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Abstract

Strain-induced crystallization is classically assumed to be responsible for the hys-
teresis loop observed in the mechanical response of cis-1,4-polyisoprene. The aim
of the present study is to investigate where does this energy go. Energy balances
carried out using infrared thermography have shown that the hysteresis loop is due
neither to intrinsic nor thermal dissipation, but is entirely used by the material
to change its microstructure. Thus, significant changes in the internal energy ac-
company SIC. Experiments performed show that the mechanical energy brought to
deform the material is stored elastically in the amorphous phase (chain alignment
and accumulation of topological constraints in the crystallite vicinity) and is re-
leased with a different kinetics during crystallite melting. The demonstration that
NR is able to store mechanical energy without converting it into heat is a realistic
way to explain its extraordinary resistance to crack growth.

Key words: strain-induced crystallization, natural rubber, elastic energy stored,
internal energy change.

1 Introduction

Mechanical properties of natural rubber (NR), cis-1,4-polyisoprene, are mainly
related to Strain-Induced Crystallization (SIC) (Yijing et al., 2017). Espe-
cially, SIC enhances NR’s resistance to crack growth (Lee and Donovan, 1987;
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Lake, 1995) and fatigue (Cadwell et al., 1940; Beatty, 1964; Saintier, 2000; Le
Cam et al., 2013). SIC in NR has been investigated extensively by means of
X-ray diffraction technique since the pioneer work by Katz in 1925. A num-
ber of studies were dedicated to the crystallographic structure of NR (see for
instance Bunn (1942) and Takahashi and Kumano (2004) for the monoclinic
structure of crystal, and Immirzi et al. (2005) and Rajkumar et al. (2006) for
the debate on the existence of orthorhombic cell). Several studies investigating
the relationship between crystallinity and strain (Goppel and Arlman, 1949;
Toki et al., 2000; Trabelsi et al., 2003a) have highlighted that crystallinity at
a given strain is higher during unloading than during loading. Moreover, crys-
tallite melting is complete at a lower stretch than that at which crystallization
starts. This was attributed to a supercooling effect by Trabelsi et al. (2003a).
However, numerous other phenomena accompanying SIC are still misunder-
stood, for instance the opposite effects of SIC on stress: on the one hand,
SIC acts as network points, which increases the network chain density and
leads to stress hardening Flory (1947); on the other hand, SIC induces stress
relaxation of the amorphous phase (a plateau is observed in the strain-stress
curve once SIC starts (Trabelsi et al., 2003a; Toki et al., 2000)). Moreover,
as reported by Albouy and co-workers, SIC might develop at constant strain
of the amorphous chains (Albouy et al., 2012, 2014). This raises several ques-
tions, among them: is such chain relaxation an exothermal phenomenon as
observed in viscous materials? In other words, is there part of the mechanical
energy brought converted into heat? Is the hysteresis loop due to SIC itself or
to changes in the amorphous phase during crystallization?

Clark et al. (1940) experiments were the first to suggest that the mechanical
hysteresis is closely related to SIC. To date, the idea that mechanical hysteresis
is due to the kinetics difference between crystallization and crystallite melting
has been widely disseminated, but no further information about the macro-
molecular origin of this mechanical energy dissipation has been provided. A
recent study by Laghmach et al. on phase field modeling of SIC suggests that
energy may be stored elastically in the vicinity of the crystal where topo-
logical constraints are concentrated (Laghmach et al., 2015), but to date no
experimental evidence of this phenomenon has been provided.

In this paper, the contribution of the different phenomena involved in the
formation of the mechanical hysteresis in NR is evaluated from energy bal-
ances. These energy balances are carried out using infrared thermography and
the heat diffusion equation in the framework of irreversible thermodynam-
ics processes. They enable us to determine first whether intrinsic dissipation
is produced during the mechanical cycles and second to compare the strain
power density with the heat power density at any time during the deformation
process in order to detect, to quantify and to discuss any non-entropic effects.

