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Abstract. This research aimed to study the effects of
adding hydrophilic silica nanoparticles as nanofiller on
tread properties of a typical tyre compound. In this
respect, four compounds were prepared as a representative
of the tread of the tyre. The amount of 0, 1, 3, and 5 phr
(parts of filler per hundred parts of rubber) of nanofiller
were added by melt mixing method. Physical and
mechanical properties of compounds were measured. The
structure and morphology of the fractured surface of the
compounds were characterized using field emission
scanning electron microscopy (Fe-SEM). The results of
cure and mechanical analysis of the compound series
showed that the sample containing 3 phr of nanofiller
possesses better properties. This observation is due to
higher interaction between nanofiller and polymer
macromolecules that causes better dispersion of the
nanoparticles in polymer matrix.

Keywords: rubber filler, mechanical properties,
hydrophilic silica nanoparticles, melt mixing method,
abrasion resistance.

1. Introduction

Tyre, as the last rotating member of vehicles, plays
an important role in vehicle control. Therefore, selection
of tyre and its maintenance are important factors for the
better performance of the system.1 Besides, the need to
conserve fuel in motor vehicles dictates the use of new
materials in tyres. The growing demand for increased fuel
efficiency and rising standards of safety, durability and
noise for tyres, as represented by the new EU tyre label,
the tyre manufacturers continually try to improve the
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quality and biocompatibility of their products.z’3 Rubber,
as the base polymer of tyre, is usually reinforced with
fillers to enhance its properties. Conventional reinforcing
fillers in rubber compounds are carbon black and silica.
New innovations in the field of nanomaterials provide
production of new fillers (nanofillers) that pave the path to
the "quality triple triangle", including safety, durability
and noise pollution, as much as possible.”® Nanoparticles
have attracted much attention due to their unique
properties like very low size, high surface area and surface
activity. Such nano fillers are used in rubber formulations
in order to improve the physical and mechanical
properties.”” Nano fillers have indicated a great potential
to improve tyres properties. Compared to conventional
filler, the high interfacial surface area of nanofillers lessen
the quantity of filler required and thus reduces the specific
gravity of the compound and heat generation that
ultimately lead to the high performance of tyre and its
better fuel efficiency.'®" Silica is one of the promising
environment friendly and inexpensive reinforcing filler,
which can be prepared from renewable resources. Among
different inorganic fillers, nanosilica stands out as it
provides significant improvement in thermal, mechanical
and dynamic properties of elastomers. Silica also plays an
important role as a promising surrogate for carbon black,
which reduce the environmental pollution, as well as non-
renewable energy source. One of the major problems for
the rubber compound is the weak distribution of filler in
the polymer matrix. This problem is more imperative for
silica filler due to its surface polarity. To improve the
distribution of silica filler in the polymer matrix, surface
modification is required."*"” When added to rubber it
slows down the cure rate and consequently reduces the
crosslink density. Surface modification of silica such as
grafting polymer chains, polymer coating, addition of
silane coupling agent, mechano-chemical method and so
on is necessary to improve the interaction of silica with
polymeric materials and to get homogeneous dispersion
inside the matrix. One of the major problems for the
rubber compound is the weak distribution of filler in the
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polymer matrix. This problem is more imperative for
silica filler due to its surface polarity. To improve the
distribution of silica filler in the polymer matrix, surface
modification is required. The particle size of filler and
surface functionality are two important factors that
considerably influence the reinforcement effects of filler.
As reducing the size of filler leads to improvement of its
surface area, silica nanoparticles with an extremely large
surface area are aimed to have significant influences on
the cure and mechanical properties of tyre compound.'**
The linkage between nanoparticles and rubber
compounds, which occurs at the atomic scale, improves
physical and mechanical properties of the rubber, e.g.,
increasing abrasion resistance and tensile strength of tyre,
improving its thermal properties, as well as increasing
tensile fractures and appearance of rubber. All these
enhanced properties of tyre will create a product with
excellent quality as well as good-looking and marketable
that is competitive in global markets.”'**

