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ABSTRACT: The influence of the temperature on the Mullins softening effect and its recovery
behavior (known as the healing phenomena) is experimentally investigated using a rubber blend. To study
the influence of low temperatures and large deformations on the Mullins effect, cyclic strain-controlled
processes are applied under different temperatures. Experimental results show that low temperature
increases both the hysteresis properties and the Mullins effect. The softened specimens are then sub-
Jected to a sequence of heating, cooling and conditioning processes in order to study the influence of
the temperature on healing phenomena. The results indicate the existence of a threshold temperature: if
the specimen temperature is larger than this threshold, a nearly complete recovery of the material occurs
within finite time, while any temperature below this limit will be too small for healing. In order to take
the temperature dependences of softening-healing effects and their reversibility into account, the paper
attempts to outline a thermodynamically consistent theoretical framework to describe these experimen-
tally observed phenomena. In order to preserve the reversible character of the softening effect, fraction of
free energy that is dissipated during softening process are described as a function of both temperature and
an internal variable. Subsequent derivations lead to the constitutive relations in integral form.

| INTRODUCTION energy dissipation during monotonic and cyclic
Vb Gerigral deformations. Therefore, the stress response of this
: o material depends strongly on the applied deforma-

The Filler-reinforced vulcanized rubber and its  tion history (Treloar 1973). Lion (1996, 1997a,b)

blends are frequently-used for engineering applica-
tions, e.g. tires, base isolation bearings, air springs,
acoustic coatings, tunnel linings for over a century
(cf. Morawetz 2000, Amin et al. 2002, 2006). To
shape the geometry of these products, geomet-
ric nonlinearities need to be considered together
with the mechanical properties. The application
of a numerical procedure which considers an ade-
quate constitutive model founded on nonlinear
continuum mechanics and the principles of ther-
modynamics (c.f. Haupt 2000) can bring realistic
sophistication to a computer aided design and
manufacturing process.

The mechanical behavior of filler-reinforced
rubber originates from a network of macromol-
ecules containing chemical and physical crosslinks,
entanglements and filler particles. The macro-
molecular network of filler-reinforced rubber
exhibits rate-dependent behavior, hysteresis and

provided experiments and a constitutive model
which also consider the temperature. On the other
hand, macromolecular networks can change their
microstructure at temperatures much higher than
cryogenic temperatures (200 K). Such processes
are possible in two different ways: 1) the healing
of Mullins effect (c.f. Bueche 1961 and Figure 1)
and 2) the crystallization process (c.f. Wood and
Roth 1944; Wood and Bekkedahl 1946; Gent 1954;
Stevenson 1983; Gent and Zhang 2001; Fuller et al.
2004). Both the temperature and the deformation
history are the determining factors for the dura-
tion needed to complete these changes. The time-,
temperature- and deformation-dependent changes
in the macromolecular network, however, influ-
ence the mechanical material behavior of rubber.
Thus, there exists an obvious necessity to extend
the experimental knowledgebase of the material
over the practical deformation and temperature
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Figure 1. Mullins effect. When a virgin specimen is
subjected 1o a cyclic process with different maximum
stretches 4, 4, 4 and Ay, respectively. The soften-
ing, occurring between cycles 10 and 11 in a virgin rubber
at the stretch level 4y, is illustrated in Figs. 1b and lc.
It increases progressively when the material experiences
larger stretch amplitudes e.g. 4 < 4, < 43 <4,;. Atany
amplitude lower than the past maximum amplitude, the
material exhibits a repeatable stress-strain response with
a very little softening in the successive cycles (Lion 1996,
Gentot et al. 2004).

ranges such that motivations for founding more
general constitutive models can be obtained. This
paper examines temperature history dependence
of Mullins softening-healing phenomena through
experiments and outlines a theory to narrate the
experimental facts.

2 EXPERIMENTS

2.1 Experimental scheme

We study the thermomechanical behavior of a
NR/BR blend. The specimens are tested under
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Figure 2. Temperature histories applied to specimens.
The figure is to be read in conjunction with Figure 3 and

Table 1.

Table 1. Reference temperatures (Figure 2) for mechanical
tests.

Sl no. Reference temperatures T K
1 253 K
2 263 K
3 293K
4 313K
5 333K

Note: The table is to be read in conjunction with
Figs 2 and 3.

tension to understand the efTect of the temperature
on the mechanical behavior of the blend. In this
course, we apply a specified deformation history
(Figure 2) on a virgin specimen at a reference tem-
perature and reapply the same deformation history
at that reference temperature for a few more times,
but also after subjecting the specimens to various
temperature histories. By this sequence of events,
an insight into the thermorheological processes
which occur in the material can be obtained. In this
way, the temperature history dependences of the
Mullins effect and its healing are investigated under
five reference temperatures (Table 1).

