigue tests mostly takes place as a result of
preexisting defects acting as crack nucleation sites, even in vir-
gin samples, which can be either surface or subsurface defects
[20, 31]. Therefore, in general, the fewer the number of flaws, the
higher the fatigue life. There are several reasons for the presence
of such flaws in the filled NR, including filler agglomerations
(CNTs for the current study), compounding processes, rubber
formulations, i.e., additives, imperfections in the mold surfaces
and mold release agents, and any other inclusions or contam-
inations throughout the compounding process [31, 36]. In this
context, a comprehensive investigation in terms of the presence
of preexisting defects, such as voids, cavities, and microcracks,
along with the dispersion state of CNTs, is performed through-
out this section using visual inspection, optical microscopy, and
TEM. This helps better to distinguish the effects of different

compounding techniques on achieving sound samples and cor-
relates it to the observed fatigue properties.

3.1.1 | Optical Microscopy

Figure 2 shows the microscopic optical images of the cross sec-
tion of pristine samples, extracted by a die cutter. The presence of
voids varied in the range of a few microns to a couple of hundred
microns and is noticeable for both compounding techniques.
However, the wet approach manifests a relatively higher num-
ber of large voids, as highlighted by red arrows in Figure 2b, and
a higher surface roughness compared to the dry one. This can be
attributed to a higher amount of entrapped air in the wet sam-
ple, resulting from toluene used in wet samples, during process-
ing and compression molding [36]. In this context, Sriring et al.
[37] pointed out breaking up of nonrubber network structures
on rubber particles at boundaries. Further, hydrophilic proteins
and phospholipids, which are not insoluble in toluene, and sub-
stituting them by randomly dispersed aggregated nonrubber
particles within rubber matrix, can be accounted for the void
formation. This could be the reason for the presence of higher
defects and surface roughness for the wet samples prepared by
solution methods as shown in Figure 2b in which the observed
defects randomly distributed and manifesting a more likely ir-
regular shape.

3.1.2 | TEM Analysis

TEM images of the nanocomposites are shown in Figure 3 in-
dicating a relatively better dispersion state of CNTs in the wet
method compared to the dry technique. Moreover, the presence
of CNT agglomeration is notable in the dry method, as shown
by the yellow arrow in Figure 3a accompanied by a CNT-poor
region, as highlighted by the red arrow. In contrast, the wet sam-
ple manifests a more homogeneous CNT dispersion. This can
be attributed to the solution method assisted by bath sonication
used for this sample. It is also worth noting that the wet sam-
ple manifested a higher electrical conductivity, as reported in
our previous study [4], relatively two orders of magnitude, with

FIGURE 2 | Optical image of the cross section of virgin samples cut by dog bone cutter manifesting presences of voids: (a) 3-phr dry, (b) 3-phr

wet possessing higher number of voids compared to dry one highlighted by red arrows. The magnification is 78 X. [Colour figure can be viewed at

wileyonlinelibrary.com]

4

Fatigue & Fracture of Engineering Materials & Structures, 2025

85U8017 SUOWIWOD BA1E81D) 8|t idde 8y Aq peusenob a1e sejolie YO ‘8SN J0 S8|nJ 10} ARIq1T 8ULUO AB|IM UO (SUONIPUOD-PUE-SWRILIOY A8 | 1M Ale.d1jBul [Uo//Schiy) SUORIPUOD pue SIS | 8U1 89S *[5202/60/62] U0 ARIq1T 8UlUO 8|1 '90US|[80XT 818D PUe UesH 10 1niisu| euoteN ‘SOIN AQ G9002 @4/TTTT 0T/I0pAL0Y A8 | Akeiq 1 puljuo//:sdny wouy pspeojumod ‘0 ‘S69209%T


https://onlinelibrary.wiley.com/

respect to the one prepared by the dry method, which is in agree-
ment with the TEM results [4].

