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Fatigue-induced dual stiffness behavior
of filled styrene–butadiene rubber

Ruofan Liu and Erol Sancaktar

Abstract

Payne and Mullins effects are widely observed in reinforced rubber materials. The mechanisms by which these two effects

work are not fully understood. Several models have been proposed, including molecular slippage model, bond rupture

model, and filler rupture model. In this study, two different compounds of styrene–butadiene rubber were prepared

using carbon black and silica as reinforcement fillers, respectively, and subjected to cyclic fatigue process. Tensile, creep,

and relaxation tests were performed on fatigued samples to assess the residual stress–strain behavior by comparing with

the results from similar tests using pristine (no fatigue) samples. When the tensile stiffness behavior of fatigued specimens

was evaluated, we noted that the stiffness versus strain behavior which exhibited a monotonic decreasing–increasing

behavior with the pristine specimens changed to what we call ‘‘dual-stiffness’’ condition, where the specimens went

through a first (low) turning point as with the pristine samples, but then dropped off of a peak to go through a second

softening stage, similar to the first softening stage of the pristine material. We believe that such spiking (dual) stiffness

behavior characterized by a ‘‘Peak’’ point represents a combination of both Payne and the Mullins effects active during

fatigue loading. We conclude that molecular slippage and bond rupture are the main factors affecting the physical

properties of carbon black-filled compounds, while breakage and recombination of the filler are the key mechanisms

affecting the silica-filled compounds during the fatigue process.
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Introduction

Rubbers are widely used in industrial applications
because of their unique mechanical properties.1,2

During service, rubber parts are often subjected to
cyclic loading conditions such as tires being subjected
to cyclic load during operation.

The Payne and Mullins effects are two particular
features of the stress–strain behaviors of rubber com-
pounds containing fillers. The Payne effect demon-
strates a dependence of the viscoelastic storage
modulus (G0) on the amplitude of the applied strain
under dynamic strain sweep conditions. When the
strain amplitude is small (�0.1%), G0 decreases rap-
idly with increasing strain level. As the strain ampli-
tude continues to increase, G0 typically reaches the
lowest level, while the loss modulus, G00, shows a max-
imum in that strain amplitude region.

The Mullins effect focuses on the stress–strain
behavior of vulcanized rubber under large strain amp-
litude cyclic loads. If a piece of vulcanized rubber is
stretched and the load released subsequently, it will
not exhibit the same stress–strain curve when it is
stretched once again up to the previously reached
elongation level. The stress–strain curve shifts down

in comparison to the original curve. When the subse-
quent strain amplitudes exceed the level prior to
unloading, the stress–strain curve then reaches and
follows the same (previous) curve for the unloaded
cycle.

Numerous studies have been performed on the
Payne and Mullins effects using both experimental
and theoretical approaches.3–12 Many models have
been proposed to explain the physical phenomena
observed. Some researches focused on small shear
rate and small oscillation amplitude (smaller or
around 1%) and found that the Payne effect is a
purely strain rate-dependent phenomenon, and
strain sequence-dependent dynamic behavior changes
(rather than Mullins effect) taking place.10,11 Also,
some rubber professionals attribute the Payne effect
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to filler–filler interactions and the Mullins effect to
filler–rubber interactions. Nevertheless, these two
effects have not been fully understood.

Researches on the fatigue behavior of rubber
materials have been carried out for a long time.13–27

Many rubber formulations and compounds have been
studied. Polymer types, filler types, and types of other
compounded ingredients (i.e. vulcanizing agents, anti-
oxidants, etc.) are considered the main factors influen-
cing the fatigue behavior. The manufacturing
processes are also considered to influence the fatigue
behavior since they determine the dispersion of fillers
in the rubber. Crosslink density determines the phys-
ical properties to a large degree.23,28 Usually, high
crosslink density relates to high stiffness and low
level of hysteresis. Crosslink density also relates to
viscoelastic properties of rubbers.23,29–32 Creep rate
drops dramatically with increasing crosslink density
at low levels and then the creep curve levels off. The
creep rate in total depends on the rubber type, the
filler dose, and the vulcanization system. Stress relax-
ation rates exhibit similar results.