Because of the importance of fillers in the rubber
industry, many researchers have attempted to investigate
this issue. Park et al.” studied the effect of thermal
treatment on the properties of nanosilica/rubber
compound. They checked the crosslink density and
tearing energy of compound to determine its mechanical
interfacial properties. Their results revealed that thermal
treatment that improves dispersion of silica in rubber
matrix increases the siloxane bond on the silica surface
and thus improves the tearing energy of compound. Chen
et al.* investigated the reinforcement effects of nanosilica
on natural rubber (NR) based nanocomposite. The self-
assembly method was used to produce NR/nanosilica
nanocomposite. Measuring thermal, mechanical and
morphology properties of the nanocomposite indicated
that homogenous dispersion of silica nanoparticles
significantly increases thermal resistance and storage
modulus of NR host. Mathew and Narayanankutty”
synthesized nanoscale silica by acid hydrolysis of sodium
silicate using dilute hydrochloric acid under controlled
conditions. They investigated mechanical properties of
natural rubber/Nylon-6 short fiber hybrid composite filled
by the synthesized nanosilica as reinforcing filler. Their
achievements were improvement of tensile strength,
modulus, tear strength, abrasion loss, and hardness of
nanocomposite. Moreover, resilience and compression set
were adversely affected. Meera er al.”® studied the stress
relaxation behavior of the composites of natural rubber
were filled with TiO, and nanosilica, with reference to the
filler loading and strain level. They observed that the rate
of stress relaxation increases with increase in filler
loading, which is higher for silica-filled NR compared to
TiO,-filled NR. They also investigated the effect of
ageing on the stress decay and found that the rate of stress
relaxation decreased after ageing. Their experimental data
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were fitted with the stretched Kohlrausch equation.”®
Eventually, they estimated the relaxation time and the
stretching exponent in order to understand the mechanism
of the relaxation processes in the filled natural rubber
composites, from the fitting parameters. Chayan and
Bharat®” prepared silica-nitrile rubber nanocomposites, in
which the surface of silica nanoparticles was modified.
Increasing in tensile strength, elongation at break and
thermal stability of the modified silica nanocomposite
were observed compared to composites containing the
silica particles without surface modification. Nurul Hayati
Yusof et al® prepared natural rubber with filler
nanomatrix by forming a chemical linkage between NR
and filler nanoparticles. The filler nanomatrix structure
was formed by graft copolymerization  of
vinyltriethoxysilane onto natural rubber particles. The
silica nanoparticles were produced during the graft
copolymerization through hydrolysis and condensation,
i.e., sol-gel reaction. They studied mechanical properties
of nanocomposites and observed that tensile properties,
loss modulus and loss tangent of the nanocomposite
improved significantly. Jaleel Kareem et al.”’ studied the
effect of nano silica as a filler with loading level (i.e., 0.1,
0.3, 0.5, 1, 3, 5, 10, 20, 30, and 40 parts of filler per
hundred parts of rubber (phr)) on mechanical properties of
styrene-butadiene rubber (SBR). Their results showed that
small quantities of silica nanoparticles improved the
mechanical properties better than high quantities. This
result was due to the fact that silica at low concentration
acts as a filler in SBR composite and at high levels
nanoparticles aggregate with an irregular distribution in
the rubber matrix, which reduces their properties. They
also concluded that the optimum percent of silica
nanoparticles was 1 phr, which gives a better performance
for tensile strength, tear resistance, fatigue resistance, and
abrasion loss.

Although, due to multiple properties of the silica
nanoparticles, they have been used in most industries like
the construction industry, production of concrete, cement
industry and so on, and almost many researchers have
studied in the field of composites reinforced with
nanoparticles as fillers. Nanofillers are playing an
increasingly important role in the field of rubbers. They
can be dispersed as individual particles in the polymer
matrix, with at least one dimension at the nanoscale. In
this study, our novelty is case study, where for the first
time we used the hydrophilic silica nanoparticles to
improve mechanical properties of a typical tyre compound
that is produced in Barez tyre company. All tests of this
research were carried out on a real compound according to
industry standards in the research laboratory of Barez
Tyre Co., Kerman, Iran. In this study, hydrophilic silica
nanoparticles were used as a filler in tread compound of
tyre. The aim of this study was to increase the abrasion
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resistance of the tyre in order to increase its life. The
positive and negative effects of this filler on the other
mechanical properties of the tyre were also investigated. It
is expected the achievements can be extended to the
industrial scale.