3.2 | Mechanical Characterization

Mechanical properties will be studied in this section to explore
the quasi-static and fatigue properties.

3.2.1 | Mullins Effect

Figure 4 shows stress—strain curves up to 363% strain for five
consecutive cycles in which the fifth cycle of both samples show-
ing more stabilized behavior is plotted separately in Figure 4b.
It is worth noting that the maximum strain tested in this study
was 363% due to constraints in applying the maximum dis-
placement in the machine used. Mullins effect and permanent
set can be seen for both samples, which can be related to the
breakage of CNT networks as well as CNTs/rubber interactions
[38], though no significant difference in the hysteresis can be
seen for both wet and dry samples. This can be attributed to the
same CNTs content used. In addition, 3-phr wet samples mani-
fest slightly higher mechanical properties with respect to the dry

method which can be related to better CNT dispersion resulting
in proper interfacial shear load transfer between CNTs and rub-
ber matrix and vice versa. This indicates that the presence of
higher defects in the wet approach does not have a significant
impact on the quasi-static properties at relatively low to medium
strains.

3.2.2 | Fatigue Properties

Figure 5 summarizes fatigue test results performed at different
strain amplitudes including all experimental fatigue data (un-
filled circles and squares for wet and dry samples, respectively),
average fatigue life (black filled circles and black filled squares
for wet and dry samples, respectively), standard deviations, and
fitted S-N curves. It clearly depicts that increasing the strain
amplitude substantially reduces the fatigue life especially from
48% to 97% strains. A maximum average fatigue life of 1.58
and 1.09 million cycles for dry and wet samples, respectively,
are achieved at 48% strain, whereas an average fatigue life of
0.24 and 0.13 million cycles for dry and wet, respectively, are
reached at 97% strain manifesting transition from a high cyclic
to a low cyclic region. Similarly, less variations can be seen for
higher strains compared to low strains. This can be attributed

FIGURE 3 | CNTs dispersion within the NR matrix: (a) dry method, (b) wet approach. The scale for both pictures is 200nm and the images are
taken at 100,000 magnifications. Yellow and red arrows highlight CNTs agglomeration and CNTs-poor region respectively. [Colour figure can be

viewed at wileyonlinelibrary.com]
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to a higher detrimental effect of defects at higher strains such
that any macrodefect mitigates crack initiation and propagation
resulting in premature critical failures. It can be concluded that
the variations observed can be directly related to density and ini-
tial flaw size over the gauge length of the dog bone samples [31].

Furthermore, dry samples manifest significantly higher fatigue
life with respect to wet ones as shown in Figure 5, while the latter
demonstrates relatively better quasi-static properties with respect
to former, resulting from proper CNTs dispersion. The lower fa-
tigue life in wet samples can be related to the presence of higher
defects, as shown by red arrows in Figure 2b, as well as the pres-
ence of randomly dispersed aggregated nonrubber particles within
the rubber matrix, as discussed in s Section 3.1.1. Indeed, the oc-
currence of a relatively higher number of large defects, including
voids in the wet batch, plays a significant role in degrading the dy-
namic properties of NR with respect to the agglomeration of CNTs
observed in the dry batch. In other words, the presence of voids
predominates the adverse effects of CNTs aggregation on the fa-
tigue life of NR during repeated loading conditions; however, this
is not the case for quasi-static conditions. This is mostly due to the
size of initial flaws in the virgin wet specimen, as they are larger
than flaws in dry specimens. Furthermore, the standard deviation
of the results is higher for the wet method. This likely reflects a
greater inhomogeneity in the sample in terms of defects/crack
precursors, which is consistent with the microscopy images and
fatigue results [39] .

