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Abstract
Silica (chemical formula SiO2) is a promising, more environmentally friendly alter-
native to carbon black (CB) used in the rubber industry as a filler. Although silica is 
already used in rubber products, it is not used as extensively as CB because the polar 
surface of silica cannot interact well with the apolar polymer molecules of the most 
frequently used rubbers. To solve this problem, experts have tried different graft-
ing methods and several coupling agents for a stronger silica-elastomer connection. 
In this article, we used bis[3-(triethoxysilyl)propyl] tetrasulfide (TESPT) and poly-
ethylene glycol (PEG) combined to improve the connection between the surface of 
silica and the apolar styrene-butadiene rubber (SBR) matrix. We examined mechani-
cal and structural properties and found that adding 3 phr PEG and 4.5 phr TESPT 
to SBR is optimal for 60 phr silica content. This ratio of additives resulted in a 48% 
improvement in tensile strength. The positive effect of the coupling agents shows up 
in abrasion mass loss and tear strength as well.

Keywords  Styrene-butadiene rubber · Silica · Compatibilization · PEG · TESPT · 
Abrasion

Introduction

Natural rubber (NR) was the first and is still a very widely used raw material in 
the development of rubbers. It is extracted from the sap of the tree Hevea Brasil-
iensis, native to South America. It is mainly used for tire manufacturing, where 
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excellent dynamic properties, wear resistance, and tear strength are particularly 
important. It is also widely used in many other technical products, like automo-
tive components, gaskets, and gloves. Due to the natural origin of NR, its prop-
erties vary over a wide range and are categorized into different classes. Another 
disadvantage of this production path is that the quantity available is also heavily 
influenced by environmental factors [1].

Several synthetic rubbers have been developed over the last century to over-
come these shortcomings [1]. Styrene-butadiene rubber (SBR) is the most widely 
used synthetic rubber due to its favorable properties and affordability. Its proper-
ties strongly depend on the ratio of its two monomers: styrene and butadiene. 
Accordingly, SBR grades are primarily characterized by their styrene content, 
which determines various properties, including thermal behavior and mechanical 
performance. These properties vary between those of polystyrene and polybuta-
diene. For example, the glass transition temperature (Tg) of polystyrene is around 
100  °C and − 90 °C for polybutadiene. The Tg of SBR varies linearly between 
these two values according to styrene content [2].

The additives determine the properties of a rubber product in addition to the 
polymer components. Carbon black (CB) is used as a filler in most rubber prod-
ucts, and it gives tires their distinctive black color. Increasing the concentration of 
CB—up to 60 phr depending on the elastomer matrix and processing—improves 
the overall mechanical properties of the product as well as its wear resistance [3]. 
These benefits lead to the extensive use of CB in various rubber applications at 
concentrations up to 40–60 phr, and in some cases even more. The CB used in the 
rubber industry is partly available as a by-product of other industrial processes 
and partly as a product of targeted manufacturing. The steady increase in rubber 
production also creates an increasing demand for CB. Consequently, new solu-
tions need to be developed to reduce the amount of CB used without compromis-
ing the properties of the products [4, 5].

Silica is already used as an alternative to CB [5]. It can be found in both amor-
phous and crystalline forms on Earth as a part of several different minerals, mak-
ing it readily available for industrial use. Silica minerals have good abrasion 
resistance, and they are electrical insulators. They are also hard and thermally 
stable. An important factor in tire durability is resistance to UV radiation, which 
silica, unlike CB, cannot enhance. At the moment, silica is often used as a rein-
forcing filler in rubber products where the black color caused by CB is a dis-
advantage. Similar to CB, silica can also be used in quantities up to 40–60 phr 
[6–8]. The lower electrical conductivity of silica compared to CB can be both an 
advantage and a disadvantage depending on the application [9].

Excellent tensile and dynamic mechanical properties can be achieved with 
both CB and silica, as well as their combined use in hybrid systems [6–8]. It is 
essential to create sufficiently strong interactions between the particles and the 
elastomer matrix to ensure load transfer. The most often used elastomeric matri-
ces, such as NR and SBR, have a non-polar structure and can therefore form good 
interfacial interactions with the particles of CB, which are also non-polar. In con-
trast, silica, due to its polar structure, is only able to interact weakly with non-
polar matrices. The consequence of this weaker interaction is that the reinforcing 
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effect of silica cannot be fully exploited if at all, or even worse, silica can weaken 
the product [10].