2.2 Temperature dependence of Mullins effect

Figure 4a shows the effect of the specimen tem-
perature on the [irst loading cycles (Cycle 1, 3,
5, 7; Fig. 3), while Fig. 4b shows the same effect
observed in the second loading cycles (Cycle 2,
4, 6, 8; Fig. 3). The stress amplitudes recorded in
the second loading cycles (Fig. 4b) are lesser than
those in the first cycles (Fig. 4a). These reductions
can be interpreted as the Mullins effect. However,
it should be noted that a specimen at a lower tem-
perature may contain a larger crystallinity and a
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Figure 3. Deformation history applied in specimens at

different thermal equilibriums. The figure is to be read in
conjunction with Figure 2 and Tables 1. At XIV defor-
mation history was applied only up to 600 s.
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Figure 4. Mullins effect characterized by stretch ampli-

tude dependent softening phenomena at different tem-
peratures. All observations are made 0.05/s stretch rate as
per the experimental scheme shown in Figs. 2-3. (a) The
first cycles (1, 3, 5, 7); (b) The second cycles (2, 4, 6, 8).

lower amorphicity. In addition, it should have a
lower molecular mobility and a larger rate depend-
ence. By taking these points as background, we
note that the energy absorption, represented by the
areas of the stress-stretch curves of a cycle, is much
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Figure 5. Mullins softening effect is viewed as the dif-

ference in stress amplitude over the first and second cycle
(stress softening effect). Stress amplitudes at first cycles
(1, 3, 5, 7) are deducted from those recorded at second
cycles (2, 4, 6, 8) and plotted as a function of tempera-
ture. The results from the virgin specimens (at 7" K) are
compared with those after tempering at 363 K and 393 K
(Figs. 2-3).

larger at low temperatures and it decreases with the
increase of temperature.

In Figure 5, the maximum stresses recorded in
cycles 1, 3, 5, 7 (Figs. 2-3) are compared with those
belonging to the cycles 2, 4, 6, 8 (Figs. 2-3) and are
plotted as a function of temperature (7' K). The
plot shows that the softening increases with increas-
ing stretch amplitude and decreasing temperature.
A change is observed at temperature levels below
263 K: in comparison with the softening observed
at 253 K, the softening is quite small at 333 K. The
stress responses of virgin specimens recorded in the
tests at 263 K are presented in Figure 6 as functions
of time. A diminishing trend of the softening at each
stretch amplitude is noted after the second cycles
(cycles 2, 4, 6, 8). In addition, the peaks of the stress
response clearly depict the deformation dependence
of the Mullins effect: the higher the applied stretch
the higher is the softening effect. At the end of each
cycle, the applied stretch was set to zero (Fig. 2-3).
This causes that the stress changes its sign due to
viscosity-induced strain rate effects. The stress
responses belonging to the other temperatures lead
to the same conclusions and are skipped for brevity.
These observations (Figure 6) are consistent with
the earlier work at room temperature (Lion 1996).

2.3 Effect of heat treatment temperature
on the healing behavior

The consequences of successive temperature in-
creases during the heat treatment (from 333 K
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Figure 6. Stress histories obtained from virgin specimen
and specimens tempered at different temperatures. The
mechanical processes (Figs. 2-3) were applied at 263 K
in each of the tests. For the purpose of understandable
tllustration, the stress histories have been separated from
each other by 6 sec. In reporting the stress history for
virgin specimen, records only up to first 600 seconds are

plotted.

to 393 K; Figure 2, Steps /II, VI, IX) on the
healing behavior of the Mullins effect are also
presented in Figure 6. They show different seg-
ments of the stress responses corresponding to the
different stretch amplitudes. The parameter in these
lests is the temperature during the heat treatment
which was 24 hours in duration. In performing the
mechanical tests, the specimen temperature was
held constant at 263 K and the stretch rate was set
to 0.05/s. Due to the same stretch rate in all tests,
strain-rate effects are not considered. The virgin
specimen and tempered specimens were deformed
with the stretch history as shown in Fig. 3. Dur-
ing the first 600 seconds both histories are equal.
In order to point out the relevant effects in Fig. 6,

00260

the stress histories of the tempered specimens have
been shifted by 6, 12 and 18 seconds relative to the
response of the virgin specimen.

