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Keywords:

NR/styrene-butadiene rubber (SBR) and NR/BR/SBR composites were
prepared by using two types of BR with highly linear chain structure (higher
viscosity and molecular weight) and branched chain structure (lower viscosity
and molecular weight). NR/BR composite consisting of BR with higher viscosity
has the highest fatigue strength. Damping factors of NR, NR/SBR and
NR/BR/SBR composites as a function of frequency were systematically

compared at constant temperatures of -40, 0, 25 and 60°C. Based on dynamic
mechanical analysis (DMA) results, the elasticity of NR/carbon black composite
improves, its heat buildup character and tan 4 decreases with the addition of BR.
The addition of 20 phr BR to NR/SBR composites provides 4-5 times better
fatigue strength due to the decrease of tan . Lastly, using a higher viscosity BR
in carbon black filled NR or NR/SBR is quite favorable in terms of using these
composites as anti-vibrational rubber bushings in automotive applications
where high fatigue resistance and lower damping factor are important criteria.
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1. Introduction

The dynamic mechanical properties and fatigue behavior of rubber composites have
important roles in predicting the service life of final products in automotive industry.
Especially, some parts of the framework in trucks cannot be changed easily in periodic
maintenance, and it means high maintenance costs. Also, the long fatigue life and better
damping properties of rubber products can provide better driving dynamics, safety and
reliability. Many reasons can affect dynamic mechanical properties and fatigue life of
rubber composites such as the types and amounts of fillers, main polymer, anti-
degradation chemicals, other special chemicals and environmental conditions [1-4].

Natural rubber has exceptionally remarkable properties such as outstanding tensile and
tear strength and good abrasion resistance which are eligible for production of O-rings,
tires, conveyor belts, fluid transfer systems, body sealing systems, transmission systems,
automotive antivibration, sealants, adhesives & coatings, molded parts, body parts, spare
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parts etc. [5,6]. NR has a great strength in terms of fatigue behavior when it is compared
with other rubbers. The strain-induced crystallization in NR increases mechanical
properties especially under high amplitudes of strain. In addition, this property provides a
longer fatigue life to NR in comparison with other rubbers. So, this behavior makes the
natural rubber a unique elastomer in rubber industry [7-11]. The mechanism of fatigue
behavior such as the nucleation and growth of defects or cracks in NR has been
investigated by several researchers [1-4,10-19]. Mars et al. investigated the multiaxial
stress effects on fatigue crack nucleation and growth in filled NR systems. The initial and
additional softenings in the system were believed to be conclusions of irreversible
breakage of various bonds and network chain breakage by the effect of fillers, respectively
[11]. The cavitation as a result of decohesion between zinc oxides and rubber matrix was
found out to be the crucial fatigue damage, and the crack tip consists of stretched elliptical
regions that are surrounded by highly stretched and crystallized ligaments [13]. The cracks
initiate from rigid inclusions such as SiOz2 or CaCOs particles, and large carbon black
agglomerates with an average size of 200 pm that are present in natural rubber. In
addition, the crack orientation is dependent on the type and maximum level of loading [14].

Styrene-butadiene rubber has been used in NR blends since it has better abrasion
resistance, crack initiation resistance, high filler-loading capacity and lower heat-build up
behavior [5,6,20,21]. SBR is generally used in wear applications. SBR is usually blended
with NR in order to improve its tensile and tear properties [5,6,21]. Thus, SBR has been
used in a wide range of products such as side walls of tires, belts, hoses, foot wears, foamed
products, etc. [5,6].  Mechanical, thermomechanical, fatigue and rheological properties
of NR/SBR composites have been studied by several researchers [5,6,20,21]. Based on
dynamic mechanical and mechanical results of NR/SBR composites, it was revealed that
the storage modulus decreases and loss modulus and tan § increase with increasing
temperature and NR concentration [20]. Based on DMA results, it was previously shown
that SBR/NR blends are incompatible due to their two distinct glass-transition
temperatures [20,21].