Interfacial interaction can be improved with a polar matrix [11, 12]. If this is not 
an option, another solution is to bond hydrocarbon molecular chains onto the surface 
of silica with a covalent bond, enabling a strong interaction between silica and the 
matrix. If these chains contain unsaturated covalent bonds, they can also participate 
in the vulcanization process, further improving the adhesion of silica to the matrix 
[13–15].

However, the pre-treatment of silica is a complex, multi-step process, and the 
molecules involved in the chemical reaction must be adapted to the specific matrix 
material used [16]. A simpler solution is to use compatibilizing agents that can be 
added during mixing, similarly to any other rubber component [17]. The literature 
lists several molecules suitable for this purpose. A common feature is that they con-
tain both non-polar and polar molecular parts. The non-polar part can form a strong 
interaction with the matrix material, while the polar part forms a strong interaction 
with silica, so the compatibilizer, located at the interface between the particle and 
the matrix, establishes a contact between the two phases [18, 19]. One of the most 
promising classes of such materials is silanes, which are highly adaptable and suit-
able for a wide range of applications depending on their ligands [20, 21].

It is important to choose the right concentration of compatibilizer. If the concen-
tration is too low, the desired effect will not be achieved, while the presence of too 
much coupling agent may impair the properties or processability of the material. 
For the proper concentration, the amount of silica and its particle size (or specific 
surface area) must be considered, as these parameters determine the total surface 
area on which the compatibilizer can act. There are some examples in the literature 
where a mixture of coupling agents is used for silica-reinforced elastomers. In such 
cases, the ratio of the compatibilizers can affect the properties of the product, and 
they can interact with each other, improving or canceling out each other’s effect. 
Certainly, in such cases, the aim is to achieve synergistic effects [13, 15].

Coupling agents can not only affect mechanical properties by improving the 
particle–matrix interaction, but can also influence other properties. These include 
hardness [22], swelling [23], and wear resistance. They may act as accelerators or 
retarders during the vulcanization process, which needs to be compensated for by 
additional curatives for good manufacturability [22, 24]. Consequently, the effect of 
compatibilizers must be analyzed for all relevant product properties when their con-
centration is determined.

Surya et  al. [22] used 1–7 phr alkanolamide (ALK) and aminopropyltriethoxy 
silane (APETS) compatibilizers in rubber with a NR matrix with 30 phr silica. They 
found that up to 5 phr, each compatibilizer improves the mechanical properties of 
the rubber, but the trend reverses above 5 phr. They found that ALK-dosed rubbers 
were more effectively reinforced by silica than those containing APETS, and both 
ALK and APETS accelerated the vulcanization process.

Xiao et al. [13] investigated the mechanical properties of NR samples containing 
70  phr silica. They compared the effects of the ratio of polyoxyethylene sorbitan 
and bis[3-(triethoxysilyl)propyl] tetrasulfide (TESPT) used for the surface treatment 
of silica. They found that the surface treatment improved the tensile strength, tear 



12718	 Polymer Bulletin (2024) 81:12715–12731

1 3

strength, and elongation at break of NR. The ratio of the two compatibilizing agents 
had less effect on the mechanical properties, and the optimum of each property was 
at a different ratio. Overall, they found that surface treatment could improve par-
ticle–matrix adhesion, which allowed better dispersion and enhanced load transfer 
between the particles and the matrix.

Wang et al. [23] prepared isoprene rubber (IR) samples containing 50 phr silica 
with 0–10  phr 2-aminoethyl-2-(3-triethoxysilylpropyl)aminoethyl disulfide (ATD) 
as a compatibilizing agent. 2–4 phr ATD was the optimum for tensile strength, while 
elongation at break decreased at increased ATD content. The authors concluded that 
2–4 phr ATD with 50 phr silica is optimal.

Polyethylene glycol (PEG) is frequently used in elastomers not only as a compati-
bilizer, but also in other functions, such as curing activator, chain extender and cata-
lyst [25, 26]. Xu et al. [27] used modified silica in an SBR elastomer. They modified 
silica with bis[3-(triethoxysilyl)propyl] disulfide (TESPD) and different amounts of 
PEG. They found that PEG improved cross-link density and mechanical properties 
such as tensile modulus, tensile strength, and tear strength. They suggested a model 
for the structure of the vulcanizates, where PEG forms hydrogen bonds with the sil-
ica surface, and the TESPD molecules contribute to the cross-links with disulfide 
bonds.