Section 2 recalls the thermodynamic framework for energy balances. Section
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3 presents the results. Concluding remarks close the paper.

2 Thermodynamic framework

Rubber elasticity is mainly entropic. During stretching, polymer chains align,
with less and less possible confirmations than in the relaxed state. Under adi-
abatic conditions, the kinetic theory due to Meyer and Ferri (1935) considers
that the whole work done on the system by the external force is transferred
into microscopic kinetic energy. This means that, contrary to steel, no po-
tential energy would be stored by the rubber upon stretching. In this theory,
rubber elasticity is only driven by change in configurational entropy. The in-
ternal energy is therefore constant during the deformation process at constant
temperature. In such a context, applying the first law of thermodynamics leads
to write that the changes in mechanical work (dW) and in heat (dQ) given
out by the material on extension (which explains the negative sign) are equal:

dW = −dQ (1)

This representation of rubber elasticity has been widely used to model rubber
elasticity. Nevertheless, some deviations from this theory have been reported in
the literature. For instance, the thermal response of vulcanized rubber is char-
acterized by a slight cooling during stretching in the very low stretch range
(typically for stretches inferior to 1.1), followed by a strong heating (Joule,
1857; Anthony et al., 1942; Pottier et al., 2009). Such thermo-sensitivity, is
explained by preponderant effects of internal energy changes at low stretches.
At higher stretches, the competition is in favor of the entropy changes, leading
to a thermoelastic inversion. Several authors have measured the contribution
of the internal energy to tension force for numerous rubber materials (Ciferri,
1961; Roe and Krigbaum, 1962; Allen et al., 1963; Shen, 1969; Boyce and
Treloar, 1970; Allen et al., 1971; Price et al., 1969). The order of magnitude
of the relative internal energy contribution to the force for rubbery polymers
is 0.15 in a strain range of 50 to 300%. The reader can refer to Treloar (1973)
for further information. To account for this phenomenon, Chadwick (1974)
proposed a modified entropic theory using a volumetric part in the strain en-
ergy density formulation that contains an energetic contribution to rubber
elasticity. In this representation, the changes in internal energy on extension
are associated with changes in volume only, in other words with the change in
the Van der Waals forces between molecules (see Gee (1946)). This is an in-
termolecular internal energy. However, as discussed in Treloar (1973), another
cause of change in the internal energy is the change in conformation of the
polymer molecule itself, ”arising from energy barriers to rotation about bonds
within the single chain”. This corresponds to finite intramolecular internal en-
ergy, which contributes to the stress, even under constant volume conditions.
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The need for an internal energy associated with the polymer chains confor-
mation was highlighted by Flory and co-workers as soon as 1960 (Flory et al.,
1960; Flory, 1961). This phenomenon occurs before SIC starts, while a part
of the macromolecules becomes increasingly more aligned (this is a condition
for their crystallization Rault et al. (2006a,b)), and during SIC. To finish,
crosslinks and entanglements strongly affect rubber elasticity (Edwards and
Vilgis, 1986; Doi, 1996). They induce additional topological constraints that
may be of significant effects on the internal energy change. In this paper, en-
ergy balances enable us to evaluate the level and evolution of internal energy
changes in natural rubber. For this purpose several continuum quantities are
used. Each of them are presented in the following.

2.1 Total strain energy density and hysteresis loop

The total strain energy density Wdef is the energy brought mechanically to
deform the material. It corresponds to the area under the load (unload) strain-
stress curve and is calculated as follows in case of uniaxial tensile conditions:

W load
def =

∫ λmax

λmin

π dλ and W unload
def =

∫ λmin

λmax

π dλ (2)

where λ is the stretch defined as the ratio between current and initial lengths.
π is the nominal stress tensor, defined as the force per unit of initial (un-
deformed) surface. If the material’s behavior is purely elastic and if the test
is carried out under adiabatic loading conditions, the mechanical response
obtained during a load-unload cycle is such that no hysteresis loop forms
(W load

def = W unload
def ). If a hysteresis loop forms, the mechanical energy dissi-

pated Whyst over one cycle is determined as follows:

Whyst = W load
def −W unload

def (3)

The corresponding power density Physt is obtained by dividing Whyst by the
cycle duration.

