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Influence of the temperature on the mechanical behaviour of filled and
unfilled silicone rubbers

T. Rey?, G. Chagnon®*, J.-B. Le CamP®, D. Favier?

2 Université de Grenoble, Laboratoire 3SR, Domaine Universitaire, BP53, 38041 Grenoble Cedex 9, France
b Université de Rennes 1, LARMA.UR. - CNRS 6274, Campus de Beaulieu, Bdt. 10B, 35042 Rennes Cedex, France

This paper investigates the effects of temperature on the mechanical properties of silicone
rubbers. First, differential scanning calorimetry tests are performed to determine the
crystallization and melting temperatures. Second, mechanical tests are carried out at dif-
ferent temperatures above that of crystallization, up to 150 °C. In this temperature range,
the silicone rubbers exhibit entropic behaviour. The neo-hookean model is used to fit the
mechanical response. Third, the effects of temperature on the hysteresis, the stress soft-
ening and the stress relaxation are studied. Strong differences are observed and discussed.

1. Introduction

Silicone rubbers are increasingly used in many appli-
cations that differ in nature, for instance automotive ap-
plications, food storage products, footwear, electronics.
This is mainly explained by their easiness of cure and, more
generally, of manufacture. Moreover, silicone rubbers do
not react with most chemicals, which explains why they are
used in many medical applications.

Classically, silicone rubbers are filled with mineral fillers
such as silica in order to increase their stiffness. In this
case, fillers greatly complicate the mechanical response by
inducing numerous phenomena: non-exhaustively, stress
softening [1], the Payne effect [2,3] and mechanical hyster-
esis. Even although mechanical response of filled and un-
filled silicone rubbers has already been characterized in the
literature at room temperature [4-6], no study investigates
the effects of temperature on the mechanical response,
while the large variety of applications requires a large range
of service temperatures. Moreover, temperature variation
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affects the interaction between the fillers and the rubber
matrix [7] and, consequently, it is necessary to study both
filled and unfilled silicone rubbers.

This paper aims, therefore, at investigating the influence
of temperature above that of crystallization on hyper-
elasticity, stress softening, mechanical hysteresis and stress
relaxation. Section 2 presents the materials and the
experimental setup. Section 3 gives the results obtained for
both materials. The evolution of the various phenomena
involved in the deformation of silicone rubbers is discussed
in Section 4. Finally, concluding remarks close the paper.

2. Experimental setup

This section focuses first on the preparation of the two
studied silicone rubbers (Bluestar RTV 141 and RTV 3428),
second on the identification of their characteristic tem-
peratures, and third on the mechanical tests performed.

2.1. Preparation of the silicone rubbers

The preparation process was similar for the two mate-
rials. The first step consisted of blending two liquid



components, the uncured unfilled silicone RTV 141A (or
RTV 3428A for the filled silicone) and 10/1 phr in weight of
the curing agent RTV 141B for the unfilled silicone (or RTV
3428B for the filled silicone). The mixture was then
degassed for 30 min in a vacuum chamber to remove any
air bubbles to ensure the material homogeneity. The
degassed liquid was injected by means of a medical syringe
into a closed mold to guarantee a constant specimen
thickness (2 mm). Finally, the mold was put in an oven at
a temperature of 70 °C for 4 h to cure the material. This
procedure was previously used for the unfilled [4] and filled
[5,6] silicone rubbers for studying their mechanical prop-
erties at room temperature.