In our study, we used a residual stress–strain
behavior method as related to the Payne and
Mullins effects. For this purpose, we prepared two
different compounds of styrene–butadiene rubber
(SBR) using carbon black and silica as reinforcement
fillers, respectively, and subjected these compounds to
cyclic fatigue loadings. Tensile, creep, and relaxation
tests were performed on fatigued samples to assess the
residual stress–strain behavior by comparing with the
results from similar tests using pristine (no fatigue)
samples. When the tensile stiffness behavior of fati-
gued specimens were evaluated, it was noted that
the stiffness versus strain behavior exhibited a
‘‘dual-stiffness’’ condition, where the specimens went
through a first (low) turning point as with the pristine
samples, but then dropped off of a peak to go through
a second softening stage, similar to the first softening
stage of the pristine material. We believe that such
spiking (dual) stiffness behavior characterized by a
‘‘Peak’’ point represents a combination of both
Payne and Mullins effects. The dual-stiffness behavior
is utilized subsequently to relate stiffness changes in
silica-filled compound to the silica filler’s agglomerate
breakup and reagglomeration behavior. Creep and
relaxation tests results support the idea that the
rubber crosslinks in the silica-filled compound do
not fail to a large extent during fatigue loading thus
providing further evidence of filler–filler agglomerate-
dominated stress–strain behavior for the silica-filled
rubber compound.

Experiments

Materials and specimen preparations

Formulations of compounds. In this project, we used SBR
as the base material. SBR is widely used in tire

industries. In order to obtain a clear picture of how
various filler particles will influence the fatigue per-
formance of the rubber, two SBR compounds were
used. The compound formulations are shown in
Table 1 in phr form with the main difference between
the two compounds being the reinforcement fillers.
One of the compounds was filled with carbon black
and the other one was filled mainly with silica par-
ticles. The rest of the formulations for these two com-
pounds, including the rubber material were basically
the same. These compounds were prepared by Cabot.
Co. (Billerica, MA).

Dumbbell specimen vulcanization and preparation. ASTM
D4482 standard was used to prepare dumbbell speci-
mens. The cure temperature was 160 �C (320 �F) and
the cure pressure was 15MPa (2200 psi). The vulcan-
ization times were determined by using rubber process
analyzer (RPA) (RPA 2000, Alpha technology,
Akron, OH) corresponding to 90% cure, which in
this case were 11min for carbon black-filled com-
pound and 40min for silica-filled compound, respect-
ively. The specimens were cured in a rectangular mold
made specially to conform to the fatigue tester dis-
cussed in the following section.

After the curing process, specimens were cut into
dumbbell strips following the ASTMD4482 standard.
Geometrical parameters of the specimens, except the
thicknesses, are shown in Figure 1. As can be seen,
these specimens had cylindrical flanges at their grip-
ping ends to slide into the loading grips of the fatigue
tester. The thicknesses of the specimens fluctuated
from 1.4 to 1.6mm.

Fatigue test

A Dynisco Fatigue to Failure instrument (Franklin,
MA) was used to run fatigue tests. It operates based
on ASTM D4482 test standard using dumbbell speci-
mens. The fatigue instrument is displacement con-
trolled, and the displacements can be converted into

Table 1. Formulations of styrene–butadiene rubber (SBR)

compounds used.

Silica filled Carbon black filled

Buna VSL 4720-0 HM 100 100

Z1165 SILICA 50

N234 carbon black 50

Vulcan 3 carbon black 4

SI 69 4

Zinc oxide RGT-M 3 3

Stearic acid rubber grade 2 2

Standard 6PPD 1 1

CBTS accelerator 1.5 1.4

Sulfur 1.6 1.6
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strain levels as described by the ASTM D4482 stand-
ard. The strain levels can be chosen from 61 to 136%.
In this project, 61 and 101% strain amplitudes were
chosen with 61% estimated as the closest strain value
encountered during tire operation. The cyclic loading
was in ‘‘repeated’’ pattern. The frequency was fixed at
1.7Hz (100 cycles/min). If the specimens reached a
predetermined fatigue level without failure, the speci-
men would be taken out of the fatigue tester and sub-
jected to subsequent tests. A computer control was
provided with the instrument to monitor the number
of cycles applied, including cycles at failure, as well
as the ability to set a specific number of cycles to be
applied. There were some cracks which could be
observed through micro-CT scan in the surviving
samples. However, those cracks did not lead to cata-
strophic failure. Furthermore, the dimensional
changes were not serious in those samples.33–35

Tensile and viscoelastic properties tests

An Instron 5567 tensile tester (Norwood, MA) was
used to run constant crosshead rate tensile tests.
Since rubbers exhibit rate-dependent viscoelastic
properties, two crosshead rates, 5 and 500mm/min
were chosen. The strain values were converted from
extension data collected by the Instron tensile system.