The strain power density Pstrain at any time during the deformation is defined
as:

Pstrain = πλ̇ (4)

2.2 Heat power density

The heat power density is also named heat source (Samaca Martinez et al.,
2013c) or thermal power (Holzapfel, 2000; Mott et al., 2016) in the literature.
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During the mechanical cycle, the material produces and absorbs heat. Under
non adiabatic test conditions, corresponding temperature variations are influ-
enced by heat diffusion effects. Therefore, determining the heat power density
from temperature measurements requires taking into account heat diffusion
effects. For this purpose, a simplified formulation of the heat diffusion equa-
tion is used, considering the heat power density field as homogeneous during
uniaxial tensile loading (Chrysochoos, 1995):

ρC

(

θ̇ +
θ

τ

)

= s (5)

where ρ is the density, C is the specific heat, θ is the temperature variation,
τ is a characteristic time that is identified from a natural return to ambient
temperature. The right-hand side of Equation 5 represents the heat power
density s or (the rate of heat produced or absorbed by the material). It can
be divided into two terms that differ in nature:

- the intrinsic dissipation d1: this positive quantity corresponds to the heat
production due to mechanical irreversibilities during the deformation pro-
cess, for instance viscosity or damage;

- the thermomechanical couplings stmc: they correspond to the couplings be-
tween the temperature and the other state variables, and describe reversible
deformation processes.

In unfilled natural rubber, volume changes are small (Le Cam and Toussaint,
2008; Chenal et al., 2007) and the specific heat does not vary significantly,
even when crystallization occurs (Vogt, 1937; Boissonnas, 1939; Mayor and
Boissonnas, 1948), therefore the product ρC can be assumed to be constant.
As the heat produced and absorbed due to thermomechanical stmc couplings
is the same, the temporal integration of Equation 5 over one mechanical cycle
provides the energy due to intrinsic dissipation Wintrinsic:

Wintrinsic =
∫

cycle
(stmc + d1) dt =

∫

cycle
d1 dt (6)

The corresponding intrinsic dissipation d1 over one cycle is obtained by divid-
ing Wintrinsic by the cycle duration. It should be noted that d1 is a mean value
and is possibly non constant during the mechanical cycle.

The energy corresponding to heat diffusion effects Wthermal is defined by:

Wthermal =
∫

cycle
ρC

(

θ

τ

)

dt (7)
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Fig. 1. Energy balance at two scales: the mechanical cycle (case #1) and at any
time within the mechanical cycle (case #2)

Energy balances have to be carried out at two different scales. The first scale
is a mechanical cycle (see Figure 1, schematic view #1). The energy balance
consists in comparing the energy density contained in the mechanical hystere-
sis (Whyst), more precisely the corresponding power density (Physt), with the
power densities associated with the following phenomena:

(a) intrinsic dissipation (d1) previously introduced,
(b) thermal dissipation (d2) (in non adiabatic test conditions). If heat is ex-

changed with the exterior of the specimen, a hysteresis loop in the stretch-
stress relationship forms, even for purely elastic materials,

(c) the part of the mechanical energy used by the material to change its mi-
crostructure Wstructure, associated with changes in the internal energy.

Such analysis enables us to distinguish the part of the mechanical hysteresis
converted into heat from that stored elastically and released by the material
to change its microstructure.

The second scale at which energy balances are performed is any time (or
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stretch) during the mechanical cycle (see Figure 1, schematic view #2). The
energy balance consists in comparing the strain power density (Pstrain(t)) with
the heat power density (s(t)). This comparison enables us to characterize the
energetic contribution to the material’s elasticity and to highlight kinetics
effects in internal energy changes.

