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ABSTRACT

Dynamic mechanical analysis (DMA) can be used to measure
the viscoelastic properties of rubber materials such as styrene-
butadiene rubber (SBR) compounds for sustainable and
environmentally friendly tires. Rubber compounds for tires utilize
fillers to optimize properties such as wear, rolling resistance, and
traction. In this work, SBR with linear and branched butadiene
with carbon and silica fillers was investigated. Strain, frequency,
temperature, and time sweeps were conducted per ASTM
D5992. There was little difference found between the branched
and linear compounds and the fillers made the biggest impact
in measurements. It was found that the carbon filler was poorly
dispersed when compared to the silica filler, resulting in a decrease
in modulus with increasing dynamic strain. Silica-filled compounds
also exhibited better wet traction and rolling resistance than the
carbon filled compounds.

INTRODUCTION

Advances in material development have led tire manufacturers
to employ new raw materials for tire tread compounds because
they directly influence key performance parameters such as
wear or abrasion resistance, rolling resistance, and wet traction.
These parameters are carefully balanced as improvements in
one area often compromises the other.' The properties are mainly
dependent on rubber matrix, filler, and their interaction with each
other.2 The most widely used rubber matrices in passenger tire
tread compounds are styrene-butadiene (SBR) and natural rubber
(NR). Lee et al illustrated previously that the wear resistance of
these matrices can be improved by the addition of butadiene
rubber (BR).2

Carbon black is one of the fillers used frequently for reinforcing
rubber, and its effect on dynamic mechanical properties is well
established. In recent years, precipitated silica is gaining popularity
as a filler due to its balanced properties of rolling resistance, wet
grip, and abrasion resistance.** It is also known as greener filler for
tire tread rubber compounds because of its lower impact on the
environment by reducing fuel consumption and CO, emissions.®’

In this note, viscoelastic properties of SBR mixed with linear and
branched butadiene, and carbon and silica filler are systematically
investigated using dynamic mechanical analysis. Flexing fatigue
and heat generation of the same compounds were evaluated in a
previous publication using a HighForce DMA (Model ElectroForce
3330 from TA Instruments).® Pre-cure and processing properties
were also evaluated for the same compounds previously by Heinz
et al using Rubber Process Analyzer (RPA) from TA Instruments.®
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MATERIALS AND METHODS

Four rubber compounds were compared in this study. For each
compound, rectangular samples of 10 mm width and 40 mm
length were cut out of cured rubber sheets of ~2 mm thickness
to accommodate a 25 mm fixture-to-fixture gauge length. The
dimensions were consistent for temperature, strain, frequency,
and time sweeps.

The composition of the rubber compounds is summarized in
Table 1. The formulations were adjusted to obtain a similar shore
hardness to get a relevant post-cure comparison. In addition to
silica and carbon black, linear and branched butadiene were also
varied in the styrene-butadiene matrix. Since silica exhibits poor
interaction with the non-polar SBR and BR molecules, silane was
added to increase its affinity to the non-polar molecules.

Table 1. Summer tire tread formulations

Compound designation

o an—_ Lin-Si Lin-C Br-Si Br-C
(phr) (phr) (phr) (phr)
Styrene-
Butadiene 96.25 96.25 96.25 96.25
Rubber (SBR)
Butadiene 30 30 30 30
Rubber (BR) (Linear)  (Linear) (Branched) (Branched)
Silica 80 - 80 -
(C,\irzb;g Black ) 73 ) 73
Silane (Si-266) 5.8 - 5.8 -
DPG-80 2.5 - 2.5 -
:g’g‘;cn cz 1.6 1.6 1.6 1.6
Perkacit 0.2 - 0.2 -
Sulphur 2 1.4 2 1.4
A/S ratio 2.15 1.14 2.15 1.14

Dynamic mechanical analysis (DMA) was carried out on High Force
DMA (Model ElectroForce 3200 with 500 N capacity). The DMA
was equipped with a forced convection oven (Figure 1) having
an isothermal stability of +0.1 °C and a temperature range of
-150 °C to 600 °C. The DMA tests were conducted per ASTM
D5992 forced non-resonant method.
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Tension film/fiber clamps were used to affix the sample inside the
furnace. A thermocouple located within the forced convection
oven cavity was used to take temperature measurements.

WinTest® DMA Application software was employed to produce
viscoelastic measurements including complex modulus, storage
modulus, and loss modulus as well as tangent delta, also known
as loss factor. These results are obtained from the precise
measurement of the magnitude and phase relationships between
cyclic force and displacement signals as the material responds to
dynamic and mean strains. Before all the tests, the furnace was
held at the start temperature and conditioned for 5 minutes.

Different DMA tests conducted are summarized in Table 2.

