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Abstract. The fatigue of rubber products is usually accompanied by undesirable transformation in their properties. The pres-
ent work was dedicated to the investigation of consequences of fatigue loading on volume electric conductivity of natural
rubber (NR) reinforced with 30 phr of fillers composed from various weight combinations of carbon nanotubes (CNTs) and
carbon black (CB). Special attention was paid to study the influence of CNTs content on residual electric conductivity and
a possible mechanism of fatigue driven rearrangement of hybrid filler network inside of rubber matrix was propounded for-
ward. An increase in the CNTs content over the complete range of concentrations, enhanced the conductivity of fabricated
samples up to two orders of magnitude in comparison to rubber compounds without CNTs. All the samples were subjected
to harmonic sinusoidal loading at a frequency of 5 Hz up to 10° loading cycles at three different strains of 0.1, 0.25 and 0.5.
Despite very little transformation in the polymer matrix, fatigue caused a progressive degradation of conductivity with an
increase in applied strain. It was also found that with the addition and a subsequent increase in the concentration of CNTs,
the undesirable reduction of conductivity was significantly arrested. This novel finding added another number to the list of
the outstanding properties of CNTs.

Keywords: rubber, fatigue, carbon nanotubes, electrical properties, hybrid fillers

1. Introduction of using so called hybrid fillers which often exhibit

Electrical conductivity of rubber compounds gained
great interest since the fifties of the last century orig-
inating from practical applications for antistatic tires,
belts, electric cables and from fundamental relation-
ship between conductivity and filler dispersion and
reinforcement [1]. Nowadays, conductive elastomers
are intensively studied as promising materials for
transducers, sensors and flexible electrodes [2—5] be-
cause of their ability to be elastically deformed while
still providing some degree of electrical conductivity
[6]. Usually, the aiming grade of conductivity is re-
alized by filling an insulating polymer matrix with
conductive particles [7]. Among the traditionally used
types of fillers, fast development is in the direction

*Corresponding author, e-mail: harea@utb.cz
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a synergetic effect in the properties of the composites
[8]. Suggestive examples are products from natural
rubber based composites filled with carbon nan-
otubes and carbon black hybrid fillers encompassing
noticeable enhancements in mechanical properties
such as fracture and fatigue resistance [9], friction
and wear [10], electrical properties [2, 11, 12] etc.
Higher conductivity of such a composite at lower
percolation threshold is achieved due to CB particles
which effectively bridge CNTs surrounded by non-
conductive polymer, and contributes to the formation
of new electron pathways.

During the service life, flexible electrodes, sensors,
transducers, tires and belts are supposed to endure
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millions of deformation cycles, which can lead to in-
ternal micro-failure [13], variation of distances be-
tween conductive particles, spatial rearrangements,
rotations, possible damage of fillers [6] and changes
in the electrical performance of products. That fatigue
imposed reorganization of microscopic and meso-
scopic structure of carbon black filler in natural rub-
ber was shown in [14]. Presented TEM images
demonstrated the destruction of the CB agglomerates
and the rearrangement of CB aggregates in a string.
The changes in the electrical conductivity of elas-
tomer devices based on CNTs and CB incorporated
hybrid filler systems after their extensive fatigue are
weakly studied until now. Majority of existing stud-
ies on this topic were dedicated to in-situ measure-
ments of conductivity/resistivity during deformation
[for example 2, 5, 6] at relatively low frequencies
and number of cycles.

The present work was focused on the preparation of
NR composites with hybrid CNTs and CB fillers
through a simple mixing method [10] and investiga-
tion of their volume conductivity before and after
10° harmonic sinusoidal loading cycles which was
supposed to simulate the long term use of such prod-
ucts as mechano-electrical devices. Implemented
number of cycles and low deformation amplitudes,
discussed in details in the experimental section of
the article, were selected in such a way that they fell
far below the mechanical fatigue limit [15] of the
rubber matrix. Therefore, all fatigue transformations
of the material were supposed to be attributed exclu-
sively to filler network changes. Unusually for elec-
trical properties investigations — 5 Hz frequency of
deformation was applied. In each sample, the total
amount of fillers was kept at 30 phr level in accor-
dance with simulations [16] which is considered to
be the beginning of percolation threshold for CB
fillers in elastomers.

