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Anisotropic modeling of the Mullins effect and the residstbin of filled
silicone rubber

M. Rebouah & G. Chagnon & D. Favier
Universie de Grenoble/CNRS,Lab 3SR ,Grenoble , France

ABSTRACT: Many rubber like materials present a stress-saitgphenomenon known as Mullins effect.
It is characterized by a difference of behavior between tts¢ &ind second loading and by a residual strain
after a first loading. Moreover according to the literatdmis stress softening is anisotropic. A new constitutive
equation is proposed. It relies on the decomposition of tlaeromolecular network into two parts: chains
related together and chains related to fillers. The first jgambodeled by a simple hyperelastic constitutive
equation whereas the second one is described by a congtiaguation describing both the anisotropic stress
softening and the residual strain. A 42 directions diszagitbn is chosen to describe the anisotropic part of the
model. An evolution function is introduced in the consfitatequation in each direction to record the history of
the material. The equations are written by means of straariants in order to build a model easy to implement
in a finite element code.

The constitutive equation is finally validated on experitaédata.

1 INTRODUCTION strain stress curve for an orthogonal tensile test after
afirstloading (Laraba-Abbext al., 2003; Dianiet al,,

Despite many different studies the accurate predic-2006; ltskowet al, 2006; Machadet al, 2012a; Mer-
ckelet al, 2013).

tion of rubber like materials behavior is still an open Most of the existent model do not treat simultaneously

issue. These materials are often submitted to CyClieis"non jinear effects. The constitutive equation de-

conditions at large strain state and present highly norl?eloped here, proposes a simple model to take into
linear phenomena. Three main phenomena can be d'gbcount Mullins effect, permanent set and induced

tinguished. : - - i
First the Mullins effect can be idealized as an instan-"jlnlSOtroIOy for rubber like materials. Few models pro

taneous and irreversible stress softening. due to re osed in literature to take into account the Mullins ef-
. . 9, , ect, the permanent set and the induced anisotropy of
rangements in the microstructure of the material tha

. X material is the model of Diaet al. (2006); Merckel
occur when the actual loading exceeds the maximun; . (2012, 2013)

strain state reached during the last loading. When th%he aim of this paper is to present a stress softening

previous maximum stretch is exceeded the Ioadln%onstitutive equation with residual elongation that can

curve turns up and follows the primary curve again UPhe applied on rubber like material. In this way, in Sec-
to a new maximum (Mullins, 1969; Gurtin and Fran- tion 2 an experimental study lead on a filled silicone

cis, 1981; Simo, 1987; Miehe, 1995; Ogden and Rox"ls presented highlighting the induced anisotropy, the

?’ﬁggeigr?g) henomenon is the permanent set thjgess softening and the residual strain in the mate-
P ¥ : [, in Section 3 constitutive equations are developed

is characterized by a residual strain, and observed) take into account the phenomena and comparisons

with experimental data and theorical results of the

for many rubber like materials (Ogden, 2004; Diani
etal, 2006; Merckekt al, 2011). It depends both of constitutive equations are presented. Finally Section
4 presents some conclusions.

the amount of filler and of the maximal strain state
reached.

Finally, the third non linear phenomenon is the
anisotropy induced by the Mullins effect. It has been
observed that the stress softening of a material is max-
imal for a second loading along the direction of ten-

sile. At the opposite the material present a primary



2 EXPERIMENTAL STUDY

2.1 The material

For this study a Heat Cured Silicone (HCS) also
called Hot Temperature Vulcanization (HTV) is used.
It contains 30% of fillers (silica). This filled silicone

rubber is vulcanized with a peroxyde starter. A plate

Cauchy stress (MPa)

of 185 mm length, 170 mm width and 2.5 mm thick ]
is molded and vulacnized under pressure and temper-
ature. Tensile tests were realized on sample of 15 mm 0¥ - - -

length, 2.5 mm width and 2.5 mm thick cut from the ' ' r

rectangular plate. _ _ _ 3 .
Figure 2: Cyclic tensile on HTV silicone at a strain rate o§1!