2. Experimental

2.1. Materials

The raw material used in this study were SBR 1712
(Bandar Imam Petrochemical Company Ltd. Mahshahr,
Iran), carbon black N339 (Doodeh Sanati Pars Company,
Tehran, Iran), aromatic oil (Behran Oil Company, Tehran,
Iran), stearic acid (Orient Containers Sdn Bhd, Malaysia),
microcrystalline wax (Rose Polymer Co.,Ltd, Tehran,
Iran), zinc oxide (Roy Gostar Jam, Tehran, Iran), 6PPD
(N-(1,3-dimethylbutyl)-N'-phenyl-p-phenylenediamine)
and TMQ (2,2,4-trimethyl-1,2-dihydroquinoline scored
off). The last two materials were purchased from
Shanghai Ruizheng Chemical Technology Co., Ltd.
Shanghai, China, and were used as protective agents.
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requiring high-shear mixers or extruders and temperatures
above the melting point or the glass transition point of the
polymer). The first step was the production of master-
batch (uncured rubber and additives), consequently
uncured rubber and chemicals were mixed in 21
laboratory banbury mixer with tangential rotors in 40 s.
Next, carbon black was added to the mixer and then
continuously mixed for 60 s. Then, to produce the master-
batch, by adding oil to the mixture, three stages of mixing
were done. Each stage lasted 50 seconds under the ram
pressure. After cooling the master-batch in water and
conditioned at 296 = 2 K for 2-3 h, final-batch by adding
the accelerator and sulfur was prepared. The nanofiller
was added to compounds 2, 3 and 4 during preparation of
the master-batch with other chemicals. Tables 2 and 3
give formulation of the master and final-batch of the
nanocomposite series under this study, they were named T
group. After final mixing and 24 h maturation, the curing
process was performed by a lab curing press at 433 K for
20 min.

Table 2. Formulation of the master-batch of T compounds (g)

Hydrophilic silica nanoparticles were purchased from Component MT- | w12 | MT3 | MT-4
Nano Rahpouyan Mahan Co., Iran. Sulfur and TBBS (V- 1
tert-butyl-2-benzothiazole sulfenamide) were used. TBBS SBR 1712 696 693 688 682
was as an accelerator. Specifications of silica nano- CB N3,39_ 405.1 | 4034 | 400.0 | 396.7
particles provided by the supplier are given in Table 1. ‘giom?tlc 9(111 ?8? ?8‘1‘ ?8(1) 499'96
earic aci ) ) ) .
Table 1. Characterization of silica nanoparticles 6TI1)\/I[)8 150'11 15061 15061 2(9)
Details Silicon oxide (SiO,) Microcrystalline wax 7.6 7.6 7.5 7.4
Purity 99+% ZnO 15.2 15.1 15.0 14.9
ASP' 20-30 nm Hydrophilic nanoSiO, — 5.0 15.0 24.8
SSA® 180-600 m’/g
Color white Table 3. Formulation of the final-batch of T compound (g)
Bulk density <0.01 g/lem’
True density 2.4 glem’ Component T-1 T-2 T-3 T-4
MT-1 986 - - -
Notes: 'average size of particles; > specific surface area; MT-2 - 986 _ -
* bulk density, also called apparent density or volumetric MT-3 - - 986 -
density, is a property of powders, granules, and other divided MT-4 - - - 985.7
solids. One of the parameters specified in the company’s catalog TBBS 6.2 6.2 6.2 6.1
as specifications for nanosilica. Sulfur 8.3 8.3 8.2 8.1
Natural  rubber (NR)  having  viscosity

2.2. Processing of Nanocomposites

Four compounds were prepared. The first one,
without nanofiller, was used as a reference and the
properties of other compounds were compared with it. To
the compounds 2, 3 and 4 a nanofiller in amount of 1, 3
and 5 phr, respectively, was added. The mixing operation,
physical and mechanical tests were performed in the
research laboratory of Barez Tyre Co., Kerman, Iran.
Compound mixing was performed by melt mixing method
in two steps (melt mixing is a high-temperature process

(MLI + 4@373 K) of 70 + 2 with density 0.94 g/cm’, was
purchased from RRII, Kottayam. Nanosilica with surface
area of 575 m’/g and modified nanosilica were prepared in
our laboratory. In the first stage (master-batch
production), after 40 s of mixing uncured rubber and
chemicals, the temperature was adjusted at 341 K. After
adding carbon black, the temperature increased to 373 K.
When the oil was added, the temperature decreased,
however, after complete mixing, the temperature
increased. After cooling the master-batch with water bath
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and conditioned at 296 £ 2 K for 2-3 h, final batch by
adding the accelerator and sulfur was prepared in four
steps, 40 s each. At the end of the process the final batch
temperature was 353 K. The nanofillers were added to
compounds 2, 3 and 4 during preparation of the master-
batch with other chemicals at the beginning of the process.
Also, speed of rotor for master-batch and final-batch was
80 and 50 rpm, respectively and the average fill factor was
70 %.

