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Abstract

The thermomechanical coupling of Mullins damage in filled EPDM has been investigated by
analysing the self-heating via Infrared thermography (IR) and the voiding fraction by Digital
Image Correlation (DIC). The volumetric strain measured during the rubber deformation is found
to be predominantly associated with damage, while thermal dilatation caused by self-heating has
anegligible contribution. On this basis, the thermomechanical coupling of Mullins phenomena has
been identified by evaluating the strain and time dependence of the following criteria: the tangent
modulus, the voiding rate and the heat sources. The tangent modulus that reaches a maximum at
the strain transition from a series of cycle to another is found to be an appropriate mechanical
signature of Mullin softening. At the same strain transition, both voiding rate upturn and heat
source upturn are observed. These signatures suggest the Mullins damage to be mainly associated
at high strain rate with the (re)-activation of dissipative cavitation mechanisms, by nucleation of

new cavities and/or acceleration of cavities growth.

Keywords

Rubber damage; self-heating; filled EPDM.



1. Introduction

Vulcanized rubber materials undergoing mechanical cycles exhibit significant change in their
mechanical properties between the first loading and the following ones. This phenomenon is called
Mullins’ effect. In spite of a wide number of experimental and theoretical investigations on Mullins
effect, only few of them focused on its mechanisms in extreme loading conditions such like those
encountered in some industrial applications where rubber material undergoes high
thermomechanical coupling, e.g. rubber deformation in pneumatic tire [1] or during the thermo-
mechanical devulcanization [2].

Mullins effect is met in a wide number of rubber classes, namely Natural Rubber (NR) [3], Nitrile
Butadiene Rubber (NBR) [4], Ethylene Propylene Diene Rubber (EPDM) [5],
Polydimethylsiloxane (PDMS) [6], Styrene-Butadiene Rubber (SBR) [7], thermoplastic
elastomers [8], [9] hydrogels [10], [11] and biological tissues [12]. These elastomeric materials
generally exhibit multiple large strain mechanisms, such as viscoelasticity, inelasticity,
crystallization and damage. Among these mechanisms, Mullins damage refers to the mechanisms
involved in cyclic loading of filled rubber associated with chains rupture and/or debonding at filler
interface. Damage is a mechanism associated with void creation which hence generates a raise of
volumetric strain accessible by Digital Image Correlation (DIC) [13]. Like dilatometry [14], such
technique provides access to the materials porosity [15]. It may be a convenient experimental
means to isolate Mullins damage to other large strain mechanisms. DIC has been used to provide
insight of damage at rubbery network chains scale, when combined with thermoporosimetry.
Thermoporosimetry provides the distribution of voids size at chains network scale [16],[17]. It has
been employed to observe rubber damage induced by irradiation, [18] ageing [19] or stretching

[20] at chains length scale. More specifically, such methods, when combined with DIC, may



provide real time measures of network chains scale damage induced by the deformation [21],[22].
By quantifying volume fraction of the voids (DIC) and void size (SAXS) [23], it was concluded
that Mullins damage may be accompanied by the progressive closing of cavities during unloading,
and that the subsequent increase of the strain involves the nucleation/growth of new cavitation
sites.

The above-mentioned studies focus on Mullins damage phenomena in quasi-static conditions, i.e.
non-adiabatic conditions yielding to the absence of a measurable thermomechanical coupling, or
they did not use experimental means to reveal the possible existing thermomechanical coupling.
However, thermomechanical coupling should be considered in polymer and rubber materials,
especially concerning the investigation of high strain rate deformation mechanisms [24] or fatigue
damage [25]. In polymers, heat-dissipation is a known signature used to detect the mechanical
damage initiation. The latter indeed generates heat which can be measured as an overall increase
of the specimen temperature [26]. Additionally, self-heating has been used to determine the fatigue
limit of polymers by estimating the critical fatigue damage. This has been performed by applying
progressive loads. The temperature increased until it stabilizes for each applied stress level, and
the stabilized temperature then provides an estimate of the damage [27].

Thermomechanical coupling should also be considered in rubber materials that undergo damage
in high strain rate loading conditions, hence possibly involving high thermal dissipation. This is
also crucial in industrial rubbers containing highly dissipative carbon black fillers. As an example,
a self-heating of 25 °C above RT (room temperature) may be induced by large cyclic loading
(200%) at high frequency (40 Hz) of filled rubber specimen (conditions possibly met in a
pneumatic tire at a crack zone) may cause the premature melting of reinforcing strain induced

crystals of NR[28]. This temperature can reach +60 °C above RT in rubber into a pneumatic tire



under fatigue condition [1]. In thermo-mechanical devulcanization process, the high shear
deformation applied to the rubber results in self-heating of 55 °C above RT [2] and then may
participate to the rubber degradation.