The comparison of the stress peaks of the vir-
gin specimen at 263 K and that tempered at 333 K
(Fig. 2, Segment /1/7) and tested at 263 K shows an
interesting trend: even the fifth peak (marked X5)
of the virgin specimen lies at a higher value than the
first peak (Y1) produced by the specimen after tem-
pering at 333 K (Fig. 2, Segment /7). This ampli-
tude reduction is the result of the application of the
further deformation process which the specimen
observed before experiencing the heat treatment
(Gentot et al. 2004). The effect of the temperature
treatment at 333 K is small. But after tempering the
specimen at 363 K for 24 hours, the stress peaks
become comparable to those of the virgin speci-
men. The heat treatment at a higher temperature
facilitates molecular motions and increases the rate
of reconstruction of ruptured bonds between the
filler aggregates and the rubber molecules. How-
ever, from the current measurements it is not clear
whether the bonds reconstructed upon applying
temperature are physical or chemical in nature. The
experimental data and its interpretation obtained
from mechanical tests call for the necessity of meas-
uring the amount of heat which is absorbed or dis-
sipated by the specimens during the heat treatment.
Precise measurement of the heat exchange ina DSC
device provides more information in this context.
After the heat treatment, the specimen was cooled
down to room temperature and then to 263 K for
performing the mechanical tests. During this cool-
ing process, it was perhaps possible to completely or
partially regenerate the crystalline structure. Finally,
the stress-stretch responses of the virgin specimen
and those of the specimen tempered at 363 K for
24 hours are compared (Segments /7 and VIIl,
Figure 2) in Figure 7: the match is nearly perfect.
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Figure 7. Comparison between the stress-stretch res-
ponse from virgin specimen and that from the specimen
after tempering at 363 K (Figure 2, Segment VI).

500



A tempering of the specimen at a higher level
of 393 K (Figure 2, Segment /X and Figure 10)
was not found to cause an appreciable increase in
the stress amplitude. This observation also dem-
onstrates the existence of a threshold temperature
for attaining the virgin material behavior through
thermally-activated healing processes. The com-
parison of the stress responses obtained after tem-
pering the specimen at 333 K, 363 K and 393 K
does not suggest any stretch history effect. The sig-
nificant role of the temperature on the appearance
of healing within a specific time interval can thus

be recognized.

3 THEORETICAL CONSIDERATIONS

In order to formulate a constitutive theory for the
softening-healing phenomena that we observed in
experiments, we start with the fundamental laws of
thermodynamics in their one-dimensional version.
The first law of thermodynamics reads as

: . dq
pé=oé—= +pr

(N

The constant 2 is the mass density of the mate-
rial, e is the specific internal energy density per
unit mass, @ is the stress, € is the strain, ¢(z,1) is
the heat flux in z-direction and r is the heat supply
per unit mass. The second law of thermodynamics

reads as
06

poy = >

where ¥ is the free energy density, s is the spe-
cific entropy, & the thermodynamic temperature
and 7 the internal entropy production which is
caused by irreversible processes. The principle of
irreversibility states that

—pY+0E- 959-1q (2)

720 (3)

for arbitrary thermomechanical changes. To com-
bine both thermodynamical laws, the relation
between the internal energy, the free energy and
the entropy is needed:

4

The mechanical part of the free energy function
of an unsoftened or virgin nonlinear viscoelastic
elastomer can be written as

e=y+s6

PV mech = wf.'q(g) & z Wouk (eek ). (SJ

k=1

Its equilibrium part w,,(€) depends on the total
deformation &£ and its non-equilibrium part
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Z\\’,,.,k(é‘,k) on the elastic strains of a series of
Maxwell elements in parallel. The variables &,
are the elastic strains of the springs and the &,
are the inelastic strains belonging to the damping
clements:

(6)

To represent the Mullins effect, we introduce an
additional internal variable 0 <D <1 describing
the softening behaviour and assume that the loss
in the mechanical free energy is not completely dis-
sipated into heat but stored in a different manner

in the material:

E=Ey t Ep

n
We, (€)+ z Wouk ()
k=1

pw=a-o{ J+aoﬁ)(n

The function 8(D,0) is that part of the free
energy that is released during softening but not dis-
sipated into heat. It has the properties 6(0,0)=0
and d9/dD 20. In order to evaluate the second
law of thermodynamics, we differentiate the free
energy (7) with respect to time