2.3. Characterization

The cure characteristics of the compounds such as
Mooney viscosity and rheometer were determined using
MOONEY MV 2000 as per ASTM-D1646 and
RHEOMETER MDR 2000 as per ASTM-D2084,
respectively, both from ALPHA TECHNOLOGIES,
USA. The output parameters of rheometer are T, process
safety of a compound in high-temperature in the
production line, Ty, half-time curing compound and Ty
time to get 90% cure. The structural property of
nanocomposites was obtained using field emission
scanning electron microscopy (Fe-SEM) analysis. The
prepared nanocomposite specimens were sliced in liquid
nitrogen temperature. The cross sections were supported
by gold mesh grids. Samples were analyzed using
HITACHIS-4160 Fe-SEM with a 30kV operating
voltage, Japan.

2.4. Mechanical Properties

The tensile strength values such as tensile stress-
stain, elongation at break and modulus of ring samples
were measured as according to ASTM-D1414 using
Zwick/ROELL Germany testing machine. The test speed
was 500 mm/min. The hardness of the samples was
examined with a Shore-A durometer as per ASTM-D2240
(Zwick/ROELL Germany). Specific gravity value of the
samples was measured according to Archimedes law
using Zwick/ROELL Germany testing machine.
Resilience was the next property of the samples that was
measured, according to ASTM-D7121, Zwick/ROELL
Germany. Abrasion resistance was estimated according to
ASTM-D5963 and ISO-53516 using Pico abrasion tester
from FERRY industries USA. Heat buildup (HBU) of the
cylindrical samples with an initial height of 25 mm, was
examined using Toyo Seiki Seisaku-Sho, Ltd, Japan
according to ASTM-D623 with the frequency of 30 Hz.
Flex cracking resistance of the samples was estimated
using Demattia type flex cracking tester according to
ASTM-D813, Toyo Seiki Seisaku-Sho Ltd, Japan. The
dispersion of nanofiller in rubber matrix was measured by
dispers grader 100, Sweden according to ASTM-D2663
and ISO-11345.
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3. Results and Discussion

3.1. Cure Characteristics

Mooney  viscosity ~ represents  compound
processability in production line. Fig. 1 demonstrates the
Mooney viscosity of the nanocomposites. It can be
observed that by increasing the concentration of silica
nanoparticles, the viscosity decreases from 50 to 47 MU.
This result is due to better reinforcement effect of
nanoparticles on polymer matrix because of their good
dispersion in the base rubber. Both better dispersion of
filler in rubber and higher shearing stresses by the
incorporation of nanoparticles are the reasons of viscosity
decrease. But at higher temperature dispersion of filler in
rubber has dominate effect.*® Mooney viscosity represents
compound processability in the production line. The
higher wvalue of this property indicates the higher
resistance of the compound against the rotor rotation of
the device that shows the lower compound processability.
Based on the results, it can be observed that by increasing
the concentration of silica nanoparticles, the viscosity
decreases. MDR rheometer test results are provided in
Table 4. According to the definition of Ty, the greater
value of this parameter is less sensitive to scorch. Since
the combination of T4 and Ty shows cure conditions and
the objective is an economic justification of the cure
reaction in the shortest time possible, the nanocomposite
with 3 phr filler is the desired option. According to
obtained experimental data, adding nanofiller has
improved rubber properties. However, the value of
nanosilica phr should be in the range of 1-3. Referring to
Dileep and Narayanankutty®'~> higher values of phr due to
hydrophilic nature of silica particles lead to formation of

aggregates and when phr>5 only a marginal
improvement is observed.
Mooney Viscosity (MU)
50 50
48 48
46
44
MT-4 MT-3 MT-2 MT-1

