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ABSTRACT: The effect of carbon nanotubes (CNTs) on
the stability of the mechanical and electrical properties of
recycled waste rubber was experimentally investigated. The
stress-strain curves of the composites were studied. The
results show that the toughness, the area under the stress—
strain curve, of the recycled rubber increased monotonically
as a result of the addition of CNTs. The modulus of the
nanocomposites increased by 28 times when only 5 wt %
CNTs was added to the recycled rubber matrix. The effects
of the cyclic fatigue and hysteresis for the composites were
also examined. The strain energy density, dissipation energy,

and linear damage accumulation versus the number of cycles
are discussed for all of the samples. The analysis of the
results showed that the strain energy density increased by 15
times at a CNT concentration of 5 wt %. The electrical prop-
erties were measured for all of the samples. The results indi-
cate that the addition of CNTs to the recycled rubber
improved its electrical conductivity by more than two orders.
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INTRODUCTION

Elastomers with a high electrical conductivity are
critical for applications ranging from seals between
pipes used for the transfer of flammable gases, elec-
trostatic automotive painting, and electromagnetic
shielding for mobile electronics. Traditionally, con-
ductive fillers, such as carbon black, chopped carbon
fiber, or metallic flakes are used.'™

Carbon nanotubes (CNTs), as self-assembling
nanostructures, have attracted a great deal of atten-
tion as model systems for nanoscience and for vari-
ous potential applications, including composite
materials, battery electrode materials, field emitters,
nanoelectronics, and nanoscale sensors. The interest
in CNTs stems from their unique structure and
properties, including their very small size (down to
0.42 nm in diameter); the possibility of CNTs to be
metallic or semiconducting, depending on their
geometrical structure; their exceptional properties of
ballistic transport; their extremely high thermal
conductivity and optical polarizability; and the pos-
sibilities of high structural perfection.

The main purpose of introducing CNTs into poly-
mer composites is to exploit the CNTs” inherent pro-
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perties of stiffness, tensile strength, damping proper-
ties, flame resistance, and thermal and electrical
properties.*” Therefore, many efforts have been con-
cerned with retaining the CNTs’ large aspect ratio in
the polymer matrix to achieve good interfacial stress
transfer (surface modification) and to improve disper-
sion and alignment during composite processing.'"""

The reclamation of scrap rubber products, for
example, used automobile tires and tubes, hoses,
and conveyor belts, is the most desirable approach
for solving their disposal problem. The recovery and
recycling of rubber from used and scrap rubber
products can, therefore, save some precious petro-
leum resources and solve scrap/waste rubber dis-
posal problems. For such an approach, the aim of
this study was to examine the effect of CNTs on the
stability of the mechanical and electrical properties
of recycled rubber.

EXPERIMENTAL

Car tire waste rubbers were collected. These tires
were washed by distilled water and acetone many
times to remove any dust and other wastes from
them, and then, they were left it in sunlight inside a
homemade glass room to dry completely. The
collected waste rubbers were subjected to degrada-
tion by oxygen and ozone; this resulted in the
characteristic cracking shown by very old rubber
products. The cracking was accelerated by heat and
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light and was dependent on the mode of deforma-
tion of the rubber. This means that the collected
waste rubber had a very poor hardness and, of
course, no conductivity.

A two-roll mill with a length of 0.3 m, a radius of
0.15 m, a speed of the slow roll of 18 rpm, and a gear
ratio of 1.4 was used to prepare such composites. The
samples of the waste rubber compound were pre-
pared according to the recipe shown in Table L.

During the mixing process, different ingredients
were added as follows: the waste rubber was milled
for 10 min, after which stearic acid, used as a coacti-
vator, was added and mixed for 5 min. Zinc oxide,
which was used as an activator to enhance the
action of organic accelerators, was added and mixed
for 7 min. Single-wall CNTs (purchased from Helix
Material Solution, Richardson, TX, with a 3-nm
diameter and 250-nm length) were added and mixed
for 5 min at different concentrations (1, 3, and 5 wt
% phr). Dioctyl phthalate oil was added and mixed
for 4 min. Dibenzthiazyl disulfide (MBTS) as an
ultra-accelerator, was added and mixed for 3 min.
Phenyl-B-naphthyl amine, as an antioxidant, was
added and mixed for 3 min. Sulfar, which was used
as a vulcanizing agent, was added and mixed for
5 min. The sample was passed endwise 10 times
through the mill at a 1-mm opening and, after that,
was sheeted off at a 2-mm thickness. This process
took about 8 min. The total milling time was fixed at
about 50-55 min. The compounded rubber was left
for at least 2 days before vulcanization.

The main purpose of vulcanization was to convert
the essentially raw waste rubber into an elastic and
dimensionally stable material and also to render its
physical properties temperature dependent to a
greater extent and to make it insoluble in liquids
that would dissolve unvulcanized rubber.'”” The
samples were compression-molded into sheets with
a steel die, which had dimensions of a 1 x 107* m?
area and a 0.01-m height. The vulcanization was
conducted under a heating press (KARL KOLB,
USA) at a temperature (T) of 423 * 2 K under a
pressure of 4 MPa for 30 min. The vulcanized sam-
ples were shelf-aged for 48 h at a temperature of
70°C in an electric oven before testing. The vulcani-
zation conditions were fixed for all of the samples.