: MWy s OW,p MWyp
=(1-D){—2 - I-D)y —2 ¢,
py=(l DJ{ = ,Z;as }H )2 5es
i) 98 o
+ Ee—{wﬂr(e) + z Wk (€ ) = a_D}

and insert it into (2):

ooy —(a (l—o){a"’ 3

[

- {wﬂf (e)+ kél W (Ek ) =

ow,,,

)

aeck

(8b)

ﬁ} b
oD

In order to satisfy the non-negativity of the
specific dissipation 28y 20 for arbitrary ther-
momechanical processes, i.e. numerical values of
the temperature- and strain rates, we obtain the
following potential relations for the stress and the

entropy:

ow, 2w,
o=(1-D)| =4 —O*J ©
)( 08 5y 9&u
a6
__99 10
BRes (10)



The evolution laws for the inelastic deformations
and the heat flux are assumed to be

(1-D)dw,,;
U/ aeek

o 90
0z
which are sufficient conditions for the non-
negativity of the corresponding terms in (9). The
heat conductivity 4 and the viscosities 7, are
non-negative constants or functions which have to
be determined experimentally. A similar argumen-
tation leads the differential equation

D=u(- D)(w,q(s)+2w”,‘(s,,‘) 85} (13)

(11)

Eink =

(12)

modelling the evolution of the internal variable D.
The material function # is non-negative as well and
has to be determined on the basis of experimental
data. The factor (1— D) has been introduced in (14)
in order to constrain D <1 The driving force for
the evolution of the variable D is the mechanically-
stored free energy and the limiting term in (14) is the
partial derivative of the function 8(D,6). The sim-
plest constitutive assumption for this derivative is
dé

3D a(6)D,
where the function @(6) describes the tem-
perature dependence of the limiting term. If
the mechanical part of the free energy is zero,
i.e. W (€)+ Y Wi (£4)=0, the material is in
mechamcal cqu:]tbnum In this case, the rate of
the softening variable is negative

(14)

—u(1-D)a(6)D (15)

such that the developed constitutive model can
represent the temperature-dependent healing of
the Mullins effect. Integration of (15) leads to the
function

= %a(@}Dz +h(6) (16)

and with (11) to the expression

ps= -(%a'(ﬂ)l)z + ;r(e)J (17)

for the entropy. Differentiating (4) with respect to
time leads to

pé = pyr + ps@+pse6. (18)

Considering (8) in combination with (10)-(14) the
relation
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k=1 Ju
is obtained for the time rate of the free energy.
Inserting this into (19), the expression

(19)

Po=CE= Y Nl (20)

k=1
follows for the rate of the internal energy. To derive
the equation of heat conduction, we replace ¢
in the first law of thermodynamics (1) by (21) and

obtain

2
e
V]

2
-ef-(l &(0)D? + ;1'(9)) wht e
di\ 2 az (21)
n D?
~2
+3 M Egt—+pr
k=1 u
which leads to
.r.r 2 n
e( LO) e, k"(e))e 10y Y ek
az? k=1
D? _a(6)D 22)
=gl +pr

after rearranging the terms. The factor of the tem-
perature rate on the left-hand side is the specific
heat capacity of the material which depends on
both the temperature and the internal variable D.
The material function #(8) can be determined if the
specific heat capacity ¢,(6) of the on the virgin or
unsoftened material is known. Integration of

~0h"(8) = ¢,(6) 23)

leads to the expression

o

[I —dx]dy (24)

for this constitutive function.

4 CONCLUSIONS

Experimental results show that a decrease in the
specimen temperature leads to more pronounced
hysteresis properties together with an increased
softening effect. This observation is rather general
in nature and may have a relation to the amount
of crystallinity present in the material. Tempering
of the softened specimens leads to healing such
that the Mullins effect can be observed once again.
A comparison of the results obtained from the vir-
gin and the tempered specimens tested at different



temperatures suggests that the Mullins effect
shown by the virgin can be healed due heat treat-
ment. However, the tempering of the specimens at
clevated temperatures for a specific time showed
the existence of a threshold temperature which is
necessary to completely heal the specimens.

From our point of view, the experimental data
provided in this essay appears to be useful for the
future development of physically-based thermo-
mechanical material models for filler-reinforced
rubber. We have seen that the material behavior of
the NR/BR rubber blend does not depend only on
the deformation history and the current thermody-
namic temperature, but also on the entire tempera-
ture history. In addition, healing does occur. To
this end, we have presented a thermodynamically
consistent phenomenological formulation that
has the potential to describe the softening-healing
phenomena.
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