It is well-known that unfilled or unreinforced rubber has a low modulus, poor abrasion
resistance and fatigue behavior [3,4,22]. Carbon blacks are generally used to improve the
mechanical behavior of rubber. However, this reinforcing method is not sufficient by itself
especially in the fabrication of heavy industrial rubber products. Rubber composites that
have close elastic modulus exhibit similar mechanical properties. But in terms of fatigue
behavior and service life, changes in the types of polymers lead to quite different fatigue
resistance [3,4]. A longer fatigue life can be achieved in rubber composites by using
butadiene rubber in the matrix [3,4,23]. BR increases chain flexibility at lower
temperatures, filler loading capacity, and decreases heat-build up and energy consumption
during mastication [1,3,4,24]. Thus, blending different types of natural rubber composite
with BR is a typical method to improve the fatigue life [3,4,23,24]. It was previously shown
that the abrasion resistance, rebound resilience and hardness of natural rubber increases,
however its glass transition temperature decreases with the addition of butadiene rubber
[23]. Furthermore, better mechanical properties in NR/BR composites were obtained by
using carbon blacks that can be well dispersed in the rubber matrix [23]. In addition to a
few number of carbon black containing NR/BR composite studies in the literature, recent
works in this area have been focused on the use of nano and micron-sized fillers in
NR/BR/carbon black composites.

Among nano-sized filler containing NR/BR/carbon black composite studies in the
literature, the wuse of carbon nanotubes[25,26], halloysite nanotube [27],
nanoclay [27,28] and nano zinc oxide [29] in NR/BR/carbon black composite matrix can
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be given as examples. In addition, micron-sized silica [24,29], and organomodified kaolin
[24,30] were used in NR/BR/carbon black composites to enhance the curing
characteristics, fatigue resistance, mechanical and dynamic mechanical properties.

The dynamic mechanical properties of NR/BR and SBR/BR composites were improved
with the addition of suitable amounts of ultrafine full-vulcanized styrene-butadiene
powdered rubber [31]. Tension and compression tests of SBR/BR/NR composites revealed
that changes in frequency, strain rate and load do not significantly influence the fatigue life.
However, if the values of frequency and maxiumum strain are higher, the values of sample
temperature and thermal load are higher due to the hysteresis of rubber composites [16].

In this paper, carbon black reinforced NR/BR, NR/SBR and NR/BR/SBR composites
were prepared by using two types of BR with highly linear chain structure (higher
molecular weight and viscosity) and branched chain structure (lower viscosity and
molecular weight). The composition of rubber matrices was varied while the proportions
of other components (carbon black and small chemicals) were held constant. The purpose
of this work is to investigate and compare dynamic mechanical properties and fatigue life
of carbon black filled NR/BR, NR/SBR and NR/BR/SBR composites. The focus of this work
is to show that carbon black reinforced NR/BR and NR/BR/SBR composites containing two
types of BR with different chain structures, viscosities and molecular weights display
significant property improvements in terms of fatigue life and dynamic mechanical
properties compared to carbon black reinforced NR and NR/SBR composites, respectively.
Previous studies of carbon black filled NR/BR and NR/BR/SBR composites and
NR/BR/carbon black composites consisting of nano and micron-sized fillers have been
investigated by several researchers in the literature. However, to the best of our
knowledge, no systematic work has been reported about the effect of using two types of
BR with different molecular weights and viscosities on the fatigue life and dynamic
mechanical properties of carbon black reinforced NR/BR and NR/BR/SBR composites.