Fig. 1. Mooney viscosity of nanocomposite series
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Table 4. MDR rheometer test results of nanocomposites

series
Nano-silica, phr T, min T, min Tog, min
0 2.77 4.05 9.65
1 3.14 448 9.59
3 3.19 437 9.65
5 3.10 4.63 10.58

The knowledge of rheological and processing
characteristics of rubber-based nanocomposites plays a
vital role in determining the design and subsequent
fabrication aspects of any finished product. Therefore, it is
of great interest to investigate the rheological and
processing behavior of rubber-based nanocomposites.*’
Carbon black has important effect on rubber rheological
characteristics and its modification by nanofiller improve
physical and mechanical properties of rubber. Indeed,
modification of carbon black leads to increased particle
accumulation on surface rubber and increased rubber
surface activity. The effect of fillers on rubber
reinforcement depends on the filler properties, e.g.,
particle size, shape and aspect ratio, dispersion of filler in
the polymer matrix, and interaction with polymer.
Because of small particle size and complex aggregate
structure of precipitated silica, it imparts the highest
degree of reinforcement to rubber among all of the
nonblack particulate fillers. Nanofillers, which range from
1 to 100nm, are able to significantly improve the
mechanical performance of the rubber products and
provide good reinforcement. The high surface area of
nanoparticles leads to more polymer chains attached to the
surface. This restricts the movement of polymer chains
under loading, resulting in high reinforcement. Therefore,
nanoparticles are profoundly important to the
reinforcement of elastomers. Adding small quantities of
silica nanoparticles, as compared to high quantities,
improved the mechanical properties, which is due to the
fact that silica at low concentration acts as a filler to fill
the spaces in the recipe of SBR composite. At high
quantities, nanoparticles act as microparticles and
aggregate between chains with irregular distribution in
rubber matrix, consequently this fact reduces the
properties. This finding is in accordance with reference®
used in the paper.

3.2. Mechanical Properties

Table 5 gives the effect of silica nanoparticles on
tensile properties of rubber. Based on the definition of
tensile stress-stain, modulus and elongation at break, the
greatest value of these parameters is more favorable.
According to the data in Table 5, nanocomposite with
3 phr nanofiller has the maximum tensile and modulus
(i.e. 15.90 MPa, 11.70 MPa). The maximum elongation at
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break is for 1 phr silica nanoparticles. Referring to Meera
et al®® we can conclude, there is a good dispersion of
filler and strong interactions between filler particles and
rubber according to these tests. Improved tensile strength
caused by good dispersion of nanofiller in rubber and
higher interactions between them lead to better stress
transfer from the matrix polymer to the filler particles.
This strong interaction limits the mobility of the filler
nanoparticles, which decreases the elongation and
increases the modulus. Therefore, according to this test,
the nanocomposite with 3 phr nanofiller is the acceptable
option. This finding is in accordance with that reported by
Ahmed et al” The tensile strength in the sample with
5 phr nanofiller decreased to 13.6. The reason is that the
nanofiller probably play the double role of reinforcer and
the filler at this amount. This means that up to a certain
phr it was as a reinforcer and henceforth it only was the
filler.

Table 6 shows hardness and resilience of
nanocomposites. It is obvious that as the content of
nanosilica increases the hardness is kept rather constant
compared to the reference value. This observation is
interesting. The higher resilience means more energy is
returned, or in other words, less heat remains in the
compound, which increases the tire life. Based on Table 6,
the compound with 3 phr nanofiller is more desirable. It is
obvious that a product with lower weight, which satisfies
standard conditions, is one of the major purposes of the
rubber industry. Therefore, as shown in Fig. 2 by
increasing nanosilica loading, specific gravity (SPGR)
value for nanocomposite series is relatively constant
compared to the reference value. This result is desirable.

Table 5. Tensile properties of nanocomposites series

Nano- Tens.ST, Elongation, | Modulus, MPa
silica, phr MPa % 300%
0 14.20 440 9.80
1 15.60 485 9.60
3 15.90 423 11.70
5 13.60 457 9.0

Table 6. Hardness and resilience of nanocomposites

series
Nano-silica, phr Hardness, shore A Resilience, %
0 57 28
1 57 26
3 58 27
5 58 25

A lifetime of rubber compound directly depends on
abrasion resistance. In rubber industry, the abrasion
resistance is the resistance of a cured rubber compound to
erode, when it is in dynamic contact with an abrasive
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surface.” This property is reported as weight loss percent.
The results of this test are illustrated in Table 7. Based on
these data, the compound with 3 phr nanofiller has the
least value of the weight loss, which makes it an
acceptable option.