Based on the above, a good connection between silica and elastomer helps to get 
better mechanical properties. This is often reached by first modifying the surface 
of the silica with one or two compatibilizers, and then using the modified silica as 
a filler in the elastomer. Although this two-step procedure is effective, it can also 
be very time-consuming. Therefore, in this study, we investigated the effect of the 
amount and ratio of two potentially suitable compatibilizing agents in elastomer 
samples with an SBR matrix and containing silica using a one-step mixing pro-
cess. One of these is a silane (TESPT), which has been used in other matrices with 
promising results in the literature [7, 28–31]. The other additive we chose is PEG, 
which is less often used for similar purposes. We used both additives separately and 
together to find the optimal amounts.

Materials and methods

Materials

Elastomer matrix: Europrene 1502 SBR, produced by Eni Versalis, its Mooney vis-
cosity is 52 MU, and bound styrene content is 23.5% according to the producer.

Silica: Hi-Sil 532EP produced by PPG Industries Inc. Its specific surface area is 
60 m2/g, and its density is 2.1 g/cm3.

Compatibilizing agents: Si 69 silane bis[3-(triethoxysilyl) propyl]tetrasulfide 
(TESPT), produced by Evonik Industries AG and PEG 4000 polyethylene glycol 
(PEG), delivered by Merck Life Science.

Curatives: ZnO, produced by Natural Sourcing; stearic acid, produced by Sci-
encelab.com; CBS (2-benzenethiazosulphonamide), produced by SunBoss Chemi-
cals Corp.; and sulfur, produced by Mangalore Refinery & Petrochemicals Ltd.
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Each sample contained 60 phr silica, 5 phr ZnO, and 1 phr stearic acid as activa-
tors, 1 phr CBS as accelerator, and 2 phr sulfur as curing agent. The samples are 
labeled as TxPy, where x is the amount of TESPT [phr], and y is the amount of PEG 
[phr], as shown in Table 1.

Reaction mechanism

Based on Xu et  al. [27] who used PEG and bis(3-(triethoxysilyl)-propyl)disulfide 
(TESPD) for silica surface modification, a possible reaction mechanism is shown 
in Scheme 1. As the molecular structure of TESPD and TESPT only differs in the 
number of S atoms at the center, the mechanism of majority of the reactions with 
these molecules—including de reaction with the –OH groups on the silica surface—
is the same. TESPT and PEG both independently interact with the –OH groups on 
the silica surface. However, the two additives compete with each other reaching the 
silica surface. On the high vulcanization temperature, a silanization reaction takes 
place between TESPT and –OH groups on the silica surface (Scheme 1a). Simulta-
neously TESPT can take part in the vulcanization reaction as the S–S bonds break, 
and new bonds between the S atoms of the TESPT and the C atoms of the SBR 
polymer form in a similar way as vulcanization with sulfur works. Hereby, covalent 
bonds between the polymer and the silica particles are formed. PEG, on the other 
hand, forms H-bridges with the silica surface (Scheme 1b). Given the long polymer 
chain of PEG, one PEG molecule forms multiple H-bridges with the silica surface, 
which lowers the surface energy and helps the dispersion of silica in the polymer.

Methods

We prepared the mixtures prepared on an LRM-SC-110/T3E two-roll mill manufac-
tured by Labtech Engineering Co., Ltd. (Samutprakarn, Thailand). The temperature 
of the rolls was 50 and 70 °C, and roll speeds were 7 and 11 rpm at the start of mix-
ing and 11 and 15 rpm at the end of mixing, respectively. Friction was 1.4, and batch 
size was 170–185 g. We gradually decreased the gap size from 1.5 mm to 0.7 mm 
during mixing. After every component was added to the mixture, we continued mix-
ing for 10  min, and in this timeframe, the mixture was cut down and put back 5 
times.