2. Experimental
2.1 Materials

Natural rubber that was used in this study is standard Vietnam rubber constant viscosity
60 (SVR CV60) since this grade can maintain its viscosity during and after mastication. For
butadiene rubber, cis-Polybutadiene Nd Catalyst was preferred which is widely used in
rubber industry. There are two different BR grades in terms of Mooney viscosity in the
market which belongs to LANXESS, and they are named as Buna CB 22 (BR1) and CB 24
(BR2). They have 63 and 44 Mooney viscosity, respectively. BR1 has a relatively higher
linear chain structure, molecular weight and viscosity compared to BR2. For styrene
butadiene rubber, SBR 1502 which has high filler capacity, low heat-build up character and
55+3 Mooney viscosity was used in NR composites. The glass transition temperatures of
NR, SBR, butadiene rubber (both BR1 and BR2) are -70°C, -58°C and -92°C, respectively.
The composition of NR composites is given in Table 1.

N330 (High Abrasion Furnace) carbon black was used as a filler material in the same
amount in all NR composites. In NR composites, the composition of rubber matrices was
varied while the proportions of other components (carbon black and small chemicals)
were held constant. The chemical composition of the reference sample NR composite is
given in Table 2.
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Table 1 The composition of NR composites (BR1: Buna CB22, BR2: Buna CB24)

Sample NR SBR BR1 BR2
Composition (phr) (phr) (phr) (phr)
NR 100 - - -
NR/SBR 50 50 - -
NR/BR1 50 - 50 -
NR/BR1/SBR 50 30 20 -
NR/BR2 50 - - 50
NR/BR2/SBR 50 30 - 20
Table 2 The chemical composition of the reference composite (NR)
Constituent Amount (phr)
SVR CV 60 (NR) 100
Carbon Black N330 (Filler) 50
Zinc Oxide (Zn0) 5
Stearic Acid (StA) 1.5
Aromatic Oil 3
Protective Agents 4
Sulphur (S-80) 3
Total 166.5

2.2 Fabrication of carbon black filled rubber composites

All samples were mixed in an open laboratory mill that has two rolls. The masterbatch,
sulphur powder and final batch are shown in Fig.1. Firstly, carbon black, and then small
chemicals were added to the rubber matrix. All samples were mixed in the lab mill at about
the same time. During the mastication process, the temperature of rolls was controlled
periodically to prevent any uncontrolled temperature increase. The final batch before and
during mixing with sulphur powder and accelerators on a two-roll mill are shown in Figs.
2(a) and (b), respectively.

" | A ST 5]
(@ (b)

Fig. 1(a) The masterbatch, sulphur powder and accelerators (b) The final batch



xxxxx et al. / Research on Engineering Structures & Materials x(x) (XxxX) Xx-Xx

(a) (b)

Fig. 2(a) The final batch before mixing with sulphur powder and accelerators on a two-
roll mill and (b) the final batch during mixing with with sulphur powder and
accelerators on a two-roll mill

2.3 Physical/Chemical Characterization
2.3.1. Dynamic mechanical analysis (DMA)

The damping behavior of NR composites was analyzed by using a MetraVib +1000 dynamic
mechanical analysis (DMA) instrument. DMA tests of cylindrical NR vulcanizates were
carried out by using the compression mode with frequency sweep from 1 Hz to 200 Hz at
constant temperature. The temperatures were chosen as —40°C, 0°C, 25°C and 60°C. Cold
temperatures were achieved by pumping liquid nitrogen to the sample compartment from
liquid nitrogen tank that is attached to the DMA instrument. Also, hot temperatures were
obtained by using the heater inside DMA. The DMA compression mode samples which
were prepared from the compression set mold have a diameter of 12 mm and a thickness
of 6.30 mm. There is no specific standard for sample dimensions in the compression mode
of DMA. All the samples have the same dimensions to obtain good consistent data. In
addition, the experimental procedure for the DMA compression tests were also executed
in the same manner for all the samples. For each sample, three repetitions were made to
obtain consistent data. The parameters such as storage and loss moduli and tan & were
automatically obtained or calculated by the software that is running the DMA instrument.