In these energy balances, the contribution of the thermal dissipation is negli-
gible, this will be demonstrated in the next section for the test conditions of
the present study.

3 Experimental Section

The material studied is an unfilled natural rubber (NR) supplied by the ”Man-
ufacture Française des pneumatiques Michelin”. Its chemical composition is
given in Table 1. The compound was cured for 22 min at 150 ◦C. The degree

Table 1
Chemical composition in parts per hundred rubber (phr).

Ingredient Quantity

Natural rubber NR 100

Carbon black 0

Antioxidant 6PPD 1.9

Stearic acid 2

Zinc oxide ZnO 2.5

Accelerator CBS 1.6

Sulfur solution 2H 1.6

of crosslinking is 6.5 10−5 mol.cm−3. In such NR formulation, SIC is observed
in uniaxial tension starting from a stretch λc of about 4. During unloading,
crystallite melting is complete at a lower stretch λm of about 3 (Toki et al.,
2000; Trabelsi et al., 2003b; Le Cam and Toussaint, 2008). The specimen
geometry is 5 mm wide, 10 mm high and 1.4 mm thick 2 . Mechanical load-
ing was applied using a 50N Instron 5543 testing machine. It corresponds to
four sets of three cycles, for four increasing maximum stretch ratios: λ1 = 2,
λ2 = 5, λ3 = 6 and λ4 = 7.5. λ1 was chosen inferior to λc, λ2 was superior
but close to λc, λ3 and λ4 were superior to λc (λ4 was close to the stretch at

2 In this paper, the mechanical tests performed were those reported in Samaca
Martinez’s PhD, which investigated the thermal and caloric signature of the main
phenomena involved in rubber deformation (Samaca Martinez et al., 2013a,b,c;
Samaca Martinez et al., 2014; Le Cam et al., 2015)
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failure). The signal shape chosen was triangular, to ensure a constant strain
rate during loading and unloading. Tests were performed at a loading rate
equal to ±100 mm/min. The temperature was measured using a Cedip Jade
III-MWIR infrared camera (320 × 240 pixels, 3.5− 5 µm).

4 Results and discussion

4.1 Mechanical and thermal responses

Figure 2(a) presents the mechanical response obtained for all the cycles per-
formed in terms of the nominal stress in relation to the stretch. Figures 2(b) to
(e) detail the mechanical response at the different maximum stretches applied.
These figures show that whatever the maximum stretch applied, the mechan-
ical cycles have no significant effect on the mechanical response, in the sense
that no stress softening is observed. For cycles at λ1 = 2 (< λc), a very small
hysteresis loop is observed (see Fig. 2(a)). The corresponding power density
Physt is equal to 1.6 103 W/m3. For cycles at λ2 = 5 (> λc), the area of the
hysteresis loop significantly increases (Physt = 4.8 103 W/m3, see Fig. 2(b)). It
should be recalled that the stretch at which crystallization starts is about 4.
These results are in good agreement with those reported in the literature for
unfilled natural rubber studied with X-ray diffraction: a significant hysteresis
loop forms if SIC takes place in the material. Classically, the hysteresis loop
is assumed to be due to the difference in the kinetics of crystallization and
crystallite melting (Toki et al., 2000; Trabelsi et al., 2003b; Le Cam and Tou-
ssaint, 2008), but no further explanations on the mechanism leading to the
mechanical energy lost have been provided. For cycles at λ3 = 6 (> λc), the
hysteresis loop is higher than for the previous stretches (see Fig. 2(c)). For
cycles at λ4 = 7.5 (> λc), a plateau is observed from λ = 6 on, followed by a
high stress increase (see Fig. 2(d)). The hysteresis loop is much higher than for
the previous maximum stretch applied (4.5 104 W/m3 versus 1.3 104 W/m3).
For higher stretches, a high increase in the nominal stress is observed: crystal-
lites act as fillers and strongly reinforce the material stiffness. As assumed by
Flory (1947) and highlighted experimentally by Toki et al. (2000) and Trabelsi
et al.Trabelsi et al. (2003b), once crystallization occurs, relaxation is induced
in the amorphous phase. The plateau observed is a manifestation of this re-
laxation. Moreover, according to Albouy and co-workers, SIC might develop
at constant strain of the amorphous chains (Albouy et al., 2012, 2014). This
raises several questions: is such chain relaxation an exothermal phenomenon
as observed in viscous materials? In order words, is part of the mechanical en-
ergy brought converted into heat due to irreversibilities? Is the hysteresis loop
due to SIC itself or to changes in the amorphous phase during crystallization?
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Physt = 1.6 103  W.m3 