Relaxation and creep tests were also performed
using the Instron 5567 tensile tester to study viscoelas-
tic properties of the fatigued rubber compounds. The
comparisons among various fatigue level specimens
provided a method to access rubber materials’ resi-
dual viscoelastic behavior.

Twelve-hour, 61% strain amplitude relaxation test
was applied to both pristine and fatigued specimens of
carbon black- and silica-filled compounds. In order to
maintain similar conditions, the applied creep stress
was estimated from the tensile test data by converting
strain amplitude into stress using pristine specimen’s

500mm/min crosshead rate stress–strain curve. Due
to the stress–strain curve differences between the
carbon black- and silica-filled compounds, the creep
stress values used for carbon black-filled compounds
and for silica-filled compounds were not the same.
Stress levels for each compound are presented in
Table 2. Other experimental conditions for the creep
test were similar to the relaxation test. Twelve-hour
creep tests were performed with both pristine and
fatigued samples.

The initial creep rates and the asymptotic values of
relaxation tests were calculated by using the first half
hour and last half hour of the experiments, respect-
ively. The asymptotic relaxation values were calcu-
lated as the average stress values observed during
the last half hour of the relaxation tests.

Results and discussion

Fatigue tests

During the fatigue tests, most of the samples did not
survive to specific cycle numbers we set. Our overall
test results revealed that the fatigue to failure cycle
numbers were affected by compounding, filler type,
filler dispersion, and fatigue strain amplitude.

For example, with CB-filled specimens loaded to
61% strain amplitude, about 50% of the specimens
failed at each million cycles applied. Only 39.58% of
the initially pristine samples survived two million fati-
gue cycles, and only 16.49% of the initially pristine

Figure 1. Dumbbell specimen sketch and parameters based on ASTM D4482 standard.

Table 2. Stresses used in creep test for each compound.

Carbon black-filled

compound (MPa)

Silica-filled

compound (MPa)

Corresponding

to 61% strain

2.65 2.68
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specimens survived three million fatigue cycles. At
higher strain amplitudes, fatigue to failure cycle num-
bers dropped significantly, i.e. all specimens would fail
after a few thousand fatigue cycles if the fatigue strain
amplitude was set to 101%. Obviously, specimens
containing initial defects such as large voids and
large agglomerates of fillers would fail rather quickly
under catastrophic crack propagation without achiev-
ing the full potential of the rubber compound. The
presence of such defects was verified using CT scan
(SkyScan 1172, Kontich, Belgium) with several speci-
mens during various stages of fatigue loading as
reported in our previous articles.33–35 We would like
to note, therefore, that the results we report in the
subsequent sections of this work thus provide highly
reliable basis for our discussions on Payne and
Mullins effects from a constitutive (continuum mech-
anics) point of view as they represent the behavior of
rubber compounds realizing their full material poten-
tial observed with pristine (no fatigue specimens)
rather than failing prematurely and catastrophically.

Observation of Payne and Mullins effects:
Dual-stiffness behavior

Tangent stiffness at each strain point was calculated
as the first derivative of stress w.r.t. strain [�0(e)].
Representative figures for the variation of moduli
with strain are shown in Figure 2 for the pristine
and fatigued specimens.

The effect of cyclic loading on stiffness was evalu-
ated by comparisons throughout tensile testing. The
data presented in this section were obtained using
61% fatigue strain amplitude and pristine specimens
of both carbon black- and silica-filled compounds.

When evaluating the stiffness behavior of fatigued
specimens, it was noted that the stiffness versus strain
behavior which exhibited a monotonic decreasing–
increasing behavior with the pristine specimens
(Figure 2) changed to ‘‘dual-stiffness’’ condition,

where the specimens went through a first (low) turn-
ing point as with the pristine samples, but then
dropped off of a peak to go through a second soften-
ing stage, similar to the first softening stage of the
pristine material, as shown in Figures 2 to 4. The
samples then start a second strain-stiffen stage and
reach lower stiffness levels in comparison to the pris-
tine sample. These ‘‘threshold’’ points were named
‘‘Max,’’ ‘‘Turning Point 1 (TP1),’’ ‘‘Peak,’’ and
‘‘Turning Point 2 (TP2)’’ as shown in Figure 3.