It is vivid from the results that the dry method can be a better
approach than the wet technique in terms of quasi-static and fa-
tigue properties of NR, in addition to environmental concerns of
using solvent, cost reduction, and preparation time. It is worth
noting that toluene is considered a volatile organic compound
(VOC), which can contribute to air pollution through increasing
ground level O, in the atmosphere, as well as posing a health
hazard [40]. Comparison of quasi-static and fatigue results, as
shown in Figures 4 and 5, indicates that although there is a
slight difference in stress—-strain behavior between the wet and

the dry compounds, overall, the stress-strain behavior is quite
similar (up to 363% strain). This is quite important since the
results of strain-controlled fatigue tests are strongly dependent
on the stiffness of compounds and the resulting strain energy
density at maximum extension available to drive crack growth.
Therefore, because two materials of similar stiffness were com-
pared in this study, the fatigue life results better reflect the fun-
damental crack nucleation and growth differences between the
compounds [41].

Figure 6 shows 2D principal strain distribution at the peak lo-
cation for each strain amplitude. Readers are advised to refer to
the videos of DIC results provided in Supporting Information
for better visualization of the strain field distribution during the
fatigue tests. A uniform strain distribution is achieved on the
gauge region showing maximum nominal strain approximately
equal to 48%, 97%, 144%, and 202%. It is worth noting that val-
ues of local strain distribution are relatively different with the
strains obtain by the virtual extensometer, which can be related
to slight misalignments of X- and Y-axis of the camera and dog
bone samples; therefore, readers are advised to refer to values
obtained by the virtual extensometer for a correct reading.

Figure 7a-d shows minimum strains corresponding to the min-
imum displacement at 48%, 97%, 144%, and 202% respectively. It
is worth noting that a positive R-ratio (minimum to maximum
strain ratio), in the range of 0.06 to 0.08 was applied for all fa-
tigue tests performed (Figures 6 and 7) indicating nonrelaxing
test conditions for all of them; thus, strain-induced crystalliza-
tion (SIC) is dominant for all specimens during the fatigue tests
[30]. It is worth noting that obtaining strain field using a DIC
at ultra-large deformation (strain >100%) is quite challenging
with such a small sample, which was successfully obtained in
this study by making the speckle patterns in two steps, i.e., on
unstretched (relaxed sample) and 100%-stretched specimens. To
the best of authors' knowledge, no study reported measuring
strain at such large strains using DIC considering small width of
the field of interest, i.e., 4mm.
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3.3 | Damage Evolution at Macroscale

Figure 8 shows optical images of the fracture surfaces at differ-
ent perspectives including top and side views to better investi-
gate the damage evolution at the macroscale. It can be concluded
that all samples developed a Mode-I fracture (tensile stress nor-
mal to the plane of the crack) during the fatigue tests, which
can be related to the state of loading, i.e., tension-tension mode.
In addition, Figure 8a,b,e,f reveal a more deviated crack growth
path for samples tested at strains of 48% and 97% in both dry and
wet specimens, whereas a further increase of the strain to 202%
results in a straighter crack growth path. This can be related to
formation of higher crack branching and crack deviations be-
cause of the strain amplification and nucleation effects of CNTs
into NR when the strain is low [42]. This phenomenon results in
an increasing SIC mechanism in front of crack-tips, such that a
higher number of crystallites form perpendicular to the crack
propagation paths, thus, hampering crack growth and dissipat-
ing more energy in the main crack by dividing it into several
tiny cracks [42-44]. Unlike this phenomenon observed at a low
strain, CNTs cannot effectively hinder crack growth at a higher
strain, which results in formation of less SIC arisen from CNTs;
thus, a straight crack growth path can be seen as shown in
Figure 8c,d,g,h and for both dry and wet samples, respectively.

It is worth noting that SIC mechanism in NR typically appears
at much higher strain [45]; however, CNTs addition can expedite
the nucleation of crystallites in the front of crack-tip at relatively
lower strains [42]. Zhan et al. showed that 2% crystallinity at
strain of 30% for CNTs/NR, while no crystallites were observed
for the neat NR at that strain. In fact, CNTs were considered
as nucleation agents resulting in earlier formation of crystal-
lization in the front of the crack-tip originated from polymers
chains bonded to them. In other words, further confinements
of the molecular chains by CNTs while strained, initiate many
precursors lead to the presence of numerous crystallites [46].