As aresult, many mechanisms may occur concomitantly in cyclically deformed filled rubber, such
as strain induced crystallization, viscoelasticity and damage that all dissipate energy into heat in
adiabatic conditions (high deformation rate). They are consequently difficult to identify separately.
Considering that part of mechanical dissipation in highly deformed rubber originates from damage,
and is further converted into heat [29], Le Cam et al. showed that damage in filled rubbers can be
distinguished from other dissipative contributions [30]. This has been possible by performing an
analysis of the thermal sources based on Infrared thermography proposed to discriminate the
diverse contribution of Mullins effect (viscoelasticity, thermoelasticity, damage) [31].

Infrared thermography (IR) and Digital Image Correlation (DIC) have been coupled to give
insights on thermomechanical behaviour of polymeric systems [32], [33], [34]. However, their
combination to identify the relationship between the thermal response of dissipative mechanisms
and the possible associated volumetric strain (damage) response has rarely been discussed yet. In
particular, there is no study in the literature that already combined thermal and strain fields to
investigate Mullins damage in adiabatic conditions. The development of an ad-hoc experimental
method that is able to account for such thermal dissipation depending on the level of cavitation, is
still missing.

This study proposes the first investigation on the thermomechanical coupling of the Mullins
damage in filled rubber by combining the analysis of voiding signature by Digital Image
Correlation (DIC) and of the heat source signature by Infrared thermography (IR). In a first section

we present the theoretical frame used to identify the heat sources generated during cyclic tests. In



a second section, we account for potential effect of thermal dilatation that may perturb the measure
of the volumetric strain generated by the rubber deformation. In a third section, we present the
combined self-heating and volumetric strain responses during cyclic test in filled EPDM
containing 0,40 and 80 phr (per hundred rubber) of carbon black. The damage experienced during
mechanical cycles generates (i) an increased volumetric strain due to voiding and (ii) a self-heating
due to dissipated mechanical energy and thermoelastic coupling. In a fourth section, the
thermomechanical coupling of Mullins damage has been evaluated by analysing the voiding rate
and the heat sources. At the strain transition from a series of cycle to another by incremental strain
(Mullins type test), we show simultaneous voiding rate upturn and heat source upturn,
demonstrating the Mullins damage to be essentially associated with the (re-)-activation of

dissipative cavitation mechanisms.
2. Materials and methods

2.1. Materials composition and processing

The materials provided by the SACRED Group are extended oil carbon black filled EPDM (Keltan
5470) obtained by sulphur vulcanization of the gum. They contain 70% in mass of Ethylene and
4.6% of ethylidene norbornene (ENB). All materials contain 0, 40 or 80 phr (phr means per 100 g
of rubber) of carbon black (N550); They all contain 4 phr of calcium oxide, 5 phr of zinc oxide, 1
phr of stearin, 2 phr of Polyethylene Glycol (PEG 4000) as plasticizer. The vulcanization
components are 1.2phr of sulfur (75%), 1 phr of mercaptobenzothiazole (MBT 75%), 0.8% phr of
mercaptobenzothiazole  disulfide =~ (MBTS  75%), 12 phr of N-cyclohexyl-2-
benzothiazolesulfenamide (CBS 75%) and 1.5 phr of zinc dialkyl dithiophosphate (ZDTP 70%).
An internal mixer (Brabender®) is used for the rubber compounding. Sample sheets are produced

by curing in a hot press at 170°C for with a curing time t;0%, =15 minutes, a time corresponding to



the moment when the torque reaches 100% of maximum RPA using a Moving Die Rheometer
MDR (D-RPA 3000, Montech). Dumbbell-shaped samples, with a 15 mm gauge length (L,), 6 mm

thickness and 10 mm width, are then prepared for tensile testing.
2.2. Thermal dilatation due to external heating measured by Digital Image Correlation (DIC)

The thermal dilatation due to external heating on unstretched rubber (no external tensile forces) is
measured by DIC (VIC-3D software package) performed on the front and side surfaces of the
specimen. To obtain consistency with further measures of volumetric strain during tensile tests
(see section 2.3), the specimens are gotten from the central part of unstretched dogbone-shaped
specimen similar to those used for mechanical tests. The specimen are put into an oven and
subjected to heating at 10°K per minute by steps of 5°K where series of five DIC images are
recorded. The coefficient of thermal expansion at constant pressure (no external stress is applied
to the specimen except atmosphere pressure) induced by external heating is provided by the
measure of the slope of the volumetric strain versus the specimen temperature as given by:
1dv (1)
“=yar

Volumetric strain has been measured during heating from external source and cooling down to
room temperature in absence of any external tensile forces (unstretched rubber) (Figure 1a-b).
The strain fields on front and side surfaces are determined from a region of interest (ROI) on each
face. Hence, the principal strain 4,, A, and A; are measured directly. The compared evolution of
volumetric strain during heating and cooling (Figure 1c) shows good superimposition of

temperature dependence suggesting no glass or phase transition in the temperature range studied.
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Figure 1. Volumetric dilatation (in %) due to external heating measured by DIC performed on front and side surfaces
of the rubber specimen during heating/cooling at 10K.min"!. Volumetric dilatation has been measured during heating
(a) and cooling (b) as a function of the time. The comparative evolution of volumetric strain during cooling/heating

is presented in figure (c).
2.3. Thermomechanical set-up by Infrared Spectroscopy (IR) and Digital Image Correlation (DIC)