 
Physt = 4.8 103  W.m3 

 

Physt = 1.3 104  W.m3 

 
Physt = 4.5 104  W.m3 

 

Fig. 2. Mechanical response

The thermal responses obtained during the mechanical cycles are depicted in
Figure 3. First, results show that temperature variations are mainly due to
entropic elasticity: they increase (decrease) when the stretch increases (de-
creases). Thermal accommodation is reached at the third cycle: temperature
variation at the beginning and the end of the third cycles are the same. When
SIC starts, a significant additional heat production is observed. It is high-
lighted by the dotted line (in red) plotted for the third (stabilized) cycles for
λ > λc.

To discuss the effect of the thermal dissipation on the hysteresis loop area,
two main arguments can be considered:

• Increasing the loading rate should change the value of the hysteresis loop
area. This was not observed for tests performed at ±300mm/min under the
same conditions (see Fig. 4 in Samaca Martinez et al. (2013b)). This means
that the effects of thermal dissipation on the hysteresis loop are negligible.
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Fig. 3. Thermal response

• During cycles for which the same maximum stretches are applied, the me-
chanical hystereses are the same while temperature variations between the
first and the third cycles are different.

For these reasons, the effect of thermal dissipation on the hysteresis loop area
is not detectable and the mechanical energy dissipation can only be due to in-
trinsic dissipation and/or difference in the kinetics of microstructure changes.
Distinguishing these two types of energy dissipation is of primal importance:
the former is the signature of damage, the latter is not, which leads to very
different consequences, especially for static and fatigue resistance to crack
growth.

4.1.1 Calorimetric response

Figure 4 depicts the heat power density in relation to the stretch for a load-
ing rate equal to ±100 mm/min. It was established by using the simplified
formulation of the heat diffusion equation (Eq. 5). Parameter τ was identified
from natural return at ambient temperature for different stretches and written
τ(λ) = 40.48 − 3.25 λ.

Several comments can be drawn from this figure. First, the heat source is posi-
tive during loading and increases with the stretch. During unloading, the heat
source is negative. This highlights preponderant entropic effects observed in
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Fig. 4. Calorific response