SPGR

T-1 T-2 T-3 T-4

1.158

1.166
1.164
1.162

116
1.158
1.156
1.154

W SPGR 1.162 1.164 1.166

Fig. 2. SPGR of nanocomposite series

Temperature increase, °C

114 14 114 120
105
100
T-4 T-3 T-2 T-1

a)
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Generally, dispersion test is performed to determine
filler distribution in a rubber matrix. In this research, the
dispersion of carbon black (CB) was studied. Table 7
shows the dispersion of this filler in the nanocomposites.
The gradation of device is in the range of 0 and 10. As the
value of the device output is closer to 10, it denotes a
better dispersion of the filler. It can be seen that the
dispersion of carbon black is improved when the silica
nanoparticles are added. Maximum improvement in the
dispersion is observed for nanocomposite with 1 phr
nanofiller and the value is 7.62.

Table 7. Abrasion resistance and dispersion of carbon
black in nanocomposite series

Nano-silica, phr 0 1 3 5
Abrasion resistance, weight

loss percent after 172 round 24 26 20 1205
Dispersion of carbon black, X | 6.53 | 7.62 | 7.47 | 7.58
Percent reduction in height
10

6.4
5

0.4 - 0.4

T-4 T-3 T-2 T-1

b)

Fig. 3. Heat buildup results of nanocomposite series: temperature increase (a) and percent reduction in height (b)

The phenomenon of residual heat (waste energy) in
a piece of rubber is the main cause of heat generation and
therefore weakens the properties of the cured compound.™
Fig. 3 shows the results of HBU test of nanocomposites
series. The device measures the temperature increase and
height reduction percentage of the compounds. Therefore,
as the amount of these two parameters is lower, the
accumulation of heat in the compound is less. According
to the results, minimum temperature increase (Fig. 3a) and
height reduction percentage (Fig. 3b) are for compound
with 5 phr nanofiller. These values are 387 K (114 °C)
and 0.4 %, respectively.

Flex cracking resistance is defined as the resistance
of a rubber product to initiation of crack formation and its

Table 8. Flex cracking resistance of nanocomposites series

growth due to dynamic bending stresses. The number of
cycles required to tear the sample is considered as a
measure of cracking resistance.”> Two samples of each
compound (i.e., T-1, T-2, T-3 and T-4) were prepared; the
first sample was without a crack and another one with a
crack of 2 mm thickness. The results of this test are
reported in Table 8. It can be observed that 1 phr
nanocomposite (i.e., T-2) is more appropriate because the
sample without crack remained without any changes up to
the end of the test. Moreover, the growth of the crack
thickness in the sample with crack was less than for other
compounds. As one can see from Table 8, the sample
with the crack of the T-1 compound was not torn up to
60000 rpm.

Composite name T-1 T-1 T-2 T-2 T-3 T-3 T-4 T-4
#1 #2 #1 #2 #1 #2 #1 #2
1 2 3 4 5 6 7 8 9
Temperature chamber, K 310 310 310 310 310 310 310 310
Exposure time in the chamber, min 10 10 10 10 10 10 10 10
Initial crack length /mm 0 2 0 2 0 2 0 2
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Continuation of Table 8

1 2 3 4 5 6 7 8 9
5000 /round 0 6 0 9 0 10 0 8
10000 0 10 0 16 0 15 0 11
15000 0 12 0 20 3 20 0 15
. 20000 0 15 0 22 4 23 0 17
Crack thickness, mm 30000 0 20 0 tear 6 tear 2 23
40000 0 20 0 tear 13 tear 8 tear
50000 0 20 0 tear 20 tear 14 tear
60000 0 20 0 tear 22 tear 18 tear
Table 9. Ageing mechanical properties of nanocomposite ~ can be proved by observing Fe-SEM image of the

series

Nano-silica, phr 0 1 3 5
SPGR 1.157 | 1.159 | 1.161 | 1.164
Ten.ST, MPa 14.70 | 15.30 | 15.20 | 16.10
Elongation, % 377 383 392 445
Modulus, MPa 300% | 12.44 | 12.70 | 12.90 | 12.30
HD, shoreA 61 61 60 61
Resilience, % 30 30 30 29