The ‘‘dual-stiffness’’ plot shown in Figure 5(a) was
obtained using carbon black-filled SBR, fatigued
using two million cycles, and the crosshead rate
was 5mm/min. Silica-filled samples typically failed
at much lower numbers of fatigue cycles.

Figure 2. Illustrations of variations in pristine stiffness and

fatigued specimens’ dual-stiffness modulus curves with the level

of strain.

Figure 3. Typical ‘‘dual-stiffness’’ behavior in fatigued samples

with characterizing threshold points, ‘‘max,’’ ‘‘Turning Point 1,’’

‘‘Peak,’’ and ‘‘Turning Point 2’’ marked. The data shown

corresponds to carbon black-filled SBR, fatigued using two

million cycles and subsequently tested in tension at

500mm/min.

CB: carbon black.

Figure 4. ‘‘Dual-stiffness’’ behavior in silica-filled SBR samples

fatigued using 130,000 cycles and subsequently tested in tension

at 500mm/min.
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Consequently, ‘‘dual-stiffness’’ plot shown in
Figure 5(b) represents silica-filled compounds fati-
gued using 150,000 cycles, and the crosshead rate
was 5mm/min. The stress–strain curves for the two
compounds exhibit very similar behavior when the
fatigued samples were tested subsequently under ten-
sile test at 5mm/min (Figure 5).

Comparison of Figures 4 and 5 reveals that, even
though the silica-filled specimens exhibit higher stiff-
ness values in comparison to the carbon black-filled
ones up to the ‘‘Peak’’ stiffness point, beyond that
point, stiffness falls to levels similar to those with
carbon black. After the breakage of silica filler aggre-
gation during the fatigue process, the silica particles
would have redispersion in the rubber. Such redisper-
sion generates new connections between the fillers or
between the fillers and rubber. Those connections
made the stiffness ‘‘Peak’’ of silica-filled compound
reach or even exceed the ‘‘Max’’ point in the stiffness
curves.

We believe that such spiking stiffness behavior is a
combination of both the Payne effect and the Mullins
effect. It represents attempts by the fatigue-damaged
material to strain stiffen in a manner similar to the
pristine version. The stiffness ‘‘Peaks’’ show up right
after strain amplitudes used during the fatigue tests
falling somewhere between the ‘‘Turning Point 1’’ and
the ‘‘Peak’’ point. We note that the slope of the stress–
strain curve (i.e. the stiffness) is higher than that of the
pristine material when it is tending to merge with the
pristine stress–strain curve during the reloading (i.e.
tensile testing) process (see Figure 6).

Based on the Mullins effect, once the rubber com-
pounds are subjected to cyclic loads, we expect the
stress–strain curves from the subsequent tensile tests
to be lower than those for the pristine compounds
until the strain amplitudes of the fatigue tests are
reached (Figure 6). If the fatigued samples are subse-
quently stressed in an increasing fashion (during ten-
sile testing) to make the strain amplitude exceed the

previously applied value under cyclic condition, the
stress–strain curve is expected to merge with the
stress–strain curve for the pristine sample. Since
curves for the fatigued samples would ‘‘catch up
with’’ the pristine sample curves, there must be a
high stiffness region when the strain amplitude
exceeds the fatigue strain. The stiffness range between
the ‘‘Turning Point 1’’ and the ‘‘Peak’’ point repre-
sents this high stiffness region in tensile stress–strain
curves. However, the fatigue-damaged material is not
able to strain stiffen beyond the ‘‘Peak’’ point due to
morphological changes occurring by cycling and due
to filler–filler interactional changes by a ‘‘Secondary
Payne Effect’’ (see Figure 3).

Threshold points for stiffness values of the com-
pounds’ fatigued samples at two crosshead rates
(5 and 500mm/min) are shown in Figure 7. In these
figures, the values reported for the pristine samples at
‘‘Peak’’ and ‘‘Turning Point 2’’ correspond to their
moduli at the ‘‘Peak’’ and ‘‘Turning Point 2’’ strain
levels of the fatigued samples. The numbers above the
bars represent the strain levels at the threshold points.

