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ABSTRACT: In this study we investigate the influence of thermal aging on the mechanical properties of a
butadiene rubber filled with carbon black. To emphasize the influence of both the crosslink density and the
crosslink lengths, we consider three different materials based on the same formulation. Dynamic and quasi-
static characterizations are realized periodically at room temperature to study of the impact of aging on various
mechanical characteristic such as the equilibrium hysteresis, the Payne effect, etc. Crosslink density is followed
by swelling tests.

1 INTRODUCTION

The impact of thermal aging phenomena on phys-
ical properties such as mechanical stiffness, tensile
strength limit, loss angle, shore hardness, has been
studied by many authors, see for instance Tomer,
Delor-Jestin, Singh, & Lacoste 2007, Shabani 2013,
Kumar, Commereuc, & Verney 2004, Kartout 2016,
Ben Hassine 2013 and references therein. Obviously,
aging phenomena are material dependent and differ-
ent issues arrise depending on monomers or vulcan-
izate agents (see Choi, Kim, & C.-S. 2006 for a com-
parison of EPDM and NBR). These phenomena are
also strongly coupled with the environment, chemi-
cal reactions can occur with air (oxidation), salt wa-
ter (see for instance Gac, Saux, Paris, & Marco 2012,
Rabanizada, Lupberger, Johlitz, & Lion 2015), etc.
Furthermore, mechanical state during thermal aging
may also have an influence on aging phenomena (see
for instance Ciutacu, Budrugeac, Mare, & Boconcios
1990). The chemo-physical evolutions involved dur-
ing aging may lead both to the formation of new
crosslinks and to the dissociation of existing ones. For
sulfur vulcanized system a commonly admitted mech-
anism is the degradation of poly-sulfur crosslinks into
di-sulfur of mono-sulfur ones. Free sulfurs can even-
tually migrate and form new crosslinks. This phe-
nomenon is of interest for mechanicians as it can oc-
cur during high-cycles fatigue in particular when the
heat-build is significant or when the thermal environ-
ment plays an important role.

In this study we propose to investigate the con-
sequence of thermal aging on a butadiene rubber

reinforced with carbon black fillers and vulcanized
with sulfur. To study the influence of the poly-sulfur
crosslinks we consider a single rubber formulation
cured under different conditions (temperature and
time of cure). This lead to different crosslink net-
works and different crosslink densities. We proceed
to mechanical characterizations with quasi-static and
dynamic tests on unaged and aged specimens.

2 EXPERIMENTAL SETUP

2.1 Materials

The material is a polybutadiene rubber reinforced
with carbon black and vulcanized with sulfur. Due to
confidentiality reasons, the formulation of this rubber
can not detailed here. The vulcanization system is ef-
ficient (sulfur to accelerator ratio is greater than one)
and the filler mass fraction is about 45%. This sys-
tem was cured at three different temperatures: 130oC,
150oC and 170oC. The time of cure for each temper-
ature was previously determined with the help of a
rheometer: time of cure was obtained when the mea-
sured torque reach 98% of the maximum observed
one at each temperature. We obtained the follow-
ing time of cure: 170oC − 7min, 150oC − 17min,
130oC − 55min. To simplify, in the following each
couple time/temperature is refereed as a different ma-
terial even if the initial composition is the same.
Each material can be considered as fully vulcanized
and differs from each others from its network struc-
ture: for high temperature, we have higher crosslink
lengths (poly-sulfurs) and a smaller crosslink density



than for smaller temperatures of cure.

2.2 Thermal aging

Thermal aging of H2 tensile specimens was done with
the help of a oven. Each sample was previously put
inside an individual plastic bag in which air was par-
tially removed with a vacuum pump. The objective
was to minimize thermo-oxidative phenomena and to
limit non homogeneous aging. Some specimens, 2 by
material, were periodically removed from the oven for
mechanical, and chemical characterizations at room
temperature.

2.3 Mechanical characterizations

Mechanical characterizations on tensile specimen
consisted into the following sequence: a softening
phase to eliminate the Mullins effect, relaxations by
step (relaxations at different increasing and decreas-
ing amplitudes), cyclic sinusoidal tests with two static
amplitudes and three dynamics amplitudes (frequen-
cies of 0.1Hz,3Hz,6Hz,10Hz). These tests were all
done at room temperature.

3 UNAGED BEHAVIOR

3.1 Chemical and thermal characterizations

We realized swelling tests on small specimens that
were put in xylene. Figure 1, shows the evolution
of the relative swelling ratio in mass upon the time
spent in solvent. We define the relative swelling ratio
in mass from:

q =
ms −m0

m0

(1)

where ms is the mass of the specimen after swelling
and m0 is the initial mass. Swelling tests are good
indicators of the crosslink density of the vulcanized
network. The crosslink density could be estimated us-
ing the equation proposed by Kraus 1963 for filled
rubber, however, we do not had access to the vol-
ume fraction of unfilled rubber in the swollen rub-
ber phase. Nevertheless, it can be seen from Kraus
or Flory-Rhener works (Flory & Rehner 1943) that
crosslink density is related to the inverse of the pre-
viously defined swelling ratio. We can therefore ad-
mit that crosslink density is higher for the mate-
rial cured at 130oC − 55min than for those cured at
150oC − 17min and 170oC − 7min. We also real-
ized thermal characterizations with a DSC and optical
dilatometry with DIC. The glass-transition tempera-
ture was measured at −82oC for each materials and
the thermal dilatation behavior was also very close for
each materials.