Before testing the temperature effects on the mechani-
cal properties, it is necessary to check that the material is
fully cross-linked in order to not superimpose temperature
and cross-linking effects. To this end, the materials were
heated at different temperatures for different times after
curing and then cooled at room temperature. One day rest
was imposed before performing the mechanical tests. For
each specimen, a uniaxial tensile test was carried out at
room temperature. Fig. 1 presents the results obtained for
the unfilled silicone in terms of the nominal stress versus
the stretch ratio A (defined as the ratio between current and
initial lengths). As shown in this figure, the material pre-
pared with the supplier recommendations (4 h at 70 °C) is
not fully cross-linked. Indeed, the specimens heated at
150 °C for 3 and 6 h exhibit stiffer behaviour. Moreover, no
variation in stiffness is observed after a heating at 150 °C for
3 h. The microstructure of the material is, therefore, sta-
bilized after such a thermal treatment. Consequently, in the
present study, the material was heated 3 h more at 150 °C.
This new procedure ensures that the change in the me-
chanical response during the test in not due to an increase
in cross-linking.

It should be noted that no difference was observed for
the filled silicone whatever the applied thermal treatment,
meaning that the recommendations of the supplier, i.e. 4 h
at 70 °C, lead to a stabilized microstructure.
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Fig. 2. Heat flow versus temperature measured by means of a DSC for an
unfilled and a filled silicone for a temperature cycle from 0 °C to —90 °C and
from —90 °C to 0 °C. Tc and Tm are the temperatures where crystallization
and crystallites melting occur, respectively.

2.2. DSC and DMTA analyses

DSC (Differential Scanning Calorimetry) and DMTA
(Dynamic Mechanical and Thermal Analysis) tests were
carried out to define the characteristic temperatures of the
two silicones, ie. temperatures of crystallization and
melting for a given temperature rate.

The DSC was performed with a TA Q200 differential
scanning calorimeter. The cooling rate was set to 2 °C
per minute, and the temperature range between 0 °C
and —90 °C. Then, heating took place between —90 °C and
0 °C with the same heating rate as previously used. Speci-
mens of 29 and 37 mg weight were used for the unfilled and
filled silicones, respectively. Results are presented in Fig. 2.
As shown in this figure, an exothermal peak in the heat flow-
temperature curve is observed for the two materials during
cooling, this corresponds to the crystallization of some of
the polymer chains. During heating, an endothermal peak is
observed, which corresponds to the crystallites melting. The
temperatures for which crystallization and crystallites
melting occur are denoted respectively Tc and Tm in the
following. The values of these characteristic temperatures
are reported in Table 1. These tests do not allow us to
determine the glass transition temperature for both mate-
rials, which occurs at temperature lower than —90 °C.

Dynamic Mechanical Thermal Analysis (DMTA) tests
were carried out by means of a Gabo Eplexor 500N machine
with load cell capacity of 25 N. This type of test is classi-
cally used to study the amplitude dependence of filler-
reinforced rubbers (see for instance [8]). The test consists
firstly in cooling with a temperature range between 150 °C

Fig. 1. Influence of curing time on the strain-stress relationship for the
unfilled RTV 141 silicone.

Table 1
Characteristic temperatures for the two silicone rubbers.
Crystallization Melting
temperature temperature
RTV 141 —-83°C —47 °C
RTV 3428 —66 °C —41°C
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Fig. 3. DMTA realized on an unfilled silicone rubber, the left side presents the results for the whole temperature measurement range (from —100 °C to 150 °C)
while the right side presents a zoom for positive temperatures (0 °C, 150 °C) for the cooling (a) and the heating (b).
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Fig. 4. DMTA realized on a filled silicone rubber, the left side presents the results for the whole temperature measurement range (from —100 °C to 150 °C) while
the right side presents a zoom for positive temperatures (0 °C, 150 °C) for the cooling (a) and the heating (b).



and —100 °C at a rate of 2 °C per minute, and secondly by
heating from —100 °C to 150 °C at the same rate. The mean
strain applied was equal to 15% and a double strain
amplitude equal to 0.2% was applied at a frequency of 1 Hz.