Formation of several tiny cracks along the gauge area of dry
samples can be accounted for their higher fatigue lives, as
shown in Figure 9 . In fact, this is much more notable in the
case of 48% strain, manifesting multiple cracks across the gauge
zone, as shown in Figure 8a (the cross-sectional image at the
stretched condition) and Figure 9. These multiple cracks, called
crack lines, are like slip lines that can be observed during plas-
tic deformation in ductile materials. These crack lines are a
typical surface morphology that can be seen only for samples
possessing ultrahigh fatigue life, 3-phr dry at 48% strain in
this study. As a matter of fact, these crack lines cause further
energy dissipation over a larger area in the gauge zone rather
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FIGURE7 | DIC results showing principal strain distribution and nominal strain over the virtual gauge length at minimum displacement: (a) 48%

strain, (b) 97% strain, (c) 144% strain, and (d) 202% strain. [Colour figure can be viewed at wileyonlinelibrary.com]

than concentrating the crack-driving force on a few main cracks
in the fracture plane; hence, they will contribute significantly
to enhancing fatigue life in the case of the dry samples at low
strain, i.e., hampering crack growth to the critical length. This
indicates that further energy is required to drive the crack
growth for the critical crack; thus, a higher fatigue life can be
reached. It is worth noting that eventually one main crack in
the fracture plane predominates over others and causes fatigue
failure. On the contrary, no significant crack lines can be seen in
the wet samples at a strain of 48%. In fact, the crack lines are less
significant in the case of wet samples, as they contain relatively
larger defects requiring less energy to drive their growth due to
stress concentration, which results in premature crack growth.
Therefore, not only does the density of defects matter, but their
geometries and dimensions also play a significant role in quanti-
fying the fatigue life of the NR. This explains the higher fatigue
life of dry samples with respect to the wet ones at a macroscale
when the strain is low.

The damage evolution during fatigue tests in macroscale is shown
in Figure 10. The presence of multiple cracks around the edge of a
dog bone specimen is typical in fatigue tests (Figure 10). Two main
mechanisms can be taken into account, including crack shielding
and crack coalescence. Crack shielding is defined as limiting the
growth of tiny cracks in the vicinity of larger cracks (critical ones)

as shown by red arrows in Figure 10. The cross-sectional images in
unstretched and stretched conditions are provided in Figure 10c,
manifesting crack shielding in the vicinity of the failure plane. In
fact, parallel arrangements of these multiple tiny cracks play a sig-
nificant role in enhancing the fatigue life, especially at low strains.
In contrast, crack coalescence, accounting for the final stage of fa-
tigue failure, is a phenomenon where a few adjacent cracks merge
and create a larger crack, as shown by the green dashed rectan-
gle in Figure 10b. It should be noted that these individual cracks
are not necessarily located in the same plane prior to merging. In
fact, their orientations are quite different, but they will eventually
merge and form a larger crack with critical length in a specific
plane, which depends on the specimen boundaries [31]. From a
direct observation of the damage evolution during the fatigue test,
it can be concluded that a combination of the density of defects
within the gauge region, i.e., formation of multiple cracks, far and
near the fracture surface, and their further developments via crack
shielding and coalescence can be considered for the damage evolu-
tion in macroscale [31].

3.4 | Damage Evolution at Microscale

Figure 11 shows SEM images of the fracture surfaces upon
fatigue failure for each strain amplitude and compounding
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FIGURE 8 | Optical image of the fracture surfaces: (a-d) 3-phr dry at strain of 48%, 97%, 144%, and 202%, respectively, (e-h) 3-phr wet at strain
of 48%, 97%, 144%, and 202%, respectively. [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 9 | Presence of several crack lines for 3-phr dry at strain of 48% resulting in significant enhancement of the fatigue life: (a,b) higher

magnification images corresponding to orange rectangle in Figure 8a, (c) higher magnification image corresponding to blue rectangle in Figure 8a.

