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Abstract
The effects of coupling agent on the vulcanization characteristics, mechanical
properties, stress-softening effect, Payne effect, loss factor, compression heat
build-up, and dynamic thermomechanical properties of silica (15 nm, 30 nm,
80 nm)/natural rubber nanocomposites with different particle sizes were inves-
tigated, and compared with those of composites without coupling agent. The
results show that: the addition of coupling agent Si69 improves the dispersion
of silica in rubber, enhances the bonding between silica and rubber matrix,
improves the mechanical properties of silica/NR composites, and reduces the
optimum cure time of the compounds; the smaller the silica particle size, the
more pronounced the effect of Si69, which is more beneficial for improving the
vulcanization characteristics and mechanical properties of the composites; the
addition of Si69 reduces the Payne effect, loss factor, and temperature rise under
constant load compression heat build-up of 15 nm and 30 nm silica composites,
but has little effect on 80 nm silica composites.
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ABSTRACT: The effect of coupling agent silane Si69 on properties of natural
rubber nanocomposites filled with different sized nano-silica (15, 30, and 80
nm) was investigated in terms of curing performance, mechanical properties,
Mullins effect, Payne effect, loss factor, dynamic heat build-up, and dynamic
mechanical properties, using the same composites without coupling agent as
a comparison. Results show that with the addition of Si69, the dispersity of
nano-silica in the rubber matrix and the interfacial binding between silica and
rubber were improved, effectively enhancing the mechanical properties of the
composites while shortening the positive vulcanization time (t90). Notably, the
smaller the silica particle size, the more pronounced the effect of Si69, leading
to greater improvements in curing characteristics and mechanical properties.
The addition of Si69 reduced the Payne effect, loss factor, and temperature rise
under constant load compression for 15 nm and 30 nm silica composites, but
had minimal influence on the 80 nm silica composite.

KEY WORDS: composites, nano-silica, silane coupling agent, static mechan-
ical properties, dynamic mechanical properties, Payne effect

Introduction
Silica is an inorganic nanomaterial with a unique three-dimensional network
structure that is produced and used on a large scale. Comprising 95%-99%
amorphous SiO2, silica is non-toxic, tasteless, odorless, heat-resistant, and water-
insoluble [1]. Its surface is rich in siloxane and hydroxyl groups, exhibiting
high specific surface area and surface activity. The ultrafine effect of silica
can effectively enhance the comprehensive performance of rubber composites
[2-4], making it an important reinforcing agent in the rubber industry. The
reinforcing effect of silica on various rubbers is superior to other white fillers and
second only to carbon black. Compared with carbon black-filled vulcanizates,
silica/rubber composites offer advantages such as good electrical insulation, low
heat generation, high tear strength, low rolling resistance, and improved wet
skid resistance [5-7].

Particle size, surface activity, and structure are three critical factors for rein-
forcing materials. Zhang Liqun [8] and Hamed et al. [9] from the University of
Akron have identified particle size as the primary factor for nanomaterial rein-
forcement. In silica-reinforced composites, silica particles often exist as loosely
aggregated“nebula-like”secondary structures. However, SiO2 is a polar particle
with poor compatibility with non-polar polymers and exhibits strong adsorp-
tion and aggregation tendencies. Consequently, silica particles tend to undergo
secondary agglomeration through hydrogen bonding, making them difficult to
disperse uniformly in rubber during mixing and preventing the achievement of
ideal composite properties [10-13]. Therefore, surface modification of SiO2 is
necessary to improve its compatibility and bonding with polymers, enabling
the preparation of nanocomposites with good dispersion and strong interfacial
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interactions. Silane coupling agents are commonly added to modify silica sur-
faces, compensating for these deficiencies [14] and enhancing compatibility with
the rubber matrix while weakening filler-filler interactions. Through chemical
modification, silane coupling agents can improve interactions between the silica
surface and polymer while reducing filler-filler interactions [15].

The most commonly used surface-modifying silane coupling agent is bis-[3-
(triethoxysilyl)-propyl] tetrasulfide (Si69) [16, 17]. Gao Yi et al. [18] reacted
silane coupling agent KH550 with hydroxyl groups on the nano-SiO2 surface,
reducing the number of surface hydroxyl groups and altering the physical and
chemical properties of SiO2 from hydrophilic to hydrophobic, thereby improving
its compatibility and bonding with rubber. This study investigates the influence
of silane coupling agent Si69 on the curing characteristics, mechanical proper-
ties, Mullins effect, Payne effect, loss factor, compression heat build-up, and
dynamic thermomechanical properties of natural rubber composites reinforced
with different particle sizes of silica.