the thermal response. Before SIC starts, the load-unload curves are symmet-
rical (see also Fig. 5(a)), meaning that the heat produced during the loading
phase is equal to the heat source absorbed during the unloading phase. Thus,
no intrinsic dissipation is detected.
Second, once SIC starts, the heat source evolution for loading and unload-
ing are no longer symmetrical. This cannot be explained by entropic elastic-
ity. During loading, the heat source evolves in a quasi-linear manner until a
stretch close to 4 is reached. Dissymmetry occurs for stretches higher than 4,
the stretch level at which SIC starts. During unloading, the heat source rate
first increases in absolute value until reaching a stretch equal to 4, is constant
until a stretch equal to 3.5 is reached, and then decreases. In order words,
at a given stretch, heat absorption during unloading is lower than heat pro-
duction during loading. Corresponding thermal measurements highlight that
temperature is higher during unloading than during loading (see Fig. 3). As
X-ray diffraction (crystallinity versus stretch curves) shows that crystallinity
is higher during unloading than during loading (Huneau, 2011; Yijing et al.,
2017) and that the dissolution of the crystalline order in NR is faster than
its establishment after a strain step (Bruening et al., 2012), this demonstrates
that crystallization continues during unloading. For each cycle, the energy
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corresponding to the intrinsic dissipation Wintrinsic has been calculated by
integrating the heat source. Intrinsic dissipation d1 is obtained by dividing
Wintrinsic by the duration of the cycle considered. The values obtained, which
are reported in the diagram in Figure 4, show that no intrinsic dissipation was
detected whatever the mechanical cycle considered. This is consistent with the
fact that no self-heating was observed in the thermal response. Consequently,
the only explanation for the hysteresis loop is that the material stores energy
elastically to change its microstructure, which involves a change in the inter-
nal energy. This is more precisely discussed in the next paragraph. Third, it
is observed that the area of the hysteresis loop increases with the maximum
stretch reached, meaning that the higher the crystallinity, the higher the area
(mechanical energy) of the hysteresis loop.
Finally, for cycles at λ > 6, the evolution of the heat source differs from that
obtained for lower stretches. Indeed, during the loading phase, instead of in-
creasing continuously, the heat source decreases from λ = 6 on. This means
that either heat due to crystallization continues to be produced (it remains
positive), but at a lower rate, and/or that larger energetic effects take place
(negative heat sources for positive stretch rates).The fact that the hysteresis
loop area is larger than before (4.5 104 W/m3 versus 1.3 104 W/m3) pleads in
favor of SIC.

4.1.2 Elastic energy stored and released during deformation cycles

As the mechanical hysteresis is due neither to thermal nor intrinsic dissipation,
the mechanical energy involved in the hysteresis loop is used by the material to
change its microstructure. This leads to elastic energy storage and thus change
in the internal energy. To better characterize this effect and to highlight ki-
netics effects in the internal energy change, energy balances were carried out
at any time during the deformation cycles, by comparing the strain power
density Pstrain and the heat power density s. For instance, in case of purely
entropic elasticity (see the kinetic theory due to Meyer and Ferri (1935)), the
strain power density Pstrain is equal to the heat power density s at any stretch.
This type of energy balance has been successfully carried out in Mott et al.
(2016) to investigate where does mechanical energy brought to a polyurethane
material go. Results obtained by the authors showed that significant part of
the mechanical energy brought is not converted into heat and is used by the
material to change its microstructure. Figure 5 presents the evolution of Pstrain

(in black) and s (in red) for each set of maximum stretch.

For the first cycles at λ1 = 2 < λc (see Fig. 4a), these powers are not equal
(Pstrain > s), far from it. This highlights a strong non-entropic contribution
to the rubber elasticity. Therefore, considering the previous discussions, the
material stores elastic energy, which change the internal energy and affects
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Fig. 5. evolution of the strain power and the heat power densities (a) λ1 = 2 (a)
λ2 = 5 (a) λ3 = 6 (a) λ4 = 7.5

the calorific response. In this figure, a prediction of heat sources due to both
entropy and intermolecular internal energy is plotted in orange. The results
show that the model fits the stretch level at which thermoelastic inversion
occurs and the heat sources until reaching a stretch of about 1.5. Second, from
λ = 1.5 on, the experimental heat sources are lower than predicted. This means
that the area between the red and orange curves corresponds to additional
energy stored by the material. As Treloar (1973) explained, a change in the
conformation of polymer chains on extension leads to an additional change
in the (intramolecular) internal energy, without volume variation, contrarily
to intermolecular effects. The fact that a small hysteresis loop is observed
for maximum stretches inferior to that at which SIC starts shows that chain
alignment is a reversible processus, with no real difference in kinetics between
loading and unloading. This is confirmed by the symmetrical evolution of the
heat source between loading and unloading: the same amount of elastic energy
is stored and released at a given stretch during loading and unloading.