2.3.2. Fatigue analysis

The fatigue behavior of NR composites was determined by using Alpha Fatigue to
Failure Tester (FTFT) with only one constant 1.78 extension ratio, 1.67 Hz and tensile load
according to ASTM D4482. All the samples were subjected to same experimental
conditions. In FTFT experiment, 1.78 extension ratio corresponds to % 78 strain value in
a typical static stress-strain experiment. And this value is about %322 lower compared to
the maximum elongation of NR sample in this study. For each sample, maximum strain was
%78 and minimum strain was %0 during each cycle. For each NR vulcanizate, six samples
were tested and averaged to determine the fatigue behavior. In the FTFT test, the criteria
of fatigue damage is defined as complete rupture of test specimen according to ASTM
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D4482. So, the number of cycles to failure (fatigue life) was recorded up to the complete
material breakage for each sample. The dumbbell shaped specimens have a gauge length
of 25 mm, a thickness of 2 mm and a width of 4 mm. The pictures of a fatigue sample and
FTFT are given in Fig.3.

(@)
Fig. 3(a) The FTFT test sample and (b) the Alpha Fatigue to Failure Tester (FTFT)

2.3.3. Scanning electron microscopy (SEM)

SEM experiments were performed by using a JEOL JSM 7001F. The SE detector, HV mode,
15.00 and 10.00 kV accelerating voltages were used during the experiments. Samples were
coated with 5-6 nm Au-Pd to induce electrical conductivity. The SEM images were taken
from sample surfaces which were fractured after the samples were subjected to static
stress-strain tests. NR sample was ruptured at a tensile stress of 18 MPa and a maximum
elongation of % 400. In addition, NR/BR1 sample was ruptured at a tensile stress of 16
MPa and a maximum elongation of % 410.

3. Results and Discussion

DMA results of NR composites at -40°C, 0°C, 25°C and 60°C are given in Figs.4-7,
respectively. At all temperatures, the elasticity of NR matrix improves since carbon black
particles are relatively well-dispersed with the addition of butadiene rubber. Thus, tan &
decreases, and the heat buildup character or loss modulus of NR/BR composite system also
diminishes. As can be seen from Figs.4-7, the butadiene rubber gives more chain flexibility
to the composite especially at lower temperatures due to the highly linear chain structure
and relatively lower T of BR.

In Fig.4, at -40°C, NR/SBR has the highest tan & since it is the most rigid composite because
of its 23% styrene content. In Fig.4, at -40°C, NR/BR2 composite exhibits a higher tan 6
compared to NR/BR1 since the storage modulus of NR/BR1 composite is relatively much
higher compared to NR/BR2 due to the higher viscosity of BR1. Also, in agreement with
previous Payne effect and dispergrader results [32], the loss modulus of NR/BR2
composite is much higher compared to that of NR/BR1 since filler-filler interactions are
much higher in NR/BR2 compared to NR/BR1 composite. In Fig.4, NR/BR1/SBR composite
displays a higher tan & compared to NR/BR2/SBR since filler-filler interactions increase
due to the higher viscosity of BR1. The increase of filler-filler interactions in NR/BR1/SBR
composite compared to NR/BR2/SBR is also confirmed by Payne effect results from our
previous work [32]. Thus, this behavior leads to higher loss modulus and tan & in
NR/BR1/SBR in comparison with that of NR/BR2/SBR composite.
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Fig. 4. DMA results of NR, NR/BR, NR/SBR and NR/BR/SBR composites at -40°C.

In Fig.5, at 0°C, due to the increase of temperature, tan & of NR/SBR decreases slightly at
all frequencies compared to that at -40°C, and its profile almost becomes equal to that of
NR composite. As the temperature increases from -40°C to 0°C, tan 6 of NR/BR2 decreases
more than that of NR/BR1, and tan & profiles of NR/BR1 and NR/BR2 almost become equal
at all frequencies. In Fig.5, NR/BR1/SBR composite displays a higher tan & compared to
NR/BR2/SBR since filler-filler interactions increase due to the higher viscosity of BR1.
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Fig. 5. DMA results of NR, NR/BR, NR/SBR and NR/BR/SBR composites at 0°C.
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Fig. 6. DMA results of NR, NR/BR, NR/SBR and NR/BR/SBR composites at 25°C.