An electromechanical tensile test machine (INSTRON 5960 Series Universal Testing Systems) is
used to perform mechanical tests (both loading and unloading) at room temperature (Figure 2).
The nominal tensile strain rate of 1s! (15 mm.s™') is applied for these tests. Front and side surfaces
of the samples are coated with a white spray paint in order to generate a random speckle pattern
whose displacement will be further analysed by a VIC-3D software package. A four-cameras setup
consisting of two-pairs systems is used to record the displacement fields on both front and side
faces of the sample (Figure 2a). Two of them are AVT PIKE 5 Megapixels, with a 2/3° CCD
sensors (front face camera system) and the other ones are AVT PIKE 4 Megapixels, with CCD
sensors size equal to 1’ (side face camera system). Both systems are respectively mounted with
25mm and 50mm Schneider Kreuzwach objectives. The experimental set-up has been fully
described in a previous work [35], and the main steps are reported here. The post-processing of a

series of images recorded is performed using VIC-3D software package. 3D DIC displacement



data are converted into strain values (Figure 2b,d). A, represents the stretching ratio in the tensile
direction, whereas A, and A; correspond to the transversal stretching ratios in the directions of the
sample width and thickness, respectively. the transversal and longitudinal strains are homogeneous
in the center of the sample and significantly decrease close to the clamping zones. The strain fields
in both front and side surfaces are determined from a region of interest (ROI) in the central part of
the sample. The ROI is meshed by using the VIC-3D software package, allowing tracking the
speckle pattern during the tensile test. The ROI is chosen around 100 pixels for the front face and
60 pixels for the side face.

Details on the choice of DIC parameters can be found in reference [35]. The true stress is defined
as the ratio between the applied force F and the specimen cross-section:

F ()
op = ——
r LoegAz A3

where L, =15mm is the initial length and e, =4mm the initial width. The volumetric strain AV/V,

is defined as:

AV Vo(R) = A dpds — 1 3)

Rubber samples are stretched at different maximum strains. As seen in Figure 2d, the transverse
and longitudinal strains are homogeneous in the center of the sample and significantly decrease
close to the clamping zones. The strain field in both front and side faces are obtained in the central
part of the sample. Trace of self-heating generated in the sample is recorded on its surface during
the deformation using FLIR SC5000 camera (Figure 2c¢). Temperature field is analysed on the

front face of the specimen with ALTAIR software [36] in the same ROI than for DIC analysis.
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Figure 2. (a) Experimental Digital Image Correlation (DIC) set-up based on two independent stereo-vision systems
to measure simultaneously strain fields on front and side surfaces of specimen, (b) Schematic representation of the
front and side faces of the specimen with directions of the principal strain €1 on front and side face, €2 on front face
and &3 on side face. €1 is calculated as the average value obtained on front and side surfaces, (c) traces of self-heating
(in white) measured on the specimen surface at various deformation, (d) longitudinal and transverse strain fields

analysed on front and side faces of the specimen for a given macroscopic deformation.

3. Results and discussion
3.1. Heat sources

In absence of phase transition, thermomechanical coupling describes elastic (entropic elasticity)
and inelastic (damage, viscoelastic) deformation processes. The integration of elastic mechanisms

to time over one cycle is zero. Assuming that for uniaxial tests, the heat source distributions are
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uniform during the test, within the specimen surface (linearization of heat losses), the heat equation

can be written [37],[30]:

pC<9+§)=S @

with p is the bulk density (g.cm?) of the EPDM materials, C its heat capacity (J.g'°C), 6 the
temperature variation above the room temperature, @ the rate of heating (W.m?) and S the heat
source. For sake of simplicity, as proposed in Ref. [38], a normalized heat source s will be defined
in the following as the ratio s=S5/pC and expressed in °C.s"! . All designated as “heat source” in the
following will refer to the quantity s. The time constant t (s) characteristic of the heat loss along
the specimen thickness is given by:

_pee )
"~ 2h

T
e is the thickness of the specimen and % the convection coefficient. In order to determine the
constant time, the specimen was rapidly stretched at room temperature and at 1.s' up to failure.
Due to energy dissipation induced by the specimen deformation, the material undergoes self-
heating. The temperature measurement by IR thermography was then performed on the surface of
self-heated broken (and relaxed) specimen during the return to room temperature. Exponential law

was applied to determine the time constant 1, for relaxed specimen with the thickness e, (thickness
PP P

of undeformed specimen) :

t
0= e~ ©
T

This law was used to fit the temperature on the specimen surface during cooling down to room

temperature (Figure 3). One can note that such law is not universally used to quantify the return