Table 2. DMA test plan

DMA Test Mode Purpose
. : To assess Payne Effect and
Strain Sweep Tension filler-filler interaction
To estimate wet traction and
Frequency Sweep Tension rolling resistance at 0 °C and
70 °C, respectively
. To measure primary glass
Temperature Sweep Tension transition temperatures
To check material’s
Time Sweep Tension mechanical stability and

ageing characteristics

Strain Sweep

To evaluate the Payne effect, strain sweeps (also known as
amplitude sweeps) were carried out at 25 °C ambient temperature
and 10 Hz. A continuously incremental dynamic strain was applied,
and the mean strain was adjusted at each dynamic strain to always
keep the test in tension. The sum of static and oscillatory strain
was reported as total or absolute strain, which is most relevant for
evaluating the effect of changing filler-filler interaction.

ElectroForce
[ENE

Figure 1. High Force ElectroForce DMA 3200 with FCO oven and film/fiber
tensile fixture

Temperature Sweep

A temperature sweep was carried out to obtain the glass transition
of the rubber compounds. A dynamic strain of 0.05% was imposed
on a continuously adaptive mean strain to always keep the sample
in tension. A temperature range of -100 °C to 100 °C was used
using liquid nitrogen. Note: The strain of 0.05% was within the
materials’ linear viscoelastic range, measured using a strain sweep
at -100 °C and 10 Hz. LVR was identified as the absolute or total
strain where the storage or elastic modulus decreased by 10%
from the maximum value (results not shown in this note).

Frequency Sweep

The frequency sweeps were carried out at 0 °C and 70 °C to obtain
indication of differences in wet traction and rolling resistance. The
test was conducted at 0.1% dynamic strain from 0.5 Hz - 100 Hz
frequency range and the mean strain was adjusted automatically
to always keep the sample in tension.

Time Sweep

The stability or mechanically aging of the rubber compounds was
evaluated with a time sweep for 15 hours at 25 °C, 10 Hz, and
5% dynamic strain. Mean strain was adjusted automatically, as
explained previously.

RESULTS AND DISCUSSION

Payne Effect

Payne effect is defined as the decrease of elastic modulus with
increasing dynamic strain and is typically observed in highly filled
rubbers.™ It is linked to the filler-filler agglomerates formed due to
inadequate mixing, which start to split at higher dynamic strains.
All compounds indicated the Payne effect, albeit each to a different
extent (Figure 2). Generally, carbon black-filed compounds
indicated higher initial storage modulus, but they also exhibited
higher Payne. This is undesirable as it leads to a reduction in the
fuel economy of the tires due to the energy being expensed in
breaking agglomerates. Silica-filled compounds have less initial
modulus compared to carbon black-filled compounds and the
extent of the Payne effect was also less. If the storage modulus is
extrapolated beyond 20% cross-over strain, the storage modulus
of carbon black-filled compounds is expected to reduce further.
No conclusive difference between linear and branched butadiene
rubber was observed.

Usually, higher tan delta points to higher hysteresis and more
energy absorbed. The increase in the tan delta in carbon black-
filled compounds is twice as much as in silica-filled compounds.
The absorbed energy from hysteresis manifests itself in the form
of temperature increase in the tire material. This was quantitively
measured and reported in the heat build-up results performed
previously per ASTM D623 where carbon black-filled compounds
indicated twice as much increase in temperature as silica-filled
compounds.®
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Figure 2. Strain sweep illustrating the varying degree of Payne effect in all
formulations

Glass Transition Temperature

Temperature sweep data shown in Figure 3 indicates glass transition
temperature as the peak of the tan delta. Both compounds with
carbon black gave a glass transition temperature of -28 °C whereas
silica-filled compounds showed a glass transition temperature
of -23 °C. A difference of 5 °C despite the same butadiene and
styrene butadiene matrix cannot be explained simply because of
different fillers, as glass transition is generally understood to be a
property of the rubber matrix.

In addition to different tan delta peaks, the width of tan delta peaks
is also different. The silica-filled compounds exhibited broader
peaks as compared to the carbon black-filled compounds. It
is therefore suspected that the weight distribution of molecular
chains has increased in silica-filled compounds, possibly due
to added silane. Another variable that could potentially affect
the molecular weight distribution is the accelerator-to-sulfur
ratio which was adjusted for both silica- and carbon black-filled
compounds to obtain similar shore hardness. Since silica-filled
compounds showed higher glass transition temperature, it is
speculated that higher accelerator-to- sulfur ratio contributed
towards higher concentration of sulfur cross links, which ultimately
restricted long chain movement at lower temperatures. Therefore,
the temperature required to enable molecular motion from glassy
to rubbery state is increased.
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Figure 3. Temperature sweep indicating differences in glass transition
temperature