Measurements

The stress—strain behavior was measured at room
temperature with a material tester (Ametek, USA),
which was connected by a digital force gage (Hunter
Spring ACCU Force II, 0.01-N resolution, USA) to
measure the stress forces. The force gage interfaced
with the computer to record the obtained data. The
stress—strain behavior was measured at a strain rate
of 0.01 mm/s. For the electrical measurements, brass
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TABLE I
Ingredients of the Investigated Recycled
Rubber Composites
Sample
Ingredient W() W10 W30 W50
Waste rubber 100 100 100 100
Stearic acid 2 2 2 2
Zinc oxide 5 5 5 5
CNT — 1 3 5
Dioctyl phthalate 10 10 10 10
MBTS 2 2 2 2
Phenyl-B-naphthyl amine 1 1 1 1
Sulfur 2.5 2.5 2.5 2.5

electrodes were attached to the parallel faces of the
samples during vulcanization, and a digital elec-
trometer (616 Keithley, USA) was used. The mor-
phology and microstructures of the samples were
characterized by field-emission scanning electron
microscopy (SEM; JEOL, J[SM-6700F, USA).

RESULTS AND DISCUSSION
SEM

Figure 1(a) depicts the SEM photograph for the as-
received CNTs. It was clear that the diameter of
CNTs was about 3 nm and the length was up to
250 nm. Figure 1(b,c) shows the distribution of the
CNTs in the recycled rubber matrix at two different
concentrations, 1 and 5 wt %, respectively. At low
CNT concentrations, the separation distance between
the CNTs was very large and decreased as the CNT
concentration increased. The aspect ratio of the
distributed CNTs in the recycled rubber matrix was
approximately 68. This value was less than the
aspect ratio of the CNTs (~ 83) before mixture
with polymer. This may have resulted from the
destruction of the CNTs during the mixing process
in the mill roll.

Stress—strain behavior

Figure 2 shows the stress—strain curves obtained with
various amounts of CNTs dispersed in the recycled
rubber matrix. The stress—strain curves were fitted by
the Ogden model'® and are plotted in Figure 2:

G = i—*? ([1 TP e s]*@l“)) 1)

where 1y = n, = E,/2(14v) = E,/3 for an incom-
pressible material, where E, is the Young’s modulus
at the small strain deformation and v is Poisson’s
ratio, respectively. o is the applied stress, € is the
strain, p; is the uniaxial shear modulus, and , is the
shear modulus for nanocomposite. a; is a material
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parameter that depends on the host polymer. The fit-
ting parameters, which were derived from the Ogden
model, for all of the samples are presented in Table II.

As shown in Table II, with increasing concentra-
tion of filler, a gradual improvement in the modulus
was observed. The results were compared with the

NONE SEl 150KV X5,000 10 nm
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Figure 1 SEM photographs of (a) CNT, (b) recycled
rubber/1 wt % CNT, and (c) recycled rubber/5 wt %
CNT compounds.
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Figure 2 Stress—strain characteristic curves for the recycled-
rubber-loaded CNTs. The dot lines are the fitting curves.

Guth reinforcement model.'* The model for spheri-
cal reinforcing particles has the following form:

E =E,(1+25V +14.1V?) )

where E is the modulus of elasticity at each volume
fraction V.

An alternative formulation accounted for nonspher-
ical particles. For rodlike particles of aspect ratio f, the
reinforcement was given by the following equation:'®

E=E,(1+0.67fV +1.62f*V?) (3)

With f as an adjustable parameter, an excellent fit was
obtained with f = 65 (Fig. 3). This result confirmed the
SEM photographs for the filler rodlike shape.

Strain energy density

The energy absorbed per unit volume (W) in the
deformation of rubber composites to a strain is sim-
ply the area under the stress—strain curve and can
be written as'®

TABLE II
Fitted Parameters of the Ogden Model for
Stress—Strain Behavior

Sample

Parameter W Wi Wy Wi

i (MPa) 1.30 £0.02 293 £0.03 345 *0.12 4.96 * 0.13
o 22002 22=*006 22=*003 22=*0.05
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Figure 3 Relative modulus (E/E,) as a function of the
CNT concentration.

W= jé o(e)de 4)
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in Figure 4, among the composites, the recycled rub-
ber free of CNTs had the lowest area under the
stress—strain curve and, thus, had the weakest
absorption, whereas the high concentration compo-
sites had the strongest absorption, as indicated in
Table III. Compared with sample WO, the energy
absorbed by sample W50 was 16.3 MJ/m?, whereas
that absorbed by sample W0 was only around
147 MJ/m? according to eq. (4). On the other
hand, the improvement in the absorption efficiency
made the impact protection more effective and
more reliable.