2. Experimental

2.1. Materials

Natural rubber used in this research was supplied by
the Astlett Rubber Inc. (type SMR 20 CV/BP1). Sul-
phur used as the curing agent, zinc oxide (ZnO) and
stearic acid used as activator and co-activator respec-
tively were supplied by Sigma-Aldrich®: Industrial
grade of carbon black of the type N220 (Cabot Cor-
poration) was used as filler. CBS (N-cyclohexyl-2-
benzothiazolesulfenamide) was employed as curing
accelerator. Toluene used as the swelling solvent in
swelling test was supplied by the AnalaR NORMA-
PUR® ACS. The compounding formulations of the
prepared samples along with their short notations are
listed in Table 1.

Commonly, CNTs are divided into two categories:
single-walled carbon nanotubes (SWCNTs) which
consist of a single graphene cylinders, and multi-
walled carbon nanotubes (MWCNTs) containing sev-
eral concentric graphene cylinders. In the present
paper MWCNTs were used and are denoted simply
as CNTs.

Multi-walled carbon nanotubes with diameter of 10—
20 nm, bulk density 0.02-0.04 g/cm® and surface
area in the range of 200400 m?/g, obtained by cat-
alytic pyrolysis described in [17] were provided by

Figure 1. SEM picture of dry mixed CNTs with CB, pre-
pared for sample NR3. Arrows show CNT and CB

particles.
Table 1. Samples denotation and composition.
NR CNT+CB CBS Sulphur ZnO Stearic Acid
Compounding formulations Content
[phr]”

NRO 100 0+30 1.0 2.5 5.0 2.0
Short notions NR1 100 1+29 1.0 2.5 5.0 2.0
NR3 100 3+27 1.0 2.5 5.0 2.0
NRS 100 5+25 1.0 2.5 5.0 2.0

“[phr] — The compound ingredients are given as parts per 100 parts of rubber by weight.
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Chuiko Institute of Surface Chemistry, National
Academy of Sciences of Ukraine. A dry physical
mixture of carbon black and CNTs filler is shown in
Figure 1.

2.2. Rubber compounding

The rubber compounds based on NR filled with CB
and hybrid CB+CNTs fillers were mixed in a Bra-
bender Plastograph (Brabender GmbH & Co, Ger-
many). For each sample, compounding was per-
formed at 60 °C, at rotor speed of 50 rpm and at a fill
factor of 80% in weight proportions listed in Table 1.
After 24 h conditioning at an ambient temperature
of 20°C and a relative humidity of 40%, the blends
were molded into 125x125%2 mm? sheets and cured
in an electrically heated hydraulic press LabEcon
300 (Fontijne Presses, Netherlands) at 160 °C under
200 kN force in accordance with the optimum curing
time established using a moving die rheometer.

2.3. Testing

Cure characteristics of the compounded samples
were studied using a Moving Die Rheometer (MDR
3000 MonTec, Germany) according to ISO 3417 at
160°C.

Each molded sheet of about 2 mm in thickness was
cut into rectangular strips of 45x15 mm? (length x
width).

DC conductivity was calculated using Equation (1)
from the current passed through the sample measured
with a programmable electrometer (Keithley 6517 A,
USA), at voltage of 3 V during 300 s in geometrical
center of the strip in a two-point setup, using brass
plate electrodes of 15 mm diameter (Figure 2) as:

[ t
C=7'%§ (D

where / is current, U is voltage, ¢ is sample thick-
ness [cm] and S is the area of each of the equivalent
electrodes [cm?]. It should be noted that all fatigued
samples were' conditioned for 60+5 min before

(»)

measurements in order to minimize elastic recover-
ing effects.

Fatigue measurements were carried out using Tear
and Fatigue Analyzer (Coesfeld GmbH, Germany).
The detailed description of the analyzer can be found
in [18, 19]. Sets of 3 samples per compound at each
deformation amplitude were analyzed using a fre-
quency of 5 Hz, the test was carried out up to 103 cy-
cles. Strain amplitudes were set to be 0.1, 0.25 and
0.50 and initial distance between the clamps was
15 mm (Figure 3a). The fatigue load was applied
using sinusoidal waveform (Figure 3b), where the
pre-stress was set to be 0 MPa.

Images of the hybrid fillers and surface of the pro-
duced samples were obtained by means of a scanning
electron microscope (SEM), model Nova NanoSEM
450 (FEI, USA) with Schottky field emission elec-
tron source.

Measurement of crosslink density was done through
the equilibrium solvent swelling method in toluene
[20]. The samples for test were cut into rectangular

Specimen width
15 mm

Distance between
clamps 15 mm

Specimen length 45 mm

&

MANAN,

1s Time [s]

Strain

b)

Figure 3. a) Clamping system and specimen dimensions, b)
harmonic sinusoidal loading procedure.