Wet Traction and Rolling Resistance

Tan delta values at 0 °C and 70 °C give insights into wet traction
and rolling resistance of the tire tread compounds.'" ' Higher
tan delta is desired at lower temperature to provide enough loss
deformation and therefore higher hysteresis for good gripping.
Lower tan delta is desired at higher temperatures to avoid
unnecessary deformation and hysteresis that would otherwise
increase fuel consumption. Silica-filled compounds are not only
offering higher tan delta at 0 °C but also lower tan delta at 70 °C
than carbon-filled compounds as shown in Figure 3.
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Figure 4. Frequency sweep at 0 °C, indicating wet traction or gripping

Wet traction was further examined by conducting a frequency
sweep at 0 °C (Figure 4). With increasing frequency, storage
modulus increases as expected with any elastomeric compound.
It is interesting to note that tan delta increases with increasing
frequency. It is useful to have higher traction at higher frequencies
to provide better grip and stability to the vehicle as it travels with
higher speeds. Silica-filled compounds reveal a higher tan delta
compared to carbon black-filled compounds demonstrating a
better wet grip at all frequencies.

Similarly, rolling resistance is also investigated by conducting a
frequency sweep at 70 °C (Figure 5). Storage modulus exhibited
a similar increase, but the extent of increase was less compared
to the low-temperature frequency sweep. Tan delta for silica-filled
compounds was lower than carbon black-filled compounds at all
frequencies and independent of frequency. This indicates that the
hysteresis will not increase by increasing the frequency and hence
there is minimal impact to fuel consumption.

The data from frequency sweeps at 0 °C and 70 °C shows the
potential of silica-filled rubber compounds not only as an alternate
candidate for carbon black-filled rubber compounds but also for
all-weather tires offering balanced properties during winter and
summer.
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Figure 5. Frequency sweep at 70 °C, indicating rolling resistance

Mechanical Stability or Ageing

Time sweeps are typically employed to check the stability of
polymers because they can undergo micro- and macro-structural
rearrangement with time. The tire tread rubber compounds were
tested for time sweeps and the resulting data is depicted in Figure
6.

A reasonable match is observed if the initial value of tan delta
for each tire tread rubber compound in the time sweep (Figure
6) is compared with tan delta at 5% strain in the strain sweep
data (Figure 2). Nonetheless, as the time sweep progressed, the
tan delta showed a relatively sharp exponential decrease in the
first two hours (120 minutes/7200 seconds). After two hours, the
tan delta was stable throughout the experiment. This may be
an indication of mechanically induced structural changes that
are modifying the viscoelastic response of the material until the
material has reached a state of viscoelastic equilibrium. Storage
modulus was also reduced by more than 10% compared to the
beginning of the test. Surprisingly, the difference between linear
and branched butadiene became more pronounced after two
hours and continued to increase. Silica and carbon-filled rubber
compounds with linear butadiene rubber showed lower tan delta
compared to the branched butadiene rubber. This difference was
indistinguishable at the beginning and might explain why such a
difference cannot be seen in the strain sweep due to the limited
time of the experiment. A previously published application note
investigated fatigue and heat build-up of these materials. &
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Figure 6. Time sweep data for tire tread rubber compounds

CONCLUSIONS

Viscoelastic properties of silica- and carbon black-filled styrene
butadiene rubber provided significant insights into the dynamic
performance. Strain sweep data indicated carbon black
dispersibility in the compound was poor in comparison to silica/
silane compound and led to agglomerates exhibiting Payne effect.
A 5 °C difference of glass transition temperature between the two
fillers and difference in peak width of tan delta likely originated
from silane or the higher accelerator to sulfur ratio, which possibly
contributed to a higher cross-link density. Frequency sweep at
0 °C and 70 °C showed that both the wet traction and the rolling
resistance of silica-filled compounds was better than carbon black.
However, no discernable difference between linear and branched
architect of butadiene was seen. Time sweep data illustrated the
stability of rubber compounds and was the only test that indicated
measurable difference in linear versus branched butadiene in silica
compounds.

Performing viscoelastic measurements to evaluate key
performance parameters allows highly repeatable measurements to
be performed in a lab environment. This provides for fast, efficient,
and data driven compound development. These measurements
can be evaluated with several methods that, when used together,
can reveal important insights into how material design and its
structure changes impact material performance. The viscoelastic
data presented in this study signify better performance and higher
sustainability of silica-filled tire tread compounds by offering
improved fuel economy and reduced environmental impact.

FUTURE OUTLOOK

The current study measured the performance of carbon-filled and
silica-filled compounds for tire tread application utilizing dynamic
mechanical analysis. It will be beneficial to explore the same
rubber compounds for their fatigue strength to estimate their life
cycles and long-term stability at different temperatures.
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