Fig. 4. Fe-SEM of nanocomposite
with 3 phr nanofiller

The ability of samples to maintain their physical
properties was also evaluated by ageing tests [33]. In this
respect, compound series were placed in the oven for 24 h
at 373 K and then ring tests (mechanical properties) were
performed on them. Table 9 gives the results. After
comparing these properties and the results of the initial
properties without ageing (Fig. 2, Tables 5-6), it was
concluded that the compound with 3 phr nanofiller would
be a good choice as changes in its properties were lesser
than in other compounds.

From the results presented, it can be concluded that
the compound containing 3 phr hydrophilic silica
nanoparticles is an appropriate option in the nano-
composites series. Improving the properties of this
compound can be attributed to the homogenous dispersion
of silica nanoparticles in the polymer matrix. This result

nanocomposite with 3 phr nanofiller (Fig. 4). The bright
dots in the image represent silica nanoparticles. As can be
seen in some parts, there are a few aggregates, but the
particles dispersion is homogenous, totally.

4, Conclusions

In this study, silica nanoparticles were used as a
reinforcement filler to improve properties of tread
compound used in automotive tyres. Nanocomposites
were prepared using banbury mixer at the concentration of
1, 3 and 5 phr silica nanoparticles. Due to the specific
characteristics of the tread compound and the results of
tests, it can be concluded that the compound containing
3 phr hydrophilic silica nanoparticles is more suitable, due
to its higher tensile strength, modulus, resilience, and
abrasion resistance, better cure conditions, higher ability
to maintain its properties and homogenous dispersion of
nanofiller in the polymer matrix, in comparison with other
compounds. Homogeneous dispersion of nanoparticles
increases the surface area between rubber macromolecules
and nanofiller particles, and thus makes stronger
interactions between them, that leads to the formation of
strong cross-linked network in the curing reaction as well
as strengthens the polymer and filler network. It is also
observed that due to better performance of nanofiller than
conventional fillers, even low levels of these fillers can
provide a significant improvement in the properties of the
tyre, which in economic terms is more affordable.
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BIIVINB HAHOYACTHHOK
I'IIPO®LIJIBHOI'O KPEMHE3EMY HA
MOP®OJIOI'TIO TA MEXAHIYHI BJIACTUBOCTI
KOMITIOHEHTIB TUITIOBUX IIUH

Anomauin. Busueno enius HaAHOYACMUHOK 2iOpOPinbHO20
KpemHe3eMy fIK HAHOHANOBHIOBAYA HA GIACHIUBOCMI NPOMEKMopd

Narjes Dortaj et al.

wiuH. Memooom 3miuty8anHs po3niasy BU20MOBIEHO YOMUPU CHO-
KU, 3 Kinekicmio nanonanosHiogaya 0, 1, 3 ma 5 phr (vacmun na-
noeHI0Bata Ha CMo YacmuH eymu). Busnaveno @isuxo-mexamiumi
B1ACMUBOCHI 00EPHCAHUX CHONYK. 30 OONOMO2OI0 CKAHYIOHOI eneKm-
POHHOT MiKpocKonii 3 nonvosoro emicielo (Fe-SEM) ecmarnoéneno
CmpyKmypy ma mop@onoeiio nosepxi. J{ogedeHo, wo 3pasox, aKuti
Micmumy 3 phr HaHoHanosH08aua, Mae Halikpawyi nacmugocmi. Le
3VYMOBIEHe  BUWJOIO0  B3AEMOOIEI0  MIdIC HAHOHANOBHIOBAYEM M
NONIMEPHUMU MAKPOMONEKYIIAMY, WO CHPUHUHAE KPAWY OUCHEPCIIO
HAHOUACUHOK Y NOJIIMEPHILL MAMPULYI.

Knrwwuoei  cnoea: HANosHIBAY  2YMU, MexaHiyHi
enacmueocmi, 2IOpOQINbHI HAHOYACMUHKY KpPeMHe3eMy, Memoo
BMIULYBAHHSL PO3NIABY, CIIUKICMb 00 CIMUPAHHSL.