11



to room temperature of heated materials and is expected to widely depend on the heating conditions
(self-heating, external heating), nature of the material and temperature measurement tool. Cooling
temperature versus time of a composite polymer after external heat excitation may follow
logarithmic law [39], inverse square root law [40]. However, same law was proposed to fit the
temperature decrease down to room temperature of SBR [3],[30] and NR [38] rubber specimens
heated by contact with a hot piece for a few seconds. By applying such exponential low in the
present study, the constant time estimated for the relaxed specimen with the thickness e, was found
equal to 27 seconds. The dependence of this time constant to the applied deformation was then

identified using equation 5 and assuming a thickness reduction with longitudinal deformation, e =
eo/+/ A1 - Hence the constant time is proposed to depend on the deformation as follows: 7 =

To/ \//1_1 . Such approach permits to deduce constant times depending on the applied strain in the

range of those obtained by Samaca Martinez et al. [3],[30],[38].
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Figure 3. Temperature versus time after rapid loading at 1.s! and rupture of the rubber specimen. The fitting law is

an exponential function whose characteristic time is used to define the diffusion time on the rubber specimen surface.

3.2. Volumetric strain induced by thermal dilatation
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Severe loading conditions are accompanied by wide thermomechanical coupling. Hence, prior to
the characterization of strain induced damage (section 3.3), it is necessary to evaluate the effect of
the thermal dilatation on the volumetric strain response. Thermal dilatation potentially induced by
self-heating of the filled rubber during cyclic loading may indeed generate a supplementary
volumetric expansion that yield into a biased estimate of the damage (voids). The thermal
expansion (volumetric expansion due to heating of the rubber specimen without any external
stress) has been studied in a large temperature range well above the glass transition, from room
temperature to 100 °C, (Figure 1), largely covering potential self-heating of the rubber specimen
in cyclic loading conditions (see section 3.3).

For all series of filled EPDM, the volume expansion due to external heating and without external
stress is found to increase linearly from room temperature to 100 °C (Figure 4a). This trend is
consistent with the absence of phase transition or glass transition, due to the amorphous and
rubbery nature of the series of EPDM in this temperature range. Such observation confirms the
absence of hysteresis in the thermal dilatation behaviour between cooling and heating (Figure 1c).
The slope of volumetric expansion with temperature decreases with the filler content (from O to

80 phr). The thermal expansion coefficient of the rubber specimen (considered as a composite of
rubber and carbon black filler) extracted from this slope is found to decrease from 6.3 to 5.1x10"

4rC by increasing the filler content (Figure 4b). Such trend is expected owing the lower thermal

expansion of carbon black particles as compared to rubber phase [41]. While the thermal expansion
coefficients are found to be independent of filler size, they significantly depend on the volume
fraction of filler [42]. Contrarily to what can be expected from simple rule of mixture (linear
dependence of expansion coefficient with carbon black volume fraction), no additivity of the

thermal dilatation of the rubber phase and fillers is observed. Instead, the thermal coefficient
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expansion rapidly decreases from EPDM-0 to EPDM-20 (10 vol.%) but then stabilizes for higher
filler contents. This is consistent with the presence of a 3D filler network in all filled EPDM (from
EPDM-20 to EPDM-80) as shown by their high electrical conductivity [43], so that the
immobilized rubber phase in the filler vicinity (occluded and bonded rubber) may play an
important role in the restriction of thermal expansion. Due to reaggregation of such filler network
upon loading [44], it will be assumed that the thermal dilatation induced by temperature changes
(e.g. due to strain induced self-heating) during mechanical loading (cf. section 3.3) is expected not

to significantly change with the level of deformation of the specimen.
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Figure 4. (a) Volumetric deformation due to thermal dilatation measured by DIC performed on surface of the rubber
specimen, (b) Thermal expansion coefficients deduced from figure 4a for a series of EPDM with various carbon black

contents from 0 to 80 phr (per hundred rubber).

3.3. Thermal and volumetric strain signatures of Mullins damage

Mullins effect is a softening mechanism characterized by a stress decrease during unloading as
compare to the stress during loading at the same strain [45]. Additionally, significant stress drop
between successive loading, especially between the first and second cycles, is characteristic of the
Mullins effect. This drop becomes negligible after 5-10 cycles. The relationship between the

mechanical behaviour, volumetric strain and thermal behaviour is studied here to further propose
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a full thermomechanical description of damage mechanisms associated with Mullins effect.
Assuming that external heating (see previous section) and strain induced self-heating cause similar
volumetric expansion, the contribution of the volumetric strain induced by the self-heating during
the loading can be identified separately to the overall volumetric strain (including both strain
induced damage and thermal expansion). Such equivalence between external heating and self-
heating also assumes the difference of temperature profiles in the thickness for the two types of
heating to be not drastically different. First, the slow external heating of undeformed specimen to
identify thermal dilatation (Figure 4) is expected to be uniform with thickness (linear profile
within the thickness). Second, the temperature field measured on the specimen surface during the
tensile tests is assumed to be representative of the mean distribution of temperature field in the
thickness of the specimen.