Table 1   Sample names by the 
amount of TESPT and PEG

TESPT [phr]

0 1.5 3 4.5 6

PEG [phr] 0 T0P0 T1.5P0 T3P0 T4.5P0 T6P0
3 T0P3 T1.5P3 T3P3 T4.5P3 T6P3
6 T0P6 T1.5P6 T3P6 T4.5P6 T6P6
9 T0P9 T1.5P9 T3P9 T4.5P9 T6P9
12 T0P12 T1.5P12 T3P12 T4.5P12 T6P12
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We carried out the vulcanization tests in a D-RPA 3000 rheometer manufactured 
by MonTech (Buchen, Germany) at 180 °C with a 1° amplitude at a frequency of 
1.67 Hz.

We cured the samples in a Teach-line Platen Press E200 hydraulic press manufac-
tured by Dr. Collin GmbH (Munich, Germany) at 1.8 MPa and 180 °C. We cut spec-
imens for the tensile and tear strength tests from sheets cured in a 160 × 160 × 2 mm 
frame for t0.9, while abrasion test specimens were vulcanized in a 40 × 40 × 16 mm 
frame for t0.9 + 4 min.

Tensile tests were performed according to ISO 37:2017, and tear strength tests 
according to ISO 34-1:2015 on a Zwick Z005 (Ulm, Germany) tensile tester with 
initial crosshead distances of 60 and 56  mm, respectively. We performed abra-
sion tests according to ISO 4649:2017 on an abrasion testing machine produced 
by Microvision Engineering Pvt. Ltd. (Rai Sonepat, India), and the hardness test 
according to ISO 7619-1:2010 on a H04.3150.000 device (Zwick GmbH & Co. KG, 
Ulm, Germany).

Scheme 1   Reaction mechanisms on the silica surface with a TESPT and b PEG
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The swelling test was carried out in toluene according to ASTM D6814. We used 
Eqs. (1–2) for the evaluation of the results:

where v
r
 is the volume fraction of rubber in the swollen sample [-], m

r
 is the mass 

of dry rubber [g], m
s
 is the mass of the absorbed solvent [g], �

s
 is the density of the 

solvent [g/cm3], in this case, toluene, �
s
= 0.867 g/cm3, and �

r
 is the density of rub-

ber [g/cm3]. Furthermore,

where �
x
 is cross-link density [mol/cm3], V1 is the molar volume of the solvent [cm3/

mol], in this case, toluene, V1 = 106.13 cm3/mol, and � is the polymer–solvent inter-
action parameter [-], in this case � = 0.463 [32].

Results and discussion

Optimum curing times

Figure 1 shows the optimum curing time (t0.9) of each mixture. Below 6 phr TESPT, 
we did not find a clear tendency but above 6 phr TESPT, increasing TESPT con-
centration increases optimum curing time. The optimum curing times of samples 
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Fig. 1   Optimum curing time (t0.9) of mixtures as a function of compatibilizer concentration
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containing 9 phr TESPT were over 40 min, which makes it unrealistic to use these 
formulations for practical reasons. Therefore, we decided not to examine samples 
containing over 6 phr TESPT. For the same reason, we did not prepare the sam-
ples containing 9 phr TESPT and 9 or 12 phr PEG. PEG content has a minor effect 
on optimum curing time, except for the T6P12 sample, where optimum curing time 
greatly increased above 4.5 phr TESPT. In conclusion, TESPT slows down the vul-
canization reaction, and as a general tendency, PEG acts as an accelerator in small 
amounts, but as a retarder in greater amounts.

Tensile tests

Figure  2 shows tensile strength and Fig.  3 shows elongation at break. Tensile 
strength increases with increasing amounts of TESPT up to 4.5 phr but above that 
concentration, the tendency varies according to PEG concentration. Among the mix-
tures with the same TESPT content, those with 3 phr PEG content have the highest 
strength, with T4.5P3 producing the highest strength of all the samples. Compared 
to the 15.1 MPa tensile strength of the reference sample T0P0, the tensile strength 
of T4.5P3 was 22.4 MPa, an improvement of 48%, which confirms that there was a 
synergic effect between the compatibilizers, just as expected.