Figs. 3 and 4 present the results obtained for the unfilled
and the filled silicone, respectively. Results show that both
the storage modulus (E’) and the loss modulus (E”) are not
affected by temperatures far from Tc and Tm. During
cooling, these two moduli increase sharply close to the Tc
for both materials, i.e. from —80 °C for the unfilled silicone
and from —60 °C for the filled one. The results are in good
agreement with the literature ([9,10]). Moreover, these
moduli decrease during heating until the temperature
reaches Tm. A significant difference is observed between Tc
and Tm for both materials, which confirms the results
obtained from the DSC analysis. This difference can be
explained by a supercooling effect [11].

The values of tan d are about 0.2 for the filled silicone
and about 0.05 for the unfilled one, meaning that the filled
material is more viscous than the unfilled, which is in good
agreement with previous work in the literature ([12]). Tan
d slightly decreases for the two materials with decreasing
temperature, which highlights that the material viscosity
increases by increasing the temperature.

2.3. Mechanical tests

As previously shown, the RTV 141 behaves as a purely
hyperelastic material at room temperature with a strain at
failure close to 100% [4] whereas the RTV 3428 exhibits
stress-softening, hysteresis, stress relaxation and un-
dergoes larger deformations [5,6].

Due to these differences, the mechanical tests performed
on both materials were different: for RTV 141, only one
uniaxial load-unload cycle at a strain of 50% was performed,
with a strain rate of 1.67 s~ !, at temperatures between —60°C
and 150 °C. For RTV 3428, it was necessary to perform several
mechanical cycles at increasing deformation. Here, the me-
chanical cycles were carried out from 25 to 250% strain, with
an increase of 25% strain between each cycle (see the his-
togram in Fig. 6). These tests were performed with a strain
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Fig. 5. Cyclic strain-stress tensile test of the unfilled silicone rubber at dif-
ferent temperature.

rate equal to 1.67 s, between —40 °C and 150 °C (—60 °C is
close to Tc for this material).

A second type of mechanical test was then performed,
which corresponds to relaxation tests. For the unfilled sil-
icone, a maximum strain equal to 50% was applied with
a strain rate set to 1.67 s~ .. For the filled silicone, one me-
chanical cycle was beforehand performed at a maximum
strain equal to 250% in order to remove the stress softening
of the first cycle and to focus only on the relaxation prop-
erties [13-15]. After a rest time greater than 4 h, which
ensures recovery of the viscoelastic properties, a relaxation
test was carried out by applying a 150% maximum strain

with a strain rate equal to 1.67 s~ .

3. Tests results

Fig. 5 presents the results of uniaxial tensile tests for the
unfilled silicone. The stiffness of the material increases with
temperature, except at —60 °C. These curves highlight the
entropic behaviour of the unfilled silicone rubber for tem-
peratures far from Tc. For temperature close to Tc, typi-
cally —60 °C, the material behaviour remains entropic, but
crystallites form in the bulk material and act as fillers [11,16].
Consequently, the material stiffness increases, meaning that
the effect of crystallization on the mechanical response of
the material is of the first order compared to that of entropy
variation. It should be noted that the change in the prepa-
ration process, more especially the fact that the material is
fully cross-linked in the present study, explains the differ-
ences from the results obtained by Meunier et al. [4].

Fig. 6 presents the results obtained for the filled silicone.
First, a significant difference between the load and unload
curves is observed, which forms a hysteresis loop. Moreover,
a difference of stiffness is observed between the first and the
second loads at a same strain level. This softening is one of the
features of the Mullins effect [1]. Second, for temperatures
lower than 0 °C, the material becomes stiffer when the
temperature is close to Tc. For temperatures greater than 0 °C,
despite a loss of material stiffness due to the viscosity when
the temperature increases, the material becomes stiffer,
meaning that the entropic effect is more significant than the
viscous one. It can be noted that the test performed at 150 °C
is not completed as the specimen fails at about 200% strain.