To evaluate the coupling between damage (DIC) and self-heating (IR) under cyclic conditions, the
specimens have experienced incremental cyclic loading (Figures 5-7) at a nominal strain rate of
1.s': 5 cycles with loading up to a fixed strain and unloading down to zero stress, successively up
to A, Ay A5 and Ay. Ay, Ay A5 correspond to maximum displacement of 30 mm, 60 mm and 90 mm
respectively and A4 corresponds to strain to fail. The series of cycles performed up to A;, A, A; then
roughly correspond to a frequency of cycles of 0.25 Hz, 0.125 Hz and 0.08 Hz assuming zero stress
close to zero strain. This procedure is performed up to the failure of the specimen. As a reference
material, the unfilled EPDM-0 (Figure 5) has experienced the same loading paths than the filled
EPDM-40 (Figure 6) and EPDM-80 (Figure 7) studied hereafter. Moreover, for each material that
undergoes cyclic test, a reference single loading test up to failure and at same strain rate has been
performed (dotted line in Figure 5d-f, Figure 6d-f, Figure 7d-f). The two filled EPDM have been

selected from the previous series of EPDM (Figure 4) as they belong to two different regimes of
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damage mechanisms [43]. Indeed, a filler ratio transition in damage mechanisms had been

identified in such materials, suggesting (i) damage to be predominantly localized in the rubber
chains network in weakly filled EPDM (¢ < 40 phr) and (ii) a strain transition from rubber chains

network damage to filler network damage to occur in highly filled EPDM (¢ >40 phr). In the
following, the two cases are studied by selecting the EPDM-40 and the EPDM-80 with filler
content below and above the critical ratio respectively.

The case of unfilled EPDM-0 is first investigated. Softening associated with Mullins effect may
be expected in unfilled rubbers [46]. As demonstrated by Mullins, the phase change
(crystallization/melting) of the natural rubber (NR) upon deformation is responsible for such
behaviour. In our unfilled EPDM-0, a non-crystallizing rubber, only minor stress softening due to
cyclic accumulation is observed (Figure 5a). At the end of each series of cycles, when A surpasses
Ama=A1, A2, A3 01 A41respectively the stress tends to follow the single tensile test curve (Figure 5d).
The volumetric strain of the unfilled EPDM-0 shows decrease with cycles accumulation (except
for the first series of cycles up to 4,.,=4;) (Figure 5b) but does not show peculiar dependence on
strain (Figure 5e). One may note that the volumetric strain due to thermal dilatation induced by
self-heating (estimated from thermal expansion coefficient calculated in section 3.1 assuming
equivalence between external heating source and self-heating source) has non-negligible
contribution to the overall volumetric strain (cf. Figure 5b) but remains too low to obstruct the
measure of DIC damage. The self-heating increases with time, but the effect of cycles
accumulation is no more perceptible yet at the third series of cycles (Figure Sc). Regarding the
strain dependence of self-heating, only weak hysteresis loops are observed (Figure 5f) and the

temperature is only slightly higher than the one measured in single loading test suggesting heat
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generation at surface of unfilled EPDM-O0 to be mostly associated with reversible entropic coupling

while only weak energy dissipation associated with damage and/or viscoelasticity takes place.
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Figure 5. True stress (a), volumetric strain (b), self-heating (c) versus experimental time. Stress vs. strain (d),
volumetric strain vs. strain (e) and self-heating vs strain (f) for EPDM-0 during multiple uniaxial loading at the nominal
tensile strain rate 1.s™. The successive imposed strain are A1, A2,A3 and A4 but specimen undergo failure before reaching
Aa. Dotted line in figure (b) represents the expected volumetric strain originated by thermal dilatation estimated from

figure 3 that may be ascribed to self-heating. Blue dotted line in figures d-f represent the reference single loading.

Contrarily to unfilled EPDM-0, the filled EPDM-40 exhibits stress softening by cyclic
accumulation, especially for the highest applied cyclic strain A; (Figure 6a), a typical feature of
Mullins effect [45]. EPDM-40 does not show remarkable change in volumetric strain with cyclic
accumulation except a slight increase for the highest applied cyclic strain A; (Figure 6b)
suggesting that voids closing is not favored by cyclic accommodation. This is confirmed by an

observed higher volumetric strain at the end of the cyclic test as compared to one measured in
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single test (Figure 6e). Like in EPDM-0, (Figure 5c¢) the maximum heat stabilizes at third series
of cycles at A« =A; (Figure 6c¢), but the absolute self-heating value is found to be higher. This is
likely due to high viscous dissipation in presence of filler that may be due to frictional energy
dissipation during interfacial sliding at the filler—filler and filler—rubber interfaces [47],[48]. Other
dissipative damage may also take place at filler-rubber interface, like rubber chains rupture, and
participate to the temperature rise. Nonetheless, assuming equivalence between self-heating and
external heating on the thermal dilatation of the material, the thermal dilatation due to self-heating
calculated from thermal expansion coefficient (section 3.2) has negligible contribution to the total
measured volumetric strain (Figure 6b). The latter is thus expected to be representative of damage
(voiding) induced by the specimen deformation. The first cycles for each A,.,=4; A, or 4;in
EPDM-40 show large mechanical hysteresis that decreases and stabilizes for the subsequent cycles
at the three A, (Figure 6d). As expected from Mullins effect, when A surpasses A, the cyclic
tensile curve joins the single tensile curve (Figure 6d). Contrarily to unfilled EPDM-0, the
accumulation of heat on the specimen surface (Figure 6f) traduces disbalance between
heating/cooling during cycles (see detailed study in section 3.4) that may arise from the