 2.6

 2.7

 2.8

 2.9

 3

 3.1

 3.2

 3.3

 3.4

 3.5

 500  1000  1500  2000  2500  3000  3500  4000

Re
la

tiv
e 

sw
el

lin
g 

ra
tio

Time in solvent (min)

130-55
150-17

170-7

Figure 1: Relative mass solvent absorption upon the swelling
time for the three materials on virgin samples (not submitted to
thermal aging)

3.2 Mechanical behavior

Figures 2 and 3 show some obtained results on unaged
samples. It can be seen that, in accordance with the
statistical theory of rubber network, the higher is the
crosslink density the higher is the stiffness. Dynamic
tests show that the dynamic softening effect (Payne
effect) is nearly the same in the three unaged materi-
als, hysteresis area are larger for the material that was
cured at 170oC that for this at 150oC, which show also
a larger hysteresis area than the one cured at 130oC,
see for instance figure 4.
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Figure 2: Stress softening in tension on non-aged samples (not
submitted to thermal aging)

3.3 Modeling of the unaged behavior

We adopt a modeling framework that is very close to
the one of Delattre et al. 2016. The equilibrium part
of the stress is considered as hyperelastic and non-
equilibrium one is modeled with a series of Maxwell
elements (Generalized Maxwell model) with an ac-
counting of the Payne effect as described in Delattre
et al. 2016. The Cauchy stress, σ, is therefore defined
from:

σ = σeq +σneq − p1 (2)
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Figure 3: Relaxation by steps in tension on non-aged samples
(not submitted to thermal aging)
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Figure 4: Stabilized hysteresis in tension on non-aged samples
for cyclic tests at 3Hz

where p is the hydrostatic pressure. For the equilib-
rium part, we adopt a Mooney-Rivlin potential de-
fined such as:

ρ0ψeq = sC10(I1 − 3) + sC01(I2 − 3) (3)

where ρ0 is the reference density, I1, I2 the two first
strain invariants. The material coefficients, C10,C01

are classical Mooney parameters (which are iden-
tical for each materials) and s is a parameter that
is fixed to 1 for the material 130-55 and that is
identified for other materials. The identification of
C10,C01, s150, s170 is done by minimizing the least-
square distance from the end of relaxation points (ex-
tracted from figure 3) to the predicted ones for the
three materials at the same time. We obtain the ma-
terial parameters given at table 1 (see also figure 5).
It can be remarked that the obtained values for s are
nearly equal to the inverse of the relative swelling ra-
tio such as we recover the hypothesis of proportional-
ity of the rubber elasticity upon the crosslink density
that is made in statistical theories. We can postulate:

sx =
q130
qx

(4)

where x stands for the material 150-17 or 170-7.
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Figure 5: Identification of the equilibrium contribution with a
Mooney-Rivilin potential

C10 C01 s150 s170
0.185MPa 0.127MPa 0.948 0.9

q130/q150 q130/q170
0.944 0.898

Table 1: Material parameters of the equilibrium part

For the non-equilibrium part, we adopt a Neo-
Hooken potential and a Maxwell viscous flow:



ρ0ψneq =
n∑

i=1

(Gi/s)ωi(I
ei
1 − 3)

˙̄Bei = L̄B̄ei + B̄eiL̄
T − 1

sτi
B̄D

eiB̄ei

ω̇i = − 1

hi

〈
ωi −

(
3

I1(B̄)

)ri〉
, ωi(t = 0) = 1

(5)

where B̄ei is the ith isochoric left Cauchy Green ten-
sor coming from the ith multiplicative split of the
transformation gradient into viscous and elastic part,
L̄ is the isochoric tensor of eulerian velocities, ωi is
the ith internal variable to account of the Payne effect,
and Gi, τi, hi, ri are material parameters (i = 1..n).

The material parameters identification of the non
equilibrium part is done only on the data of the ma-
terial 130-55 (by setting s = 1). We have therefore a
viscoelastic model that can account of a variation of
the crosslink density, using the relation of eq. (4). A
good agreement with the response of the two other
materials is observed as can be seen from the figures
6 and 7.

4 AGED BEHAVIOR

We investigate, in this section, the behavior of aged
tensile samples that were put in a oven at 90oC. No
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Figure 6: Validation of the identified parameters of the non-
equilibrium contribution with the material 170-7 (f = 10Hz)
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Figure 7: Validation of the identified parameters of the non-
equilibrium contribution with the material 150-17 (f = 3Hz)

significant variation of mass or volume, of the sam-
ples, was observed after aging.