Contact diameter 15 mm

p—y

Sample width
15 mm

Sample length 45 mm

Figure 2. Scheme of testing setup.
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parallelepipeds measuring 15x15x2 mm? and includ-
ed the deformed regions of samples after fatigue test
and non-deformed regions of as-obtained sheets of
rubber composites as well. The test pieces were im-
mersed in toluene at ambient temperature of 21 °C.
After 72 h, each sample was withdrawn and the ex-
cess of solvent remaining on the surfaces was wiped
off with a tissue paper and immediately weighed on
an analytical balance. Finally, the sample was dried
in a vacuum oven for 12 h at 50°C and weighed
again. The cross-link density v [mol/cm?] was calcu-
lated by using the Flory—Rehner equation (Equa-
tion (2)) [20]:

(In(1=v,)+v,+xv;)
2
V'(DIB—%) 2)

r

where y represents the Flory—Huggins interaction pa-
rameter between toluene and rubber (0.39), V' is the
molar volume of toluene (106.3 cm?/mol). Volume
fraction of rubber (v,) in the swollen network was
calculated by Equation (3):
Wa—We
— P:
V= W, )
. T7h

where Wy is the weight of dried sample, Wr is the
weight of the fillers in the sample and W is the weight
of the swollen sample. p, and ps are the density of
rubber (0.911 g/cm®) and the density of solvent
(0.867 g/cm?) respectively.

3. Results and discussion

3.1. Fatigue dynamic loading

Figure 4 denotes the stress magnitude required to
achieve 0.10, 0.25 and 0.50 defined strain for each
group of samples consisting of NRO, NR1, NR3 and
NRS. All the investigated samples were subjected to
10° fatigue cycles. The data was collected after each
100 cycles starting after first 5 cycles, considered as
a pre-strain conditioning.

It can be certainly observed that lower strain ampli-
tude required lower stress for all the samples. CNTs
loading increased the stress necessary to reach the
fixed strain amplitude. As can be seen, the stabiliza-
tion of stress-strain relations depended on strain am-
plitude and the composition of fillers. For 0.10 strain
amplitude, stabilization was observed from the begin-
ning (just after preconditioning of 5 cycles) for all the
studied compositions. Contrary to this, at 0.50 strain

1.2
A NR5
1.0 NR3 | ~0.50
1 NR1/ strain
i NRO
& 084
= - NR5
n NR3| 925
0 G NR1 strain
£ 061 NRO |
w
0.4 HS? 0.10
NR1| strain
NRO
02 "
0 50000 100000

Number of cycles

Figure 4. Stress applied to deform samples up to set strain
amplitudes (0.10, 0.25 and 0.50) vs. number of fa-
tigue cycles.

testing amplitude, rubber softening lasted up to an
unusually high number of 6000 cycles exhibiting the
Mullins effect [21]. Whereas, at 0.25 strain ampli-
tude the results were intermediate between the two
extremes of 0.10 and 0.50 strains.

3.2. Electrical conductivity before fatigue test
Figure 5 shows the DC volume electrical conductiv-
ity (calculated using Equation (1)) of the cured sam-
ples filled with different ratios of CNT+CB hybrid
fillers, before the fatigue tests.

Gradual replacement of pre-defined amount of CB
with the same quantity (by weight) of CNTs, namely
0.0, 1.0, 3.0, and 5.0 phr, led to very essential growth
of conductivity, best represented by the logarithmic
scale in Figure 5. Current flow through filled poly-
mers is mainly governed by percolation threshold of
matrix-filler system and tunneling effect between
conductive fillers [22]. Since, the density of CB
(~2.2 g/em?) is close to those of CNT, volume frac-
tion of hybrid fillers can be considered more or less
similar for all tested samples.

NR5
{'aF
. NR3
E
o
@,
5 1075
>
£ e . NR1
B
= NRO
5 104
@]
T

T T T T T
0 50 100 150 200 250 300 350
Time [s]

Figure 5. Electrical conductivity of samples before fatigue
test.
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A pure CB N220 having the average primary particle
diameter of about 21 nm and surface area 118 m?/g,
exhibits moderate electrical conductivity, ¢ ~2 S/cm.
However, the NR containing 30 phr of CB N220
(samples NRO) showed a conductivity of only
~1073 S/cm, as is quite expected due to the high vol-
ume resistivity of NR.