When the stretch is superior to 2 and inferior to λc (see Fig. 4b), the tendency
observed during loading at the previous stretch is observed again: Pstrain > s
and energy stored elastically increases. In this range of stretch the chain align-
ment, which is a detectable oriented amorphous phase before crystallization
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(see for instance the work by Toki et al. (2004)), has an increasing effect on
the change in internal energy. It should be noted that this non-entropic con-
tribution to rubber elasticity reaches more than 65% of what should be the
entropic contribution in terms of heat power density at λ = 4, i.e. before SIC
starts. It is to note that topological constraints induced by entanglements and
cross-links should also contribute to internal energy changes. Once SIC starts,
the energy balance is more complicated due to the strong exothermal effect
induced and several results have to be put into perspective. We have shown
above that chain relaxation as well as chain alignment occur without produc-
ing intrinsic dissipation. Moreover, Laghmach et al. have recently suggested
in a modeling approach of SIC that topological constraints due to entangle-
ments and cross-links are pushed away from the crystal phase to allow further
crystallization (Laghmach et al., 2015). To the authors, the accumulation of
these topological constraints in the vicinity of the crystal interface may store
elastic energy in the amorphous phase. The energy balances carried out in
the present paper provide the experimental evidence that SIC stores elastic
energy, which contributes significantly to change the internal energy: during
loading first, but also during unloading, since SIC continues. Elastic energy is
released with a different kinetics when crystallites melt, but also as soon as the
beginning of the unloading phase, which explains the strong decrease in the
stress. The assumption that topological constraint zones close to the crystal-
lites store energy in the amorphous phase is therefore realistic. From a certain
crystallinity (typically obtained at λ = 6), the accumulation of topological
constraints limits the crystallite growth, which decreases the rate of crystal-
lization and increase the change in internal energy. For these two reasons, the
heat power density rate decreases.

5 Conclusion

Mechanical energy dissipated by natural rubber, which corresponds to the
mechanical hysteresis area, is due neither to intrinsic nor thermal dissipation,
meaning that no mechanical energy brought to the material during cyclic load-
ings is converted into heat. This result has numerous consequences: natural
rubber (NR) does not exhibit any viscosity, even when crystallizing, and the
energy dissipated is entirely used by the material to change its microstruc-
ture. Energy balances performed at any time during the deformation cycles
show that NR elasticity exhibits cyclic variation of its internal energy. For
stretches inferior to that at which SIC starts, the variation is symmetrical be-
tween loading and unloading and is mainly due interactions between macro-
molecules, cross-links and entanglements. From λ = 1.5 on, and additional
internal energy change is observed that could be attributed to the increasing
effect of chain alignment. The fact that the kinetics of internal energy change
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is the same between loading and unloading explains why no significant me-
chanical hysteresis forms. This non-entropic contribution to rubber elasticity
represents more than half of the entropic contribution at stretches inferior
that at which crystallization starts. This demonstrates that the calorific and
thermal response of natural rubber can not be determined accurately without
considering such non-entropic effects. When SIC occurs, additional topologi-
cal constraints are induced in the amorphous phase close to the crystallites,
they store energy and change the internal energy of the system. As SIC and
crystallite melting have different kinetics, the cyclic internal energy change
is dissymmetric. Thus, crystallization/crystallite melting processus stores and
releases mechanical energy with different rates, which forms the hysteresis
loop. More than SIC itself as a thermodynamical processus, the explanation
of the hysteresis loop formation lies in the kinetics of microstructural changes,
and therefore of internal energy change, induced by SIC in the amorphous
phase. The demonstration that NR is able to store elastically part of the me-
chanical energy brought to it without converting it into heat is a realistic way
to explain its extraordinary resistance to crack growth.
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