Cyclic softening and damage accumulation

Figure 5 shows the experimental cyclic stress—strain
curves for 1, 5, 10, and 20 loading and unloading
cycles. The permanent strain at the end of each cycle
was observed. This indicated that irreversible dam-
age had taken place and was apparently caused by
rupture of the CNT network as a result of the accu-
mulated dissipated energy. The accumulated dissi-
pated energy gave an indication about the damage
that took place in the samples. If the stress—strain
relationship was linear, the damage (D) could be
expressed by the following equation:'”

1
D— Olmax — ONmax _ 2 (Glmax - GNmax) Emax

. . . 1
where o(g) is the stress as a function of the strain. O1max 5 O1 max€max
Obviously, the higher the stress—strain curve is, the _AE )
higher the energy absorption capacity is. As shown Constant
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Figure 4 Cyclic stress—strain for the recycled rubber at different CNT concentrations.
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TABLE III
Strain Energy Density for All of the Rubber
Vulcanizates
Sample
Wo Wi W3 Wso
w

MJ/m® 147 +0.13 576 = 0.11 752 = 0.15 16.30 = 0.13

where ©1max is the maximum stress of the first
cycle; Onmax is the maximum stress of any other
cycle, and AE is the linear damage energy (also
abbreviated as LDE).

When the stress—strain relationship was nonlinear,
the damage component could be determined by the
difference between the dissipated energy for the first
loading path and the Nth loading path. In this case,
LDE (N) is expressed by the following equation:'®

€

LDE(N) = / [c14(1,€) — o13(N, €)]de (6)
0

where 64(1,€) and o,4(N,¢) are the stress functions for
loading the first and Nth cycles, respectively. The
rate of damage accumulation was calculated with
eq. (6) and is represented in Table IV. As shown in
Table 1V, after a large amount of damage took place
over the first 10 cycles, the rate of damage accumula-
tion became marginal with subsequent cycling.

Electrical properties

Figure 5 represents the relation between In ¢ and
1000/T for the recycled-rubber-loaded CNTs. The
slope of conductivity against the temperature
increased with increasing CNT concentrations. In
fact, the conductivity-temperature plot had two
slopes, one in the low-temperature range 303-343 K,
which depended on the sample type, and the other
slope in the high-temperature range 343-453 K. In
the low-temperature range (303-343 K), there was a
small change in the conductivity against temperature
because of the competition between two different
mechanisms, the thermal expansion of the host rub-
ber and the tunneling or hopping mechanism. After
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Figure 5 In o versus 1000/T for different concentrations
of recycled-rubber-loaded CNTs.

a temperature of 343 K, a thermal activation took
place that caused a progressive increase in the con-
ductivity against temperature. The temperature
dependence of the conductivity could be interpreted
on the basis of an Arrhenius equation.'” The activa-
tion energy (E,) values for the samples were calcu-
lated for the two different ranges of temperature
and are presented in Table V.

With increasing CNT concentration, the value of
E, decreased. E, at the high-temperature region was
greater than that at the low-temperature region.
Generally, we concluded that the mechanical and
electrical properties of the waste rubber were
improved by its recycling and also by the addition
of the CNTs.

CONCLUSIONS

Rubber from wet tires was successfully recycled.
This recycled rubber was filled with different
amounts of CNTs. The SEM images indicated that
the aspect ratio of the CNTs after the mixture with
recycled rubber (~ 68) was less than that before the
mixture (~ 83). This may have been due to the
destruction of CNTs during the mixture with rubber

TABLE IV
Damage Accumulation (LDE) at Different Number of Cyclic Stress—Strain

LDE (MJ/m®)

Sample 1 cycle 5 cycles 10 cycles 20 cycles 50 cycles 100 cycles
Wy 0.06 = 0.01 0.08 =0.01 011 *=0.01 016 *=0.02 0.16 =0.01 0.16 = 0.03
Wy 011 +0.03 023 *0.04 045*0.02 052=*012 053 =*011 051 *0.14
Wi 021 =002 043 £0.06 065=*=008 112*014 113*=010 111 *0.26
Wi 048 =013 083 025 115*021 202=*=012 2.03=*=010 201 =011

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE V
Calculated Values of E, for the Recycled
Rubber Samples

Sample
Wy Wio Wi Wso
Low-temperature E, (meV) 3.67 2.83 1.64 0.81
High-temperature E, (meV) 7.23 5.15 3.60 1.76

in the mill roll. The stress-strain test showed that
there was a good adhesion force between the CNT fil-
ler and rubber. The mechanical measurements also
showed that the stiffnesses of the recycled rubber
increased by 6, 15, and 28 times as a result of the
addition of different concentrations of the CNTs to
the recycled rubber. Cyclic stress—strain measurements
indicated that the hysteresis and the dissipation
energy decreased as the number of cycles increased
and increased as a function of the CNT concentration.
The electrical measurements indicated that as the
CNT concentration increased, the conductivity of the
rubber composite increased by more than two orders.
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