Samples without TESPT had the highest elongation at break, almost indepen-
dently of PEG concentration. As compatibilizer concentration increased, elonga-
tion at break decreased. One possible explanation for this is that the silica, which 
is more brittle than SBR, becomes more prevalent in the blend, which may indicate 
an improvement in particle–matrix adhesion. For samples with the same TESPT 
concentration, PEG concentration did not have much effect on elongation at break, 
except for the 6 phr TESPT samples, where the elongation at break of the 0 phr and 
12 phr PEG concentration samples (T6P0 and T6P12) were significantly reduced 
and were the lowest of all samples. These two samples also have lower tensile 
strength than other samples containing 6 phr TESPT. However, the causes of the 
lower results are different in the case of the two samples. In T6P0, there is no PEG; 
thus, the benefit of PEG lowering the surface energy of silica particles does not 
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occur. Hereby, silica aggregates are larger, which leads to worse mechanical proper-
ties. On the other hand, in T6P12, there is a high concentration of PEG, connecting 
to the silica surface with multiple H-bridges. This makes it less likely for the TESPT 
molecules to reach the surface of the silica particles and connect them to the poly-
mer covalently.

The modulus at 100% elongation (Fig. 4) shows a trend, similar to tensile strength. 
The modulus at 100% elongation generally increases with increasing TESPT con-
centration in the investigated range in most cases, but for samples containing 3 or 6 
phr PEG, there is a maximum at 4.5 phr TESPT content. TESPT connected to the 
silica surface, makes the surface energy of the particle higher than connecting PEG. 
If there is no PEG, only the benefits of adding more TESPT (6 phr instead of 4.5 
phr) can be seen in the modulus at 100% elongation. With low amounts of PEG (3–6 
phr), the PEG molecules displace TESPT on the silica surface, thus the TESPT can 
form less covalent bonds between the polymer and the silica particles. By adding 
more PEG (9 or 12 phr), there is better dispersion due to the lower surface energy, 
which allows more surface area for TESPT to connect with.

The tensile tests show a general tendency that as the concentration of TESPT 
increases up to 4.5 phr, the rubber’s resistance to mechanical stress increases. 
TESPT is located in the interfacial phase, promoting the formation of strong cova-
lent bonds between the silica and the polymer. Nevertheless, TESPT and PEG are 
competing for the silica surface, thus higher concentration of one can limit the ben-
efits of the other. As far as PEG is concerned, rubbers containing 3 phr PEG have 
the best tensile properties. One possible explanation is that high amounts of PEG 
displace TESPT from the interphase. Additionally, the brittle behavior of the silica 
becomes more pronounced in rubbers with higher tensile strength, resulting in a 
lower elongation at break.

Fig. 3   Elongation at the break as a function of compatibilizer concentration
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Tear tests

The results of the tear tests are shown in Fig. 5. The reference sample (T0P0) has 
the highest tear strength, i.e., the compatibilizers reduce tear strength. One possi-
ble explanation is that increasing the concentration of compatibilizers improves the 
interfacial interaction between the silica and the polymer. As a result, the resulting 
fracture passes closer to the silica particles, so the size of the new surface area cre-
ated is smaller, which is reflected in lower tear strength. Decreasing tear strength 
with increased TESPT concentration occurs as well in the case of silica pre-treated 
with TESPT according to the literature [33].

Over 3 phr TESPT, the reduction in tear strength is less pronounced. Tear strength 
decreases with increasing PEG concentration, but this difference decreases, and ulti-
mately, the trend stops as the concentration of TESPT increases. PEG reduces the 
effect of TESPT on tear strength, which is beneficial at higher TESPT concentra-
tions; the presence of PEG attenuates the negative effect of TESPT, so overall it is 
beneficial to use it in the mixture.

Abrasion tests

The wear mass loss of each sample is shown in Fig. 6. TESPT decreases the wear 
rate significantly up to 3 phr. Above this concentration, improvement is minimal. 
The effect of PEG concentration is less dominant. Samples containing 6 phr PEG 
were the least resistant to wear, and the mixtures without PEG were the most 
resistant with one exception. Enhanced interfacial interaction strengthens the 
resistance of wear debris detachment during the wear process, leading to a reduc-
tion in mass loss caused by wear. This leads to improved abrasion resistance. 