Addition of CNTs with conductivity ~10° S/cm, as
a part of hybrid fillers, gradually increased the elec-
trical conductivity of NR/CB+CNTs composite up
to ~107 S/cm (for samples NR5). The other samples
showed somewhat lesser magnitudes, though exhibit-
ing an increasing trend with increase in concentra-
tion of CNTs.

Figure 5 also reflects an increase in conductivity as
a function of time. The conductivity of the samples
increased with time, initially very rapidly, then more
slowly, approaching a quasi-equilibrium value. Ac-
cording to [23], the carbon black particles are con-
nected to each other by the flexible long rubber mol-
ecules. The flexibility of the rubber molecules allows
almost free translational kinetic (Brownian) motion
of the carbon black particles, up to the limit given
by the length of the rubber molecules and enhances
filled polymer conductivity in time.

This phenomenon never stops but after sufficient
time, a quasi-equilibrium of conductivity is estab-
lished.

3.3. Electrical conductivity after fatigue test
The conductivity measured after fatigue test was also
a time dependent process and presented results (Fig-
ure 6) are the arithmetic mean values of each set of
samples in the steady-state conductivity regime. For
better understanding of the exact magnitudes, the nu-
merical values are presented in Table 2.

The highest modification in conductivity after fa-
tigue test was observed in case of NRO where CNTs
were absent and the higher fatigue strain amplitude
produced higher conductivity degeneration. This
trend was generally found for all the compositions

Cono’ucf/w?y lgo /S/amyj

Figure 6. Conductivity of composites before (0.0 strain am-
plitude) and after fatigue test at 0.10, 0.25 and
0.50 strain amplitude vs. CNTs concentration in
composites: NRO — 0.0 phr, NR1 — 1.0 phr, NR3 —
3.0 phr and NRS — 5.0 phr of CNTs content.

of the samples. However, increased quantity of CNTs
in‘hybrid fillers preserved the electrical properties of
nanocomposites subjected to fatigue processes, in a
much better way. For example, after fatigue test at
0.50 strain amplitude samples containing 5 phr of
CNTs showed 2.7 times decreased conductivity
against 33.3 times decreased conductivity for sam-
ples without CNTs.

Generally, for cyclic deformation of vulcanizates at
high strains, the material microstructure evolution
can be divided into two stages. First is the network
decomposition process into a pure rubber network
phase and a polymer-filler network phase [24]. The
second stage induces more dramatic changes and is
characterized by cavitation induced by decohesion
between hard particles and soft rubber matrix (for
example between zinc oxide and NR [25]).

In the present work, cyclic stretching tests of samples
were carried out at low strain amplitudes which were
below the mechanical fatigue limit [15] of rubber
matrix. Thus, it was assumed that only the filler net-
work was mainly modified leaving the rubber matrix
almost intact. SEM analyses of surface morphology

Table 2. Electrical conductivity of samples before and after 10° cycles of deformation at 0.10, 0.25 and 0.50 of strain am-

plitude.
NRO conductivity NR1 conductivity NR3 conductivity NRS conductivity
[S/em] [S/em] [S/em] [S/em]
Before fatigue test 1.7-107 5.8-10° 7.3-104 1.9-1073
0.10 strain, 10° cycles 7.6:10°° 3.6:107 4.8-10* 1.5-107
0.25 strain, 10° cycles 2.5-10°° 9.5:10°° 2.8-10* 8.8-104
0.50 strain, 10° cycles 5.1-107 3.7-10°° 1.3-10* 6.9-10*
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20 um

c)

d)

Figure 7. SEM images of in-situ 0.5 strained samples of NRS5 composition: a) as obtained, b) after fatigue test at 0.10 test
amplitude, c) after fatigue test at 0.25 test amplitude and d) after fatigue test at 0.50 test amplitude. White arrows
show the direction of in-situ elongation as well the direction of fatigue test.

of the unfatigued as well as the fatigued samples at
all the three test amplitudes revealed lack of cracks
in polymer visible at micro level, as is shown in Fig-
ure 7. In order to open the cracks and make them ob-
servable, the samples were strained at 0.5 during the
SEM analyses. The examined morphology of the rub-
ber polymer reflected non-appearance of any cracks
at selected magnification as well as no remarkable
differences between samples.