accumulation of dissipative damage/viscoelasticity.
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volumetric strain vs. strain (e) and self-heating vs strain (f) for EPDM-40 during multiple uniaxial loading at the
nominal tensile strain rate 1.s™. The successive imposed strain are A1, A2, A3 and A4 but specimen undergo failure before
reaching A4. Dotted line in figure (b) represents the expected volumetric strain originated by thermal dilatation
estimated from figure 3 that may be ascribed to self-heating. Blue dotted line in figures d-f represent the reference

single loading.

In EPDM-80, the stress at the various A,.,=A; A, or A; decreases with cycles accumulation
reflecting Mullins softening (Figure 7a). Similar to the stress response, the volumetric strain
shows strong decrease with cyclic accumulation (Figure 7b). Like for EPDM 0 and EPDM 40,
self-heating in EPDM 80 stabilizes at the third series of cycles (Figure 7¢). In spite of the high
self-heating with high filler content (Figure 7c¢), the contribution of thermal dilatation to the
overall volumetric strain response of the highly filled EPDM-80 remains negligible (Figure 7b)
due to low thermal expansion coefficient (Figure 4b) and conversely due to high expected strain

induced void fraction in such highly filled material.
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The resistance to failure in cyclic test is improved as compared to single test (Figure 7d). This
may be explained by a delayed volumetric strain due to cyclic accumulation as compared to
reference single test (Figure 7e), confirming a certain ability to accommodate damage in cyclic
conditions. Additionally, one may note that the difference in self-heating between single and cyclic
test exceeds 10 °C (Figure 7f). It has been shown that a reduction of the local confinement of the
rubber in the filler vicinity with increased temperature yields in a delayed cavitation [49]. Hence,
in addition to the materials ability to accommodate the cyclic accumulation at such high filler
content that subsequently prevents the re-opening of cavities (Figure 7e), the increased
temperature may also participate in delaying the void nucleation/growth yielding in increased
strain at failure.

The thermal responses of cyclically stretched filled EPDM indicate dissipative mechanisms that
should be put in perspective with voiding mechanisms. In the following section, the signature of
heat sources ascribed to dissipative mechanisms is compared with the materials mechanical
reinforcement and with the rate of voiding in order to identify the thermomechanical coupling of

Mullins damage, namely the damage occurring during the first loading of a series of cycles.
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Figure 7. True stress (a), volumetric strain (b), self-heating (¢) versus experimental time. Stress vs. strain (d),
volumetric strain vs. strain (e) and self-heating vs strain (f) for EPDM-80 during multiple uniaxial loading at the
nominal tensile strain rate 1.s!. The successive imposed strain are A1, A2,A3 and A4 but specimen undergo failure before
reaching A4. Dotted line in figure (b) represents the expected volumetric strain originated by thermal dilatation
estimated from figure 3 that may be ascribed to self-heating. Blue dotted line in figures d-f represent the reference

single loading.
3.4. Heat sources and voiding rate associated with Mullins damage

In order to investigate the thermomechanical coupling of Mullins damage, the following
parameters are evaluated. First, the tangent modulus, estimated as the derivative of the stress versus
strain, provides an information on the strain dependence of the materials reinforcement. Second,
the rate of volumetric strain is defined as the speed of voids formation into the materials upon
loading. Time and strain dependence of volumetric strain should be decoupled. In the strain range
studied, the volumetric strain highly depends on the applied deformation but much less on time as

identified during stress relaxation test as shown in figure 8 of Ref. [35]. Hence, the rate of
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volumetric strain has been defined as the derivative of the volumetric strain as a function of the
strain. Third, the heat source s, estimated in section 3.1 as the ratio s=S/pC with S defined in
equation 4, provides the strain and time dependence of heat exchanges between the specimen
subjected to dissipative mechanisms (damage, viscoelasticity) and the environment.

EPDM-O0 is first studied (Figure 8). No stress softening due to cycles accumulation is observed for
cycles at A, and A; (Figure 8a-b). For the highest applied cyclic strain (A;), slight stress softening
in unfilled EPDM-0 occurs between first and following cycles (2" to 5%), that suggests slight
accommodation mechanism (Figure 8c). The heat source is generated at a strain around 1.6
(Figure 8i). It is found to reach a positive value (heat dissipated by the material) around 2 °C/s
during the diverse cyclic loadings and seen to slightly decrease down to 1.5 °C/s for the highest
strain (Figure 8i-1). The heat source is nearly symmetric as same slope with negative values (heat
absorbed by the material) are noted during unloading phases, and no effect of cyclic loading is
observed.