Experimental
Materials and Formulation

Raw materials: Natural rubber (NR) with relative molecular weight of
300,000; precipitated nano-silica with particle sizes of 15 nm, 30 nm, and 80
nm; coupling agent Si69; stearic acid (SA); zinc oxide (ZnO); antioxidant 4010;
accelerator NOBS; and sulfur (S).

Basic formulation (phr, parts per hundred rubber): NR 100, stearic
acid 2, ZnO 5, accelerator NOBS 0.75, antioxidant (4010) 2, sulfur 2.5, coupling
agent (Si69) 1, nano-silica (15 nm, 30 nm, or 80 nm) 15.

Sample Preparation

The natural rubber was passed 13 times through an XK-160 two-roll mill, after
which stearic acid, ZnO, antioxidant, silica (with Si69), vulcanization acceler-
ator NOBS, and sulfur were added sequentially. The mixing temperature was
controlled between 30-50°C to ensure uniform mixing. The compounded rub-
ber was stored for 8 hours before testing. The vulcanization characteristics
were measured using a GT-M2000-A rubber vulcameter at 150°C. Based on the
measured t90 (optimum cure time), samples were vulcanized in an XLB plate
vulcanizing press at 150°C and 10 MPa pressure.

Characterization

Mechanical properties and Mullins effect were tested using an Instron universal
testing machine at a tensile rate of 500 mm/min. Dynamic mechanical prop-
erties were evaluated with an RPA8000 rubber process analyzer at 60°C, 1 Hz
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frequency, and strain amplitude of 1%-100%. Compression heat build-up was
measured using a GT-RH-2000 dynamic compression heat tester on cylindrical
specimens (25 mm height, 17.5 mm diameter) under 1.0 MPa pre-stress, 5.70
mm stroke, and 55°C temperature. DMA tests were conducted on a DHR-2
rotational rheometer at 1 Hz frequency, 0.01% strain, and temperature range of
-100°C to 100°C. Morphology was examined using an SU8010 field emission scan-
ning electron microscope (SEM). All physical properties were tested according
to corresponding national standards.

Results and Discussion
2.1 Curing Characteristics and Mechanical Properties

As shown in Table 1 , for composites without Si69, both scorch time (t10) and
optimum cure time (t90) gradually decreased with increasing silica particle size,
indicating accelerated vulcanization rates, while MH-ML values showed little
variation. This is primarily because silica particles strongly adsorb vulcaniza-
tion accelerators in the compound, delaying cure. Smaller particles have larger
specific surface areas, adsorb more accelerator, and thus require longer cure
times.

After adding Si69, both t10 and t90 decreased for composites with the same
silica particle size, indicating that Si69 effectively reduces the number of hy-
droxyl groups on the silica surface, decreasing its adsorption of accelerators
and improving dispersion, which lowers torque and MH-ML values. With the
addition of coupling agent, tensile strength and elongation at break both im-
proved to some extent, with the most significant improvements observed for the
15 nm silica composite, while the 80 nm silica composite showed only modest
increases. This demonstrates that the coupling agent creates strong bonding
between silica and rubber macromolecules, preventing interfacial failure during
tensile fracture. However, the 100% and 300% modulus values for composites
without coupling agent were higher than those with Si69. This suggests that at
low to moderate deformations, silica particles without coupling agent easily form
filler networks that provide good reinforcement, but under large deformation,
the silica-rubber interface in the non-coupled system readily breaks, resulting in
lower tensile strength and elongation. Thus, the effect of coupling agent is more
pronounced with smaller silica particles, benefiting both curing characteristics
and mechanical properties.

2.2 Effect of Coupling Agent Si69 on Mullins Effect

Similar to the Payne effect at small deformations, the stress-softening phe-
nomenon observed during static cyclic loading at large deformations is known
as the Mullins effect. Both phenomena originate from the destruction of the
filled network microstructure, where the Mullins effect specifically refers to the
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inability of the microstructure to return to its initial state after being damaged
during the first stretching cycle.

As shown in Figure 1 [Figure 1: see original paper], although the degree of stress-
softening varies, the general trend is consistent. The addition of Si69 enhances
the composite’s ability to resist deformation and increases the stress it can
withstand, while correspondingly intensifying the Mullins effect and increasing
static strain energy loss. This occurs because Si69 significantly improves bond-
ing between silica particles and rubber macromolecular chains, reducing relative
slippage between chains and between chains and filler. However, in composites
without coupling agent, the particle network experiences less damage, resulting
in stronger reinforcement and lower stress-softening. The figure also reveals that
Si69 has a greater influence on 15 nm and 30 nm silica composites but minimal
effect on the 80 nm silica composite. This is because smaller silica particles tend
to agglomerate more readily, while larger particles already have relatively good
dispersion, making the coupling agent’s effect on stress-softening negligible for
the 80 nm system.