Figure 5. Examples of duality in stiffness as measured by stiffness variation during tensile tests at 5mm/min for carbon black-filled

compound fatigued two million cycles (a), and silica-filled compounds fatigued 150,000 cycles (b).

Figure 6. Illustration of Mullins effect.
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When the specimens were subjected to fatigue load-
ing, ‘‘Turning Point 1’’ showed up at a low strain
level, as it did for the pristine samples (i.e. the
Payne effect). Stiffness values at ‘‘Turning Point 1’’
of fatigued specimens are similar to the pristine spe-
cimens for carbon black-filled compound and a little
lower than pristine sample values for the silica-filled
compound. This observation reveals that more serious
interfacial or structural changes were taking place as a
result of the fatigue process in the silica-filled com-
pounds than the carbon black-filled compounds.
The reason could be the breakage of silica filler
agglomerations. Agglomerated carbon black and
silica particles contained in rubber would increase
the modulus of the material, such reinforcement
depending on the specific surface and volume frac-
tions of the reinforcement.36 Fatigue process cannot
change the molecular structures, bonds, and volume
fractions of the filler; thus, the stiffness values at
‘‘Max’’ and ‘‘Turning Point 1’’ do not change much
when the specimens are subjected to fatigue. During
any extensional process, some filler agglomerations
are expected to break up, leading to local filler disper-
sion changes, such as breakage and recombination
of hydrogen bonds and Van der Waals forces.

Such changes may cause the early coming of min-
imum stiffness value at low strain amplitude. As
shown in Figure 6, the ‘‘Peak’’ stiffness values of
carbon black compound were lower than the ‘‘Max’’
stiffness values, while those values for the silica com-
pound were greater than the original values. This is
possibly caused by morphological rearrangements of
silica. Silica fillers have more agglomerations in com-
parison to carbon black fillers, due to a larger amount
of hydroxyls presence. Hydroxyls make it easier for
the silica filler to form hydrogen bonds than the
carbon black filler. This leads to conditions conducive
to filler agglomeration in silica-filled compounds.
Thus, subsequent to the breakage of agglomerations
of silica filler during the initial straining process
(Payne effect), recombination and dispersion changes
of the silica filler are expected to take place during the
cyclic loading. Such recombination increases the load-
hold capability of the silica-filled compound, making
the ‘‘Peak’’ stiffness values greater than its ‘‘Max’’
values. For most samples and starting with the
‘‘Peak’’ point, the stiffness values for fatigued samples
are generally higher than the corresponding pristine
values due to strain stiffen. Moreover, for most silica-
filled specimens, in general, the second turning points

Figure 7. Threshold points for stiffness values and strain values of two compounds’ fatigued samples subsequently tested at 5 and

500mm/min tensile crosshead rates. The moduli values of pristine samples at ‘‘Peak’’ and ‘‘Turning Point 2’’ are the corresponding

moduli values of pristine samples at the strain levels which are averages of fatigued samples at their peak and Turning Point 2: (a)

carbon black-filled compound at 5mm/min crosshead rate, (b) carbon black-filled compound at 500mm/min crosshead rate, (c) silica-

filled compound at 5mm/min crosshead rate, and (d) silica-filled compound at 500mm/min crosshead rate.

TP1: Turning Point 1; TP2: Turning Point 2.
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representing the end of the ‘‘Secondary Payne Effect’’
are higher than the first turning points representing
the end of primary (initial) Payne effect, possibly due
to morphological rearrangements (reduced chemical
bonds in all samples, and agglomerate breakup/par-
ticle redistribution in silica systems).

For the carbon black system, the break point stiff-
ness values are generally lower than the maximum
stiffness values (Figure 7(a) and (b)); for the silica
system tested at 5mm/min rate, however, those two
values are fairly close (Figure 7(c)). This observation
may point out to weak interfacial forces between the
silica particles and the SBR rubber, which do not
seem to contribute as much to the compound stiffness
neither at initial nor at the break loading points.
When tested at the higher speed of 500mm/min, the
silica system shows higher stiffness initially, due to the
viscoelastic behavior of SBR rubber (Figure 7(d)). In
both tensile speeds, the break point strains of pristine
samples are greater than the fatigued samples, indicat-
ing that cracks (tears) develop with the application of
cyclic fatigue loads.

Fatigue cycle-dependent variability in stiffness
values for the silica system (Figure 7(c) and (d))
seems to be much higher than that with the carbon
black system (Figure 7(a) and (b)), possibly due to the
issues related to breakage and recombination of silica
agglomeration.