Fig. 7 presents the results of the relaxation tests for the
unfilled silicone. In this figure, the nominal stress is nor-
malized to the maximum nominal stress reached during
the test (the start point of the stress relaxation). The values
of the maximum nominal stress measured are reported in
Table 2. Each curve represents a monotonic decreasing
function of time. Without considering the curve obtained
at —20 °C, the higher the temperature, the lower the stress
relaxation. Results obtained at —20 °C are not clearly
explained and require further investigation.

Fig. 8 presents the results obtained for the filled silicone,
Table 2 gives the values of the maximum nominal stress
measured. Once again, the relaxation decreases with
increasing temperature. These results are similar to those
proposed by Laurent et al. [17] and Vandenbroucke [18] on
other rubber-like materials. No result is available at 150 °C,
due to the fact that the material fails during the pre-
conditioning step at 250%.
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Fig. 7. Stress relaxation responses for the unfilled silicone.

4. Discussion

In this section, the relation between temperature and
strain on the material behaviour is first discussed by con-
sidering the neo-hookean model.

Then, the effects of the temperature on the Mullins effect
and the mechanical hysteresis are successively investigated.

4.1. Modeling of temperature dependency of the mechanical
response

The neo-hookean model [19] was used to predict the
experimental results previously presented. In this case, the
evolution of nominal stress 7 (in MPa) is written with the
stretch A and the temperature T (in K) as follows:

T = nkT(/l— 1/,12) (1)

where n is the density of macromolecular chains by volume
unit (mm~>) and k is the Boltzmann constant (] K-1). The
parameter nk was fitted for the unfilled silicone for a tem-
perature of 20 °C and a strain level lower than 25%. The
value of nk was found to be equal to 1.29 x 10~ KL Then,
this value was used to plot the curves at each temperature.
Fig. 9 shows the curves obtained. This figure shows that the
neo-hookean model satisfactorily predicts the exper-
imental results for —20, 20 and 60 °C. However, the model
does not predict correctly the material behaviour for tem-
peratures equal to —40 °C and 100 °C and even less at
150 °C. This seems to indicate that the neo-hookean model
gives a good approximation of the material behaviour in
arange of temperature between —20 °C and 60 °C (i.e. room
temperature +40 °C) if the model parameter is fitted from

Table 2
Maximum nominal stress measured during the stress relaxation tests.

1.00 . ; . ; . ;

100°C

—5—60°C
1]
%]
£
%]
©
£
€
o
c
kel
Q
N
©
£
[e]
z
0.90 | T B
_
r I r I r I r
0 1000 2000 3000
Time (s)

Fig. 8. Stress relaxation responses for the filled silicone.

tests at room temperature, 20 °C in the present study. The
poor prediction of the model for —40 °C is due to the fact
that the material stiffness is increasing as the appearance of
crystallites begins, and the value of nk previously calculated
is no longer correct.

The same model was used to fit the experimental results
of the filled silicone. The parameter nk was fitted on the
experimental curve at 20 °C, and was used to plot the
curves for all the other temperatures. For the filled material,
nk is equal to 5.1 x 10~% J K~! Fig. 10 gives the results
obtained. This figure highlights that the neo-hookean
model predicts approximately the evolution in the me-
chanical response with temperature for this material. The
evolution of the mechanical response is underestimated for
—20 and —40 °C whereas it is better estimated for 60, 100
and 150 °C. This is due to the fact that the neo-hookean
model accounts for the macromolecular network elastic-
ity, but not the matrix-filler interactions. More elaborate
models could be used, as done for example by Korochkina
et al. [20], but it is not the objective of the present study.

4.2. Mullins effect

The unfilled silicone is not subject to stress softening,
which is the reason why this analysis only deals with the
filled silicone. As classically reported in the literature, our
results show that the filled silicone exhibits stress soften-
ing, which is mainly observed between the first and second
loads [5]. It has often been considered as a damage phe-
nomenon [21-24].

In order to evaluate the stress-softening, several
methods can be used, among them that by Stevenson et al.