2.2 Tensile test

It is important to carried out tests at a small strain

rate to limit the possible effect of the viscoelasticity 2.3 Tensile tests highlighting induced anisotropy

of the material on the measures of the permanent set. . L o .
Nevertheless, for this material, cyclic tensile test up td" this section, itis proposed to highlight the induced

)\ = 2.5 (where the stretch represents the actual lengtg1iSOtropy of the silicone. First a large sample of sil-
of a sample over its initial length) were performed at'cON€ i submitted to a pure shear test (Fig3(a)). This

different strain rates of 0.025°§ 0.167 s!, 0.833 large sample of 40 mm length and 15 mm width is
s!, 1.667 s. It is observed in Fig.1 that the strain _submltted to a cyclic tensile test upxo= 2. This test

H 1
rate does not have any influence on the mechanicaf Performed at a strain state of 1'sand a tempera-.
behavior of the material since the stress strain curv?Jre 0f25°C. Then several samples are cut from this
is identical for the different strain rate. Thus it is as-'279€ sample, along different orientations compared to

sumed that the permanent set measures on this mafd€ first tensile direction Fig.3(b). Four new samples
rial is only due to an irreversible deformation and not2'€ obtained, and each one is subjected to a loading
to viscoelasticity. unloading cycle up to\ = 2.5 at a strain state of 1

—1
Then, silicone samples were subjected to periodi® - €Sts were all performed at a constant room tem-

loading up to a fixed stretch. These tests were all caPerature o25°C.
ried out at the same strain rate of 1'sEach of the
specimens was subjected to five loading unloading cy-
cles up to\ = 2. After completion of the fifth un-
loading cycle, each specimen was then loaded up to
a stretch ofA = 2.5. No recovery time was allowed
during the 5 loading unloading cycles. This test was
performed three times to highlight the repetitiveness
of the results at the same constant room temperature
of 25 °C. The results can be observed in Fig.2. Ac-
cording to these results, it is known that this silicone

presents both non linear effect as Mullins effect and ©
permanent set. Figure 3: (a) Pure shear test, (b) geometry of the cut specme

inside the pure shear specimen, (c) definition of the configu-
rations, (CO) initial configuration, (C1) configuration exftthe
pure shear test, (C2) configuration after the pure sheareand t
sile tests.

A=0" g=26562

|
_> | i // a=90°
(b)

o=2s"

0=10s"
a=100s"'

By means of this tests, several remarks can be done.
First, the influence of the orientation of the samples is
highlighted in Fig.4. For this representation it is con-
sidered that the initial configuration {3, and notCj
(Fig.3(c)), thus the stress softening can be analyzed
, despite the permanent set induced by the pure shear
0 - y test and the influence of the orientation is more ob-
g vious (It consists in considering that the samples cut
in the pure shear specimens are the initial configu-
Figure 1: Influence of the strain rate on HTV silicone ration, i.e. suppressing the residual elongation). The
orientation of the samples has an important influence

Cauchy MPa




on the mechanical behavior of the silicone. It is ob-3 EQUIVALENT MODEL CONSTITUTIVE
served that for an orientation af= 90° the material EQUATIONS

has the same behavior as a first loading. That means

that no stress softening is observed in the orthogonad.1 General form

direction to the first loading. The stress softening is i
more important for the orientation @f = 25° than Reboualet al. (2013) developed a constitutive equa-

for the orientation ofr — 45°. These tests prove that 10N Written with strain invariants to predict the be-

the Mullins effect induces anisotropy. This results arehawor of a filled RTV silicone rubber. The strain en-

similar to those obtained by Machadbal. (2012b) ergy density)V(silicone) is additively decom_posed
into two parts: one that represents the strain energy

of the chains linked to filledV.; and an other part
that represents the strain energy of the chains linked
P to other chaing/V,., the total strain energy density
oo | 6343reg is W(silicong) = W,. + W,;. It is considered that
""""" 8009 i only (W,;) can evolve with the Mullins effect and
take into account the permanent set of the material.
1 As a consequenc&V,; must be represented by an
anisotropic strain energy function that can record the
2000 e deformation history of the material. The 42 spatial di-
o rectionsA® repartition proposed by Bazant and Oh
0 : : (1986) are used. The dilatation in each direction is
Y e - defined by means df,) = A®D.CA®, The A® di-
rection is transformed ia® after a transformation by
Figure 4: Influence of the sample cut from the large alongdiff  5(") = FA®) where F is the deformation gradient. The

ent orientation general form of the strain energy is:

8000

Odeg (kpa)

It is also proposed to represent four tensile tests with "

different orientation by taking into account the all his- " . D) () (0) / 7(5)
tory of the materials s)i/nce thge initial configuratioh Wisilicone) = Wee(I1, I2) + Zw( LF )ch (13)-
(Fig.3(c)). The Fig.5 highlights the same stress soft-
ening as the Fig.4 and also the amount of permanent 1)

set endured lasting the pure shear test by the different

samples. Thus, it is observed that the residual elonthe model can be used with any strain energy func-
gation is more important when the angle between theio,. The Mooney (1940) strain energy function is
first and second loadings is weak. Indeed, for an origzhgsen forn,, wherel;, I, are the first and second
entation of = 0° it can be observed an initial perma- srajn invariants of the right Cauchy-Green deforma-
nent set (due to the pure shear testhofis = 1.136  {jon tensorC andw® represents the weight of each
and at the opposite for the sample cutaat 90°  girection,F(@ is the Mullins effect evolution function

the |nmal permanent set is equal to zero. Thl_s reprez g is the strain energy of each chains adapted
sentation proved also that the Mullins effect mducedfa ] theCHTV silicone used
anisotropy. These results are similar to those obtained

by Merckelet al. (2013)

=1

w9 -5 | 2)
Odeg
- 725522 Reboualet al. (2013) proposed an evolution function
-~ S0deq which depends on the first and fourth invariants with

only one material parameter Since the Mullins ef-
fect and the permanent set depends both on the max-
7 Py imal deformation record by means of the evolution
g function, the parameter allowed to represent simul-
taneously the stress softening and the permanent set
‘ of the material. Compared to the model developed by
b ong Rebouatet al. (2013) the evolution function can be-
come negative and no restriction is applied&d,
Figure 5: Mechanical behavior of the different samples kingg ~ thus the permanent set is taking into account. The
into account the residual strain endured lasting the pieardest ~ form of the evolution function is the product of two
terms here. The first represents the maximal deforma-
tion of each direction of the material and the second

0deg (kpa)




the triaxiality of the loading. Each term is regulateda second loading for the model. In the same way, it
by a constant power to represent at the best the matés observed that the experimental tensile test at 90
rial. The new form of the evolution function adapted matches to a virgin curve. For orientations of 2fd
to HTV proposed here: 45° the curves are between a first or a second load-
ing. It is observed that the model take well into ac-
, 7O O\ e\ count the induced anisotropy, the Mullins effect and
FO =1 —p| Hmax 74 4 max () the permanent set since the theorical results and the

Lamax experimental data are well superimposed.

the Cauchy stress tensor is described as

Osilicone = Occ + Ocf — pl (4) —ndeglp —stege
90deg model ol 45deg model

(MPa)
(MPa)

whereo . is the part of the Cauchy stress that repre-
sents the chains linked to other chains angdthe part

of the Cauchy stress that represent the chains linked
to fillers.

auchy stress
auchy stress (MPa)

¢
¢

8WCC

ow,
e =2B—%+2(I,B—B? 5 o —oco )
o 8[1 + ( 1 ) 812 ( ) _ o . 5 9
ew,e L St

3.2 HTV on atensile test

To Va“daj[e the model, it .IS propo_sed to Cor_npareFi(;]ure 7: Comparison with experimental oriented data aed th
the experimental data obtained during the cyclic tenyggel

sile test of the HTV silicone and the model. Mate-

rial parameters were fitted on the experimental data.

The values of the mechanical parameter obtained are:
C7=0.35Cy=0.19,n = 6., K = 1.6. According to

Fig.6 the results obtained are satisfactory since it caft CONCLUSIONS

be observed that the Mullins effect and the permanent _ . .
set are well described by the model. As explained and shown in the present paper a sim-

ple model is proposed here to take into account sev-
eral non linear effects. This model is able to take into
account simultaneously the stress softening, the per-

of e manent set and the induced anisotropy of a material.
e Furthermore, due to the expressions of the model, it is
T o easily implemented into a Finite Element code.
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