4.1 Chemical characterizations

The results of the swelling tests done at different ag-
ing time is synthesized with figure 8. We plotted the
inverse of the swelling ratio q relative to the initial
(unaged) swelling ratio q0 for each material. It can
be seen that the material that has the larger intial
mean crosslink length (the larger number of polysul-
fur crosslink) exhibits the stronger evolution of the
crosslink density. After 11 days of aging, the swelling
ratio, q, is very close for each material as the initial
concentration of sulfur is the same in each material.

4.2 Mechanical characterizations

To investigate the results of relaxation tests, we have
plotted the stiffness obtained from the end of relax-
ation tests done at the maximum amplitude. It can be
seen from figure 9 that the equilibrium behavior be-
come stiffer. Furthermore, the material 170-7 seems
to become more rigid than the two others. We can also
notice that the dispersion of the results increases with
aging.

For dynamic tests, we calculated the median line
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Figure 8: Swelling ratio evolution after aging
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Figure 9: Equilibrium stiffness of aged samples
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Figure 10: Dynamic stiffness of aged samples (for f = 10Hz at
20% of dynamic amplitude with 30% of static preload)

and the area of stabilized hysteresis curves. In the
following, the term dynamic stiffness stands for the
median line. Typical results are shown with figures
10 and 11. As for the equilibrium stiffness, the dy-
namic stiffness increases with aging while the hys-
teresis area decreases. The dispersion is stronger than
for equilibrium results and seems to increase with ag-
ing.

Figures 12, 13 and 14 show that the effect of the
dynamic amplitude of loading (Payne effect) and the
effect of the frequency of loading are not impacted by
aging (at least after 15th days of aging): we only see
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Figure 11: Hysteresis area of aged samples (for f = 10Hz at
20% of dynamic amplitude with 30% of static preload)
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Figure 12: Dynamic stifness on aged samples upon the amplitude
of the dynamic amplitude at 3Hz with 50% of elongation preload
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Figure 13: Dynamic stifness on aged samples upon the amplitude
of the dynamic amplitude at 3Hz with 50% of elongation preload

a vertical translation of the curves.

5 DISCUSSION

Based on the previous experimental results we can
made the following remarks:

• Crosslink density and mean crosslink length.
Under non-oxidative conditions, thermal aging
leads to an increase of the crosslink density
of a sulfur vulcanized filled rubber and this
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Figure 14: Hysteresis area on aged samples upon the amplitude
of the dynamic amplitude at 3Hz with 50% of elongation preload

evolution is related to the initial (and current)
mean crosslink length.

• Fillers/rubber network interactions. Aging
mechanisms seem to not impact in a significant
manner the fillers/network interactions (at least
at 90oC for aging). Amplitude and frequency of
loading effects are not modified by aging.

• Rubber network. The crosslink density may not
be the only parameter to take into account in a
modeling of non-oxidative aging. In this cam-
paign, we show that the aged mechanical behav-
ior can be slightly different between the three
materials even if the results of swelling tests are
very close after aging. We guess that the aged
rubber network is not exactly the same for the
three materials after aging, even if the initial for-
mulation is exactly the same.

• Dispersion of experimental results. We saw an
increase of the dispersion of experimental results
during aging. This effect can have many different
origins, this can be due to damage that can occurs
during mechanical test. As the limit of chains ex-
tensibility is reduced due to aging, damage can
occur for smaller load amplitudes. This can also
be a consequence of a non homogeneous aging
that can have different origins: heterogeneity of
temperature in the oven or oxidation (even if we
tried to minimize it).

For the modeling part, taking into account of the
previous remarks, we will have to introduce at least
two supplementary variables that will be related to the
mean crosslink length and the crosslink density. We
already have introduced a relative crosslink density
variable in the unaged behavior (eq. 4). This variable
should eventually be complemented with another one.

6 CONCLUSION

We have investigated the consequence of thermal ag-
ing for a sulfur vulcanized filled rubber. From the re-



sults of the experimental campaign, we have shown
that aging is strongly related to the initial rubber net-
work (crosslink density and mean crosslink length).
As already shown by previous authors, the increase
of stiffness, the decrease of dissipated energy and the
increase of crosslink density are the three main phe-
nomena but the kinetic is dependent on the initial vul-
canization system and on the initial crosslink lenghts
and crosslink densities.

To investigate further aging mechanisms and their
kinetic, we need to do other experimental tests with
different temperatures of aging. We will also need to
study the impact of a permanent mechanical loads
during aging, as done by Johlitz, Diercks, & Lion
2014.

From the modeling point of view the challenge is
to describe the kinetic with few supplementary vari-
ables. We also need to have a good knowledge of the
initial network structure and swelling tests may not be
sufficient for that.
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