Another more sensitive method (besides SEM), to
perceive any breaks of rubber matrix even at molec-
ular level is swelling test. Figure 8 summarizes the
crosslink density (obtained from Equation (2)) of
vulcanizates with different CB+CNTs contents be-
fore and after fatigue test at different strain ampli-
tudes. The crosslink density of vulcanizates exhibit-
ed an increasing trend with an increase in CNTs con-
tent. This was attributed to the physical crosslinks
between CNTs and natural rubber [20], which im-
mobilized the rubber chains and consequently min-
imized the amount of the solvent within the rubber
matrix at equilibrium swelling. All fatigue tested
samples, subjected to different strain amplitudes,

showed slight reduction in crosslink density com-
pared to the non-fatigued ones and no significant
change with an increase in strain amplitude. This ex-
perimentally confirmed that no critical transforma-
tion occurred in the rubber matrix during cyclic uni-
axial tensile test at the implemented strain ampli-
tudes and number of cycles. On the other hand, elec-
trical conductivity degradation strongly indicated a
residual restructuring of conductive paths. Therefore,

25
*
2.0 A K *® X
g s a8 ]
= 151
E
3
2 1.0
=
O NRO
0.5 ® NR1
A NR3
* NR5
0.0 r . .
0.00 0.25 0.50

Strain amplitude

Figure 8. Crosslink density of vulcanizates before and after
fatigue test at different strain amplitudes.
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fatigue transformation in investigated vulcanizates
at small strain amplitudes (up to 0.5) was predomi-
nantly due to reorganization of CB filler network
(filler network breakdown, filler deagglomeration in
the framework of self-similarity, polymer debonding
from filler surface, strain softening of the polymer
shell surrounding fillers, a network junction at small
strain, or the jamming transition [26] etc.).

All these processes might have led to significant de-
struction of the conductive paths which was hypoth-
esized through an indigenous scheme shown in Fig-
ure 9. In the figure white lines show the conductive
paths which cross the presented region in vertical di-
rection. The blue structures signify nanotubes while
red dots are carbon black particles.

The carbon black primary particles almost never
exist separately and are strongly fused by covalent
bonds into aggregates which join together by van der
Waals forces and form agglomerates.

During the external stressed condition, the strain of
rubber matrix at the nano level, is assumed to be very
non-uniform and filler dependent. The investigated
samples could be regarded as a mixture of domains
with different elastic modulus and rupture strength
(depending on local concentration of fillers). The re-
gions with low concentration of fillers are more
stretchable. Due to this strain gradient, it can be as-
sumed that the slipping of molecular rubber chains
over surfaces of CB aggregates [27], will be oriented
toward the regions with lower concentration of fillers.
Thus enlarging of nonconductive regions is accom-
panied by separation of peripheral aggregates from
agglomerates, simultaneous compaction of aggre-
gates which form the core of agglomerates-and broad
destruction of conductive paths. Due to their high as-
pect ratio, and surrounding rubber chain immobility
[20], CNTs may arrest the increasing or formation

Figure 9. Scheme of conductive paths inside of sample con-
taining hybrid filler: a) before and b) after fatigue
test.

of nonconductive regions in its vicinity. Thus, the
electro-conductive paths containing only CB are
much more affected in the process of desctruction
than the paths containing CB+CNTs. More than that,
a fatigued sample is supposed to concentrate the CB
agglomerates around of relatively fixed CNTs and
generate CNTs dependent distribution of reformed
conductive spots (Figure 9b). These reformations of
conductive paths, ultimately led to decreasing of con-
ductivity compared to initial samples but higher con-
centration of CNTs much better preserve the conduc-
tivity in fatigued samples.

4. Conclusions

Long lasting cyclic deformation at strain amplitudes
up to 0.5 did not exhibit change in NR polymer ma-
trix filled with hybrid filler but substantially changed
the residual electrical conductivity of tested samples.
With an increase in cyclic deformation amplitude,
the residual electrical conductivity of all the samples
decreased.

Partial replacement of CB with CNTs definitely im-
proved volume conductivity of the unstrained sam-
ples. Also, increasing amount of CNTs in the hybrid
systems tended to better preserve the conductivity
after cyclic deformation due to its active role in re-
stricting the formation of nonconductive regions be-
tween CB agglomerates. This tendency may be very
much appreciated in fabrication of transducers, sen-
sors and flexible electrodes working under elastical-
ly deformed conditions as well as in applications for
electrostatic rubber products.

Related to the results of the experiments, a new
mechanism of ‘conductivity preservation’ in flexible
conductive materials based on CB+CNTs hybrid
fillers was proposed, and explained through the re-
organization of the positions of CB aggregates
against CNTs.
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