[Colour figure can be viewed at wileyonlinelibrary.com]

technique. Two different surface morphologies can be distin-
guished including formation of a rough and smooth-like surfaces
corresponding to crack nucleation/stable growth and critical
crack growth regions, respectively, as separated by red dashed
line in Figure 11. The white dashed arrows in Figure 1la-h
demonstrate the critical crack propagation direction. The pres-
ence of wrenching and riverlike patterns within the rough and

smooth surfaces, respectively, are notable for all samples. The
former can be attributed to SIC in NR during the fatigue tests
[30, 47], while the latter indicates a more abrupt rupture as man-
ifested by yellow dashed arrows in Figure 10a-h .

Furthermore, several dimples, or cup/cone features, can be
seen for both wet and dry samples within rough regions, as
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FIGURE10 | Macroscale damage mechanism in NR-CNT nanocomposites: (a) crack shielding resulting in growth of one critical crack along with

presence of multiple cracks in vicinity of the failure plane, (b) a combination of crack shielding and coalescence, (c) crack shielding happening on

the cross section. The image is taken from one of the dry samples, but the phenomenon can be observed for both dry and wet samples. Red arrows

correspond to crack shielding mechanism. [Colour figure can be viewed at wileyonlinelibrary.com]

highlighted by the dashed red arrows in Figure 11. These fea-
tures form due to ligament separation, which can be associated
with the presence of microvoids. In fact, these dimple structures
are formed prior to the macroscopic crack growth resulting from
internal defects such as microvoids, which manifest an orien-
tation perpendicular to the stretching direction, surrounded by
wrenching patterns, as shown in Figure 11 [30].

Likewise, the area of the rough surface possessing wrenching
patterns decreases with an increasing strain, which agrees with
the fatigue test findings. This indicates that more energy is
dissipated to drive the crack at low strains due to the effective
reinforcement of CNTs; thus, a higher number of cycles must
be completed for a crack at a specific length to cause failure. It

can be concluded that the higher the area of rough surfaces, the
higher the fatigue life, as can be seen in Figure 11a,e possess-
ing the highest fatigue life for dry and wet, respectively [10]. It
is worth noting that several isolated rough regions appear for
3-phr dry and wet at 97% strain, as shown in Figure 11b,f, re-
spectively. These isolated regions will finally merge into a single
crack through crack coalescence, as discussed before, though
one predominates the others as they manifest various surface
areas [30, 31, 47] .

As mentioned earlier, each crack nucleation site corresponds
to a preexisting defect such as voids and CNTs agglomerations.
Most samples show a nucleation site at the edge of the sample
followed by further 3D propagation until failure, as shown in
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Legend on next page.

FIGURE 11




FIGURE11 | SEM image of the fracture surface of samples upon fatigue failure: (a-d) 3-phr dry at strain of 48%, 97%, 144%, and 202%, respective-
ly, (e-h) 3-phr wet at strain of 48%, 97%, 144%, and 202%, respectively, (i,j) higher magnification images corresponding to the white dashed rectangles
in (f) and (h), respectively. The white dashed arrows demonstrate the crack propagation direction. The yellow dashed arrows highlight the riverlike
patterns while the dashed red arrows indicate presence of dimples, or cup/cone features. [Colour figure can be viewed at wileyonlinelibrary.com]