2.3 Effect of Coupling Agent Si69 on Payne Effect

The Payne effect primarily arises from the disruption of filler networks formed
by interactions between fillers or filler aggregates. A smaller decrease in storage
modulus indicates a weaker Payne effect and better dispersion of the reinforcing
system. As shown in Figure 2 [Figure 2: see original paper], the storage modulus
G’of composites with Si69 is lower than that without Si69. The G’of the 15
nm silica composite without coupling agent shows the greatest change upon
adding Si69, while the 80 nm silica composite shows minimal variation. This
indicates that adding Si69 improves the dispersion of smaller silica particles
more effectively. The coupling agent reduces the probability of particle network
formation. When silica particle size reaches 30 nm, the influence of Si69 on
dispersion decreases, and the negligible change in G’for 80 nm silica suggests
that Si69 has limited effect on the dispersibility of larger particles.

2.4 Effect of Coupling Agent Si69 on Loss Factor and Compression
Heat Build-up

Figure 3 [Figure 3: see original paper] shows the effect of different silica par-
ticle sizes and Si69 addition on the loss factor (tan𝛿) of composites. Before
adding Si69, poor filler dispersion leads to destruction of the network structure
at large deformations, causing a sharp modulus drop and consequently higher
tan𝛿 values. After Si69 addition, the loss factor decreases, indicating reduced
destruction of the filler network at high strains (or that the coupling agent in-
hibits particle network formation), resulting in lower hysteresis. Additionally,
the effect of Si69 on tan𝛿 is more pronounced for smaller silica particle sizes.

As shown in Figure 4 [Figure 4: see original paper], compression temperature
rise gradually decreases with increasing silica particle size. This is because
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smaller silica particles have higher surface energy and tend to aggregate, result-
ing in poorer dispersion, increased internal friction, and higher temperature rise,
consistent with the tan𝛿 trend. After adding Si69, the compression temperature
rise decreased for 15 nm and 30 nm silica composites, but showed no obvious
change for the 80 nm silica composite. This demonstrates that Si69 improves
the dispersion of smaller silica particles, forming a more uniform crosslinked
network that reduces internal friction and compression heat build-up.

2.5 Effect of Coupling Agent Si69 on Dynamic Thermomechanical
Properties

Figure 5 [Figure 5: see original paper] presents the temperature dependence of
mechanical loss tan𝛿 for the two compound systems. The glass transition tem-
perature of the composites is approximately -40°C. Compared with composites
without Si69, the addition of Si69 increased the Tg (mechanical hysteresis peak)
for 15 nm and 30 nm silica-filled composites but decreased it for the 80 nm
silica-filled composite. Since the tan𝛿 value at 0°C for elastomeric composites
characterizes wet skid resistance, Figure 5a shows that without Si69, smaller sil-
ica particle size yields better wet skid resistance. Figure 5b reveals that adding
Si69 increased the tan𝛿 value at 0°C for the 30 nm silica composite, indicating
that Si69 can effectively improve the wet skid resistance of 30 nm silica-filled
composites.

2.6 Morphology of Silica/NR Composites

Figure 6 [Figure 6: see original paper] shows SEM images of cryogenic fracture
surfaces for six vulcanized composite samples. In Figures 6a-c (without Si69),
silica exists as flocculates in the rubber matrix with non-uniform dispersion,
creating silica-rich regions and silica-free matrix domains. Both 15 nm and 30
nm silica show poor dispersion with numerous aggregates, while the 80 nm silica
composite exhibits relatively uniform silica distribution on the fracture surface.

After adding Si69 (Figures 6d-f), silica dispersion improves significantly, with the
most dramatic improvement observed for 15 nm silica. This confirms that the
reaction between Si69 and hydroxyl groups on the nano-silica surface eliminates
or reduces surface silanol groups, transforming the surface from hydrophilic
to hydrophobic, thereby enhancing affinity with the polymer and effectively
improving silica dispersion in rubber while simultaneously improving interfacial
adhesion through bonding with rubber macromolecules.

Conclusions
1. The addition of Si69 coupling agent improves silica dispersion in rubber,

enhances interfacial bonding between silica and the rubber matrix, in-
creases the mechanical properties of silica/NR composites, and reduces
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optimum cure time. The effect is more pronounced with smaller silica
particles, leading to greater improvements in curing characteristics and
mechanical properties.

2. Adding Si69 reduces the Payne effect, loss factor, and constant-load com-
pression heat build-up temperature rise for 15 nm and 30 nm silica compos-
ites, but has minimal influence on 80 nm silica composites. Si69 addition
also improves the wet skid resistance of 30 nm silica-filled composites.
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