Fig. 4   Modulus at 100% elongation
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There is a correlation between tear strength and mass loss, as the shapes of the 
graphs are similar. One possible explanation could be that lower tear strength 
means the tear can find its way in several directions, as there is a low resistance 
to crack propagation. Therefore, it can stay close to the wear surface during the 
abrasion test, and smaller particles become detached from the surface. In con-
trast, higher tear strength means, there is higher resistance to crack propagation, 
as well as it grows to the direction where the resistance is the lowest. In this case, 
it is less likely for the tear to find a low resistance direction close to the surface 

Fig. 5   Tear strength as a function of compatibilizer concentration

Fig. 6   Wear mass loss as a function of compatibilizer concentration
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during the wear test. Therefore, bigger particles became detached from the sur-
face, causing higher abrasion mass loss. However, it is possible that the correla-
tion in this case does not mean causation as well.

Hardness

Figure 7 shows measured hardness. PEG and TESPT concentrations have no sig-
nificant effect on hardness, and the results are in a relatively narrow range, but 
general trends can still be observed. There is a general tendency for samples con-
taining more TESPT (with PEG concentration being the same) to have higher 
hardness. Samples containing 4.5 and 6 phr TESPT and 0 phr PEG (T4.5P0 and 
T6P0) produced the highest hardness. Increasing the concentration of TESPT 
enhances hardness by promoting improved interfacial interactions, allowing for 
stronger integration of the properties of silica into the rubber matrix. There is 
a general tendency for PEG softens the rubber, resulting in a decrease in hard-
ness with increasing PEG concentration, because PEG acts (and is also used) as a 
plasticizer in elastomers. Nevertheless, the changes in hardness do not affect the 
applicability of the elastomers examined.

Swelling test and cross‑link density

We calculated cross-link density from the swell test (Fig. 8). The higher the con-
centration of TESPT, the lower the swelling ratio, hence the higher cross-link 
density. We could not identify a clear tendency for the effect of PEG on swell-
ing and cross-link density. Increasing compatibilizer content generally results in 

Fig. 7   Hardness as a function of compatibilizer concentration
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higher cross-link density and lower swelling. Above 3–4.5 phr TESPT, the gen-
eral tendency for increasing cross-link slows down.

SEM study

Figure 9 shows some typical SEM images of the fracture surfaces (from the ten-
sile tests) of the samples. Each of them shows the relationship between a silica 
aggregate and the surrounding matrix in order to study the particle–matrix inter-
actions. In the T0P0 reference sample (Fig. 9a), there are cavities between the sil-
ica aggregate and the matrix, as well as within the silica aggregates. Overall, the 
result is weak interfacial contact. 3–4.5 phr TESPT was sufficient to improve par-
ticle–matrix adhesion. The SEM images show that the matrix layer surrounding 
the particle was stretched and then torn during failure caused by the tensile test, 
therefore tearing was not caused by the separation of the interfaces. In Fig. 9d, the 
matrix has also partially penetrated between the aggregated particles. A compari-
son of Fig. 9b and c shows that increasing the amount of PEG did not improve the 
interfacial contact enough to cause a clear difference in the SEM images.

Conclusions

In this study, we examined SBR samples containing 60 phr silica and different 
amounts of TESPT (0, 1.5, 3, 4.5, 6 phr) and PEG (0, 3, 6, 9, 12 phr). The effect 
of TESPT concentration on the properties investigated is more significant than the 
effect of PEG concentration. Optimum curing time is increased by TESPT to such 
an extent that the use of TESPT above 6 phr is not suitable from an industrial 
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manufacturing point of view. As a general tendency, PEG acts as an accelerator in 
small amounts and as a retarder in greater amounts.

Increased amount of TESPT generally improved tensile and abrasion proper-
ties, as well as cross-link density and hardness, due to the covalent bonds it cre-
ated between the polymer and the silica particle. PEG, on the other hand, helps 
the silica dispersion in the polymer by lowering the surface energy of the parti-
cles, but competes with TESPT reaching the silica surface.

SEM images show that interfacial contact is mainly influenced by the concen-
tration of TESPT. However, this interaction can be further improved by using 
other additives or other mixing methods.

PEG improved mechanical properties the most when used in a concentration 
of 3 phr. When 4.5 or 6 phr TESPT was used, the effect of the increased amount 
depended on the concentration of the PEG. The effect of TESPT on any property 
is significantly influenced by the PEG concentration. TESPT decreased the tear 
strength without PEG but had almost no effect on it when used with 12 phr PEG.

Overall, an optimum of mechanical properties was found at 4.5 phr TESPT and 3 
phr PEG for 60 phr silica in SBR.
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