Viscoelastic behavior of the rubber compounds

Creep and relaxation rates of thermoset or vulcanized
polymer materials are influenced by their crosslink
density.15 Generally, creep rate is inversely propor-
tional to the crosslink density. In order to obtain
the viscoelastic properties of our rubber compounds,
creep and relaxation tests were performed by using
Instron tensile tester and the initial creep rates
(creep rates of initial half hour) and the asymptotic
relaxation levels were calculated. The fatigued

samples used in creep and relaxation tests were
those which survived the 61% strain amplitude fati-
gue tests at several fatigue cycle levels. The plots of
initial creep rate versus fatigue cycles and the asymp-
totic relaxation stress versus fatigue cycles are shown
in Figure 8 for carbon black- as well as silica-filled
compounds. The initial creep rates were calculated
by using the first half hour data of the experiments,
which represents the rapid (primary) creep stage.
The asymptotic values of relaxation stress were calcu-
lated by using the last half hour data of the
experiments.

Figure 8(a) reveals that, as the cycle numbers
increase, the initial creep rate increases for the
carbon black compound. The initial creep rate for
the silica-filled compound, however, seems to be inde-
pendent of the number of fatigue cycles. Since the
creep rate reflects the crosslink density of rubber,
increasing of the creep rate in carbon black compound
points to breakage of its crosslink structure; while for
the silica-filled compound, increasing fatigue cycles do
not seem to influence its crosslink density. Asymptotic
relaxation values of silica compound decreased with
increasing fatigue cycles, possibly due to the develop-
ment of cracks during the fatigue process. The asymp-
totic relaxation values for the carbon black
compound, however, changed little, possibly due to
less amount of crack formation. Cracks develop in
silica-filled compounds faster and more prominently
during the fatigue process. This behavior was verified
by our microscopy and CT scan results in our previ-
ously published articles.33,35 Cracks lead to a higher
failure percentage and smaller break strain amplitudes
(Figure 7) compared with the carbon black com-
pound, as discussed in previous sections. Since
moduli of the silica compound are higher than those
of the carbon black compound, the asymptotic relax-
ation values of the silica compound are greater than
those of the carbon black compound.

Figure 8. The effects of fatigue cycles on initial creep rate (a) and asymptotic values of relaxation stress (b) for CB-filled and SF

compounds under 61% strain amplitude.

Liu and Sancaktar 7



Conclusions

Payne and Mullins effects were observed by testing
carbon black- and silica-filled SBR compounds
under fatigue and subsequent monotonic tensile load-
ings to obtain their residual stress–strain behavior. It
was shown that as the number of fatigue cycles
accumulated, the percentages of the failed samples
increased during the fatigue process. This revealed
that cracks developed in both the carbon black- and
silica-filled compounds with increasing fatigue cycles.
Stiffness curves showed that the initially applied fati-
gue loading caused the stiffness to decrease quickly in
carbon black-filled compound, pointing to chemical
bonds rupture and molecular slippage processes.
But, these mechanisms did not seem to be effective
for the silica-filled compound. When we evaluated
the stiffness behavior of fatigued specimens, we
noted that the stiffness versus strain behavior which
exhibited a monotonic decreasing–increasing behavior
with the pristine specimens changed to what we call
‘‘dual-stiffness’’ condition, where the specimens went
through a first (low) turning point (‘‘Turning Point
1’’) as with the pristine samples, but then dropped
off of a peak to go through a second softening
stage, similar to the first softening stage of the pris-
tine material. We believe that such spiking (dual) stiff-
ness behavior characterized by the ‘‘Peak’’ point
represents a combination of both Payne and the
Mullins effects. Dual-stiffness behavior reveals that
the stiffness changes in silica-filled compound are
related to the silica filler’s agglomerate breakup and
reagglomeration behavior. Stiffness ‘‘Peak’’ values of
silica-filled compound are greater than its beginning
(‘‘Max’’) values, revealing that recombination of silica
particles is taking place during the fatigue process.
The recombination of silica fillers could be caused
by Van der Waals forces and hydrogen bonds, but
further studies are needed to fully understand the
mechanisms of filler recombination. Results from
our creep and relaxation tests also support the idea
that the rubber crosslinks in the silica-filled com-
pound do not fail to a large extent during fatigue
loading.
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