In Fig.6, at 25°C, due to the increase of temperature from 0 to 25°C, tan § profiles of NR/SBR
and NR decrease slightly at all frequencies compared to those at 0°C, and their tan 6 values
profiles are almost equal to each other. As the temperature increases from 0°C to 25°C, tan
6 of NR/BR1 decreases more than that of NR/BR2, and tan d profile of NR/BR2 becomes
much higher than that of NR/BR1 at 25°C. At this temperature, storage and loss modulus
values of both NR/BR1 and NR/BR2 decrease compared to the case at 0°C. But, the
decrease in storage modulus in NR/BR2 is more pronounced compared to NR/BR1 due to
the higher viscosity of BR1. Thus, the storage modulus of NR/BR1 is much higher and its
tan & is much lower compared to NR/BR2 at all frequencies. In Fig.6, at 25°C, NR/BR1/SBR
composite displays a higher tan & compared to NR/BR2/SBR since filler-filler interactions
increase due to the higher viscosity of BR1. The increase of filler-filler interactions in
NR/BR1/SBR composite compared to NR/BR2/SBR is also confirmed by Payne effect
results from our previous work [32]. Thus, this behavior leads to higher loss modulus and
tan 6 in NR/BR1/SBR in comparison with that of NR/BR2/SBR composite.

In Fig.7, at 60°C, tan § of NR/SBR composite is much lower compared to NR due to the
higher Tg and high filler loading capacity of SBR. As the temperature increases from 25°C
to 60°C, tan & of NR/BR2 decreases more than that of NR/BR1, and tan & profile of NR/BR1
becomes much higher than that of NR/BR2 at 60°C. In Fig.7, at 60°C, NR/BR1/SBR
composite displays a higher tan 8 compared to NR/BR2/SBR since filler-filler interactions
increase due to the higher viscosity of BR1. As the temperature increases from 25°C to
60°C, tan o of NR/BR2/SBR decreases, and tan 6 profile of NR/BR2/SBR becomes much
lower than that of NR/BR1/SBR. Storage and loss modulus values of NR/BR2/SBR
decrease compared to the case at 25°C. But, the decrease of loss modulus in NR/BR2/SBR
is more pronounced than the decrease of storage modulus. In the case of NR/BR1/SBR
composite, as the temperature increases from 25°C to 60°C, tan 8 of NR/BR1/SBR does not
change that much at all frequencies.
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Fig. 7. DMA results of NR, NR/BR, NR/SBR and NR/BR/SBR composites at 60°C.

Fatigue results are given in Fig. 8. As can be seen from FTFT results, the most durable
composite is NR/BR1, and it has 1.5 million of cycles in terms of fatigue failure. This is
because the presence of BR component which has a higher linear chain structure,
molecular weight and viscosity improves elasticity and storage modulus. Fatigue behavior
is directly related with the elastic characteristics of sulphur bonds which are located
between polymer chains [33-35]. Single bridges of sulphur (monosulphidic bridges) are
known as more elastic and reliable in terms of chemical bonding [33,35]. Monosulphidic
bridges propagate relatively more less in comparison with polysulphidic bridges, and this
behavior leads to optimal thermomechanical properties (less relaxation in stress and less
compression set) but lower fatigue resistance [33,35]. In addition, broken monosulphidic
bonds have less possibility in terms of bonding again spontaneously in contrast to
polysulphidic bonds [33,35]. However, the vulcanization system that was used in the
NR/BR1 composite consists of both mono and polysulphidic bonds. So, for this reason, this
vulcanization system provides more elasticity, superior thermomechanical properties [32]
and higher fatigue resistance at the same time.
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Fig. 8. Fatigue results of NR, NR/BR, NR/SBR and NR/BR/SBR composites.
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Fatigue behavior deteriorates with increasing tan 6 of NR composites. For instance, in
comparison with NR/BR1, the fatigue resistance of NR/BR1/SBR composite is much lower
due to the addition of 30 phr addition of SBR instead of BR1. In comparison with NR/SBR
composite, fatigue strengths of NR/BR1/SBR and NR/BR2/SBR composites exhibit higher
values. Here, the composition of NR/SBR composite is 50/50 phr. Thus, compared to
NR/SBR, in NR/BR/SBR composites, taking out 20 phr SBR and adding 20 phr BR provide
4-5 times better fatigue strength values due to the decrease of tan d.