The slight stress softening in unfilled EPDM-0 observed for the applied cyclic strain at A; is not
associated with peculiar signature in terms of heat source (Figure 8Kk) nor voiding rate (Figure
8g). Moreover, strain induced crystallization as a cause of such mechanism is not expected as it
should have conducted to a typical exothermic signature [38]. One possibility is that such
phenomena may be related to local damage at the interface between the rubber matrix and clusters
formed from unreacted vulcanization components. Indeed, voids in the vicinity of ZnO clusters
have been shown by SEM images in a previous work [21]. Such damage may occur with
mechanisms similar to those of Mullins effect but at cluster interface instead of filler interface, via
rubber chains slippage or breakage of bonded chains. Such damage is accompanied by lower level

of heat dissipation — likely not perceptible on heat source (Figure 8k) — than expected in presence
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of carbon black particles. Consistently, it is associated with no dramatic increase of voiding rate
in the full range of strain studied (Figure 8g).

Filled EPDM samples are now investigated. Tangent modulus measured in both EPDM-40 and
EPDM-80 measured during the first loading of the series of cycles with A=A, A; and A, (Figure
9b-d, Figure 10b-d) widely increases with strain up to a maximum (this corresponds to the strain
where stress of cyclic test joins the one of the single curve) and then decreases. Tangent moduli of
all following cycles (from 2™ to 5*) indicate a delay in reinforcement effect as compared to first
cycles. For both EPDM-40 and EPDM-80, this suggests that most of the dissipative damage has
occurred during the first cycle. Interestingly, during the first loading of each series of cycle with
Ama=A2, A3 and A4, the voiding rate is rather stable with strain but then suddenly increases at a strain
corresponding to the strain at maximum tangent modulus, i.e. when the material is deformed above
previous series of cycles (Figure 9f-h, Figure 10f-h).

It has previously been demonstrated in SBR and NR filled rubber that Mullins damage occurring
during the first cycle yield in a deep increase of heat source [3]. This is consistent with our results
obtained in EPDM as shown in Figure 9j-1, Figure 10j-1. Interestingly, this heat source is
concomitant with the maximum tangent modulus and with the voiding rate upturn. For the
subsequent cycles (from 2" to 5™), a slight upturn of heat source is observed for the highest cyclic
strain up to A= A; (Figure 9k, Figure 10k). Contrarily to Mullins damage seen in first cycle,
this heat source signature is concomitant with the upturn of voiding rate with strain (Figure 9g
and Figure 10g). Moreover, it shows more symmetry over the loading and unloading phases,
consistent with weaker mechanical hysteresis observed for 2% to 5* cycles (Figure 6d and Figure

7d).

23



b c d
(a)ZO -e-1st cycle }\‘ ( ) 20 —e-1st cycle }\‘ ( ) 20 —e-1st cycle }\‘ ( ) 20 -1st cycle }\'
-o-2nd to 5th cycle 1 -o-2nd to Sth cycle 2 -o-2nd to 5th cycle 3 4
15 + 15 + 15 15 L
g g g g
S0 - 210 | 210 210
iy n uf g u o
5 5 r 5 r 5 r
0 0 0 0
1.0 1.5 2.0 1.0 15 20 25 3.0 35 1 2 ) 3 . 4 1 2 '3 . 4 5
( ) stretching ratio, A (f) stretching ratio, A (g) stretching ratio, A (h) stretching ratio, A
20 20 20 20
e Isteycl e 1stcycl e Istcycle st ovel
B eycle Ay and to stheycle A, ~-2nd to 5th cycle A3 steyele Ay
15 15 15 15
g 5 3 5
z S0 | 10 b S0 |
210 =10 =10 Z 10
3 3 3 3
° k=3 E=] 5
5 5 r 5 r 5 r
0 0 0 0 I I |
1.0 1.5 2.0 1.0 15 20 25 3.0 35 1 2 3 4 1 2 3 4 5
( ) stretching ratio, A ( ) stretching ratio, A (k) stretching ratio, A (l) stretching ratio, A
! J
3 -e-1st cycle }\, 3 —-1st cycle 7\‘ 3 —e-1st cycle }\4 e 1Istcycle )\‘
-o-2nd to 5th cycle 1 -o-2nd to 5th cpycle 2 -o-2nd to 5th cycle 3 4
2 2 W2 2 2t
N R - :; |
; 1 3 1 3 1 - St -
o o o o
o o Sot So |
o o Q 2
%—1 ‘2—1 ‘é—l = 5—1 r
z £ £ £
-2 2 2+ 2 F
-3 : : -3 -3 -3
1.0 15 2.0 1.0 15 20 25 3.0 35 1.0 2.0 3.0 4.0 5.0 1 2 '3 . 4 5
stretching ratio, A stretching ratio, A stretching ratio, A stretching ratio, A