Figurella—-g, which can be attributed to the presence of voids,
as illustrated in Figure 2. In other words, cracks at the edges of
specimens exhibit two times the tearing energy versus cracks
of the same size in the bulk upon crack opening. In fact, the
edge cracks act as if they are twice as large as the bulk cracks,
resulting from the free surfaces at the edges behaving as if they
are a plane of mirror symmetry [48]. As a result, the critical tear
energy can be reached at relatively lower global strains for the
edge crack compared to the bulk crack with the same length,
making it the more likely failure point [48]. This explains why
most failures occur at the edge of specimens both for the fatigue
and monotonic stress-strain to break tests [48]. In contrast, an
internal nucleation site can be seen for a few samples, especially
at high strains, as shown in Figure 11h,i, which can be related
to the presence of CNTs agglomeration accompanied by voids.
From Figure 11i, it can be concluded that damage evolution
in situ internal defect is quite different, i.e., upon the crack nu-
cleation, a riverlike pattern or striation can be seen around the
nucleation site followed by a rough surface resulting from high
local crystallinity [30] and eventually final rupture manifesting
a smooth surface again.

4 | Conclusion

CNTs incorporation into NR, as one of the promising nanofill-
ers in tailoring mechanical properties of rubbers, was investi-
gated by performing fatigue tests on samples prepared by wet
and dry techniques. In summary, the following outcomes can
be drawn:

« Wet approach possessed higher numbers of large defects
such as voids and higher surface roughness in contrast
to the dry approach resulting from higher amounts of en-
trapped air and aggregation of randomly dispersed nonrub-
ber particles including non-insoluble hydrophilic proteins
and phospholipids in toluene within the rubber matrix.

« Wet materials possessed more homogeneous CNTs disper-
sion, whereas the presence of CNT agglomerations accom-
panied with CNTs-poor regions was more pronounced in
the dry method.

» Mullins effect and permanent set were observed for both
dry and wet samples resulting from the breakage of CNTs'
networks as well as CNTs/rubber interactions, while no
considerable difference in the hysteresis was noted among
them.

+ A maximum average fatigue life of 1.58 and 1.09 million
cycles, respectively, at 48% strain was achieved for dry and
wet. In total, dry samples possessed a higher fatigue life
compared to the wet samples at all strain amplitudes due to
a smaller number of flaws. The presence of relatively higher

numbers of large defects including voids in the wet batch
accounted for a significant reduction of the fatigue life.

« Crack branching and crack deviations were accounted
for more deviated crack growth paths for fatigue tests
conducted at strains of 48% and 97% in both dry and wet
specimens. In contrast, a straighter crack propagation was
observed at larger strains, indicating CNTs were less effec-
tive at higher strains.

« Further energy dissipation over a larger area in the gauge
zone resulting from the formation of multiple tiny cracks,
especially at low strains, instead of accumulating crack-
driving force into one individual crack, contributed to en-
hancing the fatigue life of the dry samples. In contrast, only
a few minor cracks evolved in the wet samples throughout
fatigue tests due to a relatively higher number of large pre-
existing defects acting as stress concentrators, which led to
premature crack growth.

« Damage evolution mechanisms at macroscale were defined
as crack shielding and crack coalescence. A combination of
the density of flaws across the gauge region, i.e., the occur-
rence of multiple cracks and their further developments via
crack shielding and crack coalescence can be considered for
the damage evolution in macroscale.

« Damage evolution in microscale showed the presence of
wrenching and riverlike patterns on fractured surfaces. The
former was attributed to the SIC in NR during fatigue tests,
whereas the latter referred to a more abrupt rupture.

« It was concluded that the dry approach can be a better
approach with respect to the wet technique considering
quasi-static and fatigue properties, the environmental
concerns of using solvent, and cost. Therefore, depending
on the end user application, one might select the proper
CNTs dispersion technique; the wet approach is more in
favor of enhancing quasi-static properties, while the dry
one can be the ideal choice for achieving better repeated
cyclic properties such as fatigue life. For instance, fa-
tigue life is of importance for WECs where NR is used
as a flexible membrane; therefore, the dry method can
be a superior approach in CNT/NR compounding for the
aforementioned application.
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