100pm KITAM
WD 10

Fig. 9. SEM micrographs of NR composite.

SEM images of fracture surfaces that belong to carbon black reinforced NR and NR/BR1
composites are shown in Figures 9 and 10, respectively. In Fig.9, it is clearly seen that
carbon black reinforced NR composite that does not contain any BR component has a
relatively sharp and brittle fracture surface. In NR composite, filler-filler interactions were
observed to be higher due to the absence of BR based on damping, fatigue and previously
observed Payne effect results [32].

10pm  KITAM

Fig. 10. SEM micrographs of NR/BR1 composite

In Fig.10, in NR/BR1 composite, since BR gives more elasticity to NR blends, the fracture
process appears more ductile, and the crack propagation becomes more difficult compared
to NR composite. Thus, for this reason, the fatigue life of NR/BR1 is much higher compared
to NR composite since a crack needs more energy to propagate in a softer matrix with a
higher ductile property.

10
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4. Conclusion

In summary, carbon black reinforced NR/BR, NR/SBR and NR/BR/SBR composites were
prepared by using two types of BR with highly linear chain structure (higher viscosity and
molecular weight) and branched chain structure (lower viscosity and molecular weight).
Dynamic mechanical properties and fatigue life of carbon black filled NR/BR, NR/SBR and
NR/BR/SBR composites were systematically compared with each other. Based on DMA
results, at all temperatures, the elasticity of NR matrix improves since carbon black
particles are relatively well-dispersed with the addition of butadiene rubber. Thus, tan &
decreases, and the heat buildup character of NR/BR composite system also diminishes.
Especially at lower temperatures, the butadiene rubber gives more chain flexibility to the
rubber composite due to the linear chain structure and relatively lower Tg of BR. In
addition, at all temperatures, NR/BR1/SBR composite displays a higher tan 6 compared to
NR/BR2/SBR since filler-filler interactions increase due to the higher viscosity of BR1
compared to BR2. Fatigue results clearly show that the most durable composite is NR/BR1,
and it has 1.5 million of cycles in terms of fatigue failure. This is because the presence of
BR component with a higher molecular weight and viscosity in NR improves elasticity and
storage modulus. Fatigue behavior deteriorates with increasing tan & of blends. For
instance, in comparison with NR/BR1 composite, the fatigue resistance of NR/BR1/SBR is
much lower due to the addition of 30 phr addition of SBR instead of BR1. The addition of
20 phr BR to NR/SBR/carbon black composites provide 4-5 times better fatigue strength
due to the decrease of tan 6. SEM results also confirm fatigue results such that NR/carbon
black composite has a relatively sharp and brittle fracture surface in comparison with
NR/BR1/carbon black composite. Since BR gives more elasticity to NR/BR1 composite, the
fracture process appears more ductile, and the crack propagation becomes more difficult
than pure NR composite. Here, these results clearly show that blending carbon black
reinforced NR or NR/SBR composites with BR which has different degrees of viscosity is
quite favorable in terms of using these NR composites as anti-vibrational rubber bushings
in automotive applications where high fatigue resistance and lower damping factor are
important criteria.
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