Figure 8. Tangent modulus (a-d), voiding rate (e-4) and heat source (i-/) of EPDM-0 versus the different successive
maximum strain (5 cycles at A1, 5 cycles at A2, 5 cycles at A3, 1 cycle at A1 due to failure) reached during the multiple
uniaxial loading at the nominal tensile strain rate 1.s'. Tangent modulus (MPa) is calculated as the derivative of the
stress versus longitudinal strain. Voiding rate (in %) is calculated as the derivative of the DIC void fraction as a
function of the longitudinal strain. Heat source is calculated by using equation 4. Filled symbols are for the 1* cycle
and unfilled symbols for the 2™ to 5™ cycles. For sake of clarity only the loadings are shown for the tangent modulus

and voiding rate.
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Figure 9. Tangent modulus (a-d), voiding rate (e-4) and heat source (i-/) of EPDM-40 versus the different successive
maximum strain (5 cycles at A1, 5 cycles at A2, 5 cycles at A3, 1 cycle at A1 due to failure) reached during the multiple
uniaxial loading at the nominal tensile strain rate 1.s'. Tangent modulus (MPa) is calculated as the derivative of the
stress versus longitudinal strain. Voiding rate (in %) is calculated as the derivative of the DIC void fraction as a
function of the longitudinal strain. Heat source is calculated by using equation 4. Filled symbols are for the 1* cycle
and unfilled symbols for the 2™ to 5™ cycles. For sake of clarity only the loadings are shown for the tangent modulus

and voiding rate.
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Figure 10. Tangent modulus (a-d), voiding rate (e-4) and heat source (i-/) of EPDM-80 versus the different successive
maximum strain (5 cycles at A1, 5 cycles at A2, 5 cycles at A3, 1 cycle at A1 due to failure) reached during the multiple
uniaxial loading at the nominal tensile strain rate 1.s'. Tangent modulus (MPa) is calculated as the derivative of the
stress versus longitudinal strain. Voiding rate (in %) is calculated as the derivative of the DIC void fraction as a
function of the longitudinal strain. Heat source is calculated by using equation 4. Filled symbols are for the 1* cycle
and unfilled symbols for the 2™ to 5™ cycles. For sake of clarity only the loadings are shown for the tangent modulus

and voiding rate.

Finally, a comparison of the strain dependence of the tangent modulus, voiding rate and heat
source, is performed. First, the strain at tangent modulus upturn nicely corresponds to the

maximum strain reached at each series of cycle up to A,, A; and A4 (Figure 11a) that hence seems
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to be a good indicator of Mullins effect associated with the transition from a series of cycle to
another with incremental strain. For the second series of cycles (Anax=A2 =2) voiding rate upturn

(Figure 11b) and heart source upturn (Figure 11¢) in filled EPDM both occur simultaneously with
tangent modulus upturn. Hence, in this strain range, Mullins damage is associated with the

acceleration of dissipative cavitation mechanisms — by nucleation of new cavities and/or increase
of cavities growth — at the moment when strain surpasses Apax- At higher strain, (Apax=A2 and A3)

the heat source upturn precedes the maximum tangent modulus. The heat source is in turn preceded
by voiding rate upturn suggesting more complex molecular mechanisms to occur in this strain
range, prior macroscopic breakage of rubber material. This may reflect our previous findings on
the same series of filled EPDM suggesting damage mechanisms at large strain not only to involve
chains rupture and/or debonding at rubber-filler interface typical for Mullins damage but also to

release the occluded rubber [43].
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3. Conclusion

We have investigated the thermomechanical coupling of Mullins damage in filled EPDM. This has
been carried out by tracking traces of self-heating on specimen surface measured by Infrared
thermography (IR) combined with voiding fraction measured by Digital Image Correlation (DIC)
during high strain rate cycles up to failure. We first identified that volumetric strain accompanying
the rubber deformation is mostly due to strain induced damage, while thermal expansion caused
by self-heating has a negligible contribution. The thermomechanical coupling associated with

Mullins phenomenon has been identified by evaluating (i) tangent modulus, (ii) voiding rate and
(iii) heat sources. The tangent modulus reaches a maximum at the strain transition, Am,x, from a
series of cycle to another (by incremental strain) and hence found to be an appropriate mechanical
signature of Mullin effect. When the strain surpasses Amax, both voiding rate upturn and heat source

upturn are observed during the first loading of each series of cycles. These signatures suggest
Mullins damage at high strain rate to be associated with the (re)-activation of dissipative cavitation
mechanisms, by nucleation of new cavities and/or acceleration of cavities growth.

This study points out the question of how self-heating may intervene in certain industrial
applications with high thermomechanical coupling. This is the case of mechanical devulcanization
such as the high-shear mixing (HSM) [2], [50], [51] which is of significance for the recycling of
waste rubbers. At moderate self-heating (below the vulcanization temperature), the efficiency of
HSM process may be lowered by delayed voiding (due to lowered material viscosity) that in turn
may prevent devulcanization. Additionally, an uncontrolled high self-heating above the
vulcanization temperature may also prevent devulcanization by reactivating sulphur-vulcanization
or even by favouring sulphur bond reversion. The fine tune of the loading conditions (deformation

rate, number of cycles, incremental cycles) may hence help to optimize such processing.
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