Temperature

Maximum nominal stress >measured for the >unfilled silicone (MPa)
Maximum nominal stress >measured for the filled >silicone (MPa)

—60 °C —40 °C -20°C 20°C 60 °C 100 °C 150 °C
0.55 0.57 0.65 0.72 0.82 0.94
0.31 0.3 0.33 0.37 0.41
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[25]. This method consists of calculating the ratio between
the energies brought during load and unload. In the present
study, we calculated the ratio between the energies
brought during second (W2L) and first (W1L) loads. This
method, which was previously proposed in [5], allows us to
remove the effect of hysteresis from the calculation. The
measurement of energy is defined by:

W:/%;df 2)
;

where T is the nominal stress tensor and F is the defor-
mation gradient tensor.

Fig. 11 presents the evolution of this ratio for different
maximum strain levels from 25 to 250% for a temperature
range between —40 °C and 150 °C. It appears that the en-
ergy loss increases with deformation whatever the tem-
perature. The curves corresponding to 60, 100 and 150 °C
are confounded, meaning that above 60 °C the stress soft-
ening evolution is not greatly dependent on temperature,
whereas below 60 °C, the lower the temperature, the
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and experimental results for the unfilled silicone rubber.

higher the stress-softening. This means that the macro-
molecular network is more sensitive to stress softening at
low temperatures.

4.3. The mechanical hysteresis

In unfilled silicone, mechanical hysteresis is only
observed for a maximum strain equal to 50%. For lower
strain levels, it is not detected. Fig. 12 gives the evolution of
the hysteresis area between load W1L and unload W1U
(W1L-W1U) versus the temperature for this maximum
strain level. As shown in this figure, the hysteresis loop area
is quasi-constant for temperatures above 0 °C. However, for
temperatures below 0 °C, the hysteresis loop area greatly
increases until the temperature reaches Tc.

For the filled silicone rubber, the hysteresis loop is
observed for strains from 25 to 250%. Fig. 13 presents the
corresponding hysteresis loop area versus the strain. As
shown in this figure, the hysteresis loop area increases with
the strain and seems to be not affected by the temperature.
It should be noted that the area slightly increases with
temperatures that tend to Tc.
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Fig. 10. Comparison between neo-hookean model and experimental results for the filled silicone rubber.
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Fig. 14 gives the hysteresis between the second load and
unload (W2L-W1U). The evolution of the hysteresis loop
area versus the strain is similar as that obtained previously
for the first load cycles. The difference lies first in the size of
the hysteresis loops, which are five times smaller than for
the first load cycles, and second in the fact that the higher
the temperature, the smaller the hysteresis loop area. This
is in good agreement with the fact that once the Mullins
effect is removed from the mechanical response, the hys-
teresis loop is only due to viscosity.

The fact that hysteresis loops obtained in the first cycles
are not influenced by the temperature means that the
Mullins effect is mainly responsible. Indeed, contrarily
to hysteresis due to viscosity (see Fig. 14), Mullins effect
observed in filled silicone rubber is not significantly
dependent on the temperature.

5. Conclusions

This study investigated the effects of temperature on
the mechanical properties of filled and unfilled silicone
rubbers, especially on hyperelasticity, mechanical hyster-
esis, stress softening and stress relaxation. Results show
that the stabilized behaviour of silicone rubbers depends
quasi-linearly on the temperature. This is not true for the
other phenomena. Typically in filled silicone rubber, the
magnitude of hysteresis, stress relaxation and stress soft-
ening decrease by increasing the temperature. Moreover,
up to 60 °C, the temperature does not alter the stress
softening. For these reasons, the modeling of phenomena
involved in the deformation of rubbers should account for
the non-linear dependence of these phenomena on the
temperature. Consequently, this study opens a new way
for the modeling of classical phenomena observed in
rubbers, more particularly for the modeling of the Mullins
effect, whose softening function should depend on
a decreasing and asymptotic function of the temperature.
Further work in this field is currently being carried out by
the authors.
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