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Abstract

Strain induced crystallization (SIC) of natural rubber (NR) has been studied in a large range of
strain rate (from 5.6 x 107 s7! to 2.8 x 10! s'!) and temperature (from -40°C to 80°C) combining
mechanical and thermal analysis. Both methods are used to extend the study of SIC from slow

strain rates — basically performed with in situ wide angle X-rays scattering (WAXS) — to high



strain rates. Whatever the temperature tested, the stretching ratio at crystallization onset (4.)
increases when the strain rate increases. This strain rate effect is strong at low temperature (close
to Tg) and weak at high temperature (much higher than Tg). A theoretical approach derived from
the Hoffman-Lauritzen equation has been developed and provides a good qualitative description
of the experimental results. At low temperature, the strong increase of A. with strain rate is
explained by a too long diffusion time compared to the experimental time. At high temperature,
SIC kinetics is rather controlled by the nucleation barrier. When the stretching ratio increases due
to strain rate effects, this nucleation barrier strongly decreases, allowing crystallization even for

short experimental time.

1. Introduction

Most of the studies devoted to strain induced crystallization (SIC) are performed in so-called
“quasi-static” conditions: they are carried out at sufficiently low strain rates to lead to a
crystallization level which is roughly stable, at a given stretching ratio, over a time range of the
order of the experimental time. Such experiments represent the main contribution of the literature
to the study of SIC !"1°. Nevertheless, the dynamic character of SIC in vulcanized natural rubber
(NR) ' 12 was evidenced few years after its discovery in 1925 3. It was shown that SIC of NR
requires only very short time to occur, as soon as the stretching ratio is high enough. Several
studies have also analyzed the stretching ratio at the crystallization onset 4. as a function of the
strain rate. It was shown an increase of this parameter with the strain rate for NR 3, IR (isoprene
rubber) !# or filled NR '°. Thanks to in situ WAXS measurements '® or through infra-red analysis
17 the shortest time needed for the appearance of SIC is around several decades of milliseconds
for a sample of NR stretched at a stretching ratio of 5, at room temperature (more details on these

pioneering works are given in a recent review '®). This range of induction time was confirmed by



recent in situ WAXS experiments using the stroboscopic technique '* 2° or impact tensile test 2!
22, However, in spite of a large number of experimental investigations, a question remains
unsolved: what are the physical parameters that control SIC kinetics? This question is important
in order to properly describe this phenomenon. It is also essential for rubber applications, where
the material is submitted to dynamic strain over an extremely large frequency range. Moreover, it
is noteworthy that there is no study presenting SIC over a sufficiently large strain rate and

temperature ranges allowing a good description of this phenomenon.

Thus, this work presents a SIC study over a strain rates range of around six decades. This is made
possible by combining several experimental techniques of detection such as WAXS analysis,
mechanical and thermal characterizations. In order to clarify the respective contributions of
nucleation and diffusion in the SIC kinetics, the combined effects of temperature (from -40°C to
80°C) and strain rates is also investigated. These contributions are finally quantified through a
Hoffman-Lauritzen type description adapted to SIC. This approach is partly based on a
thermodynamic development presented in previous papers 2> 24, It is coupled in the present study
with the WLF diffusion equation. This approach provides a theoretical frame capable of

explaining how temperature and strain influence the appearance of SIC in natural rubber.

2. Material and experiments
2.1. Materials

The studied material is a vulcanized unfilled natural rubber. The material recipe is the following:
rubber gum (100 phr) which is a Technically Specified Rubber (TSR20) provided by Michelin
Tire Company, stearic acid (2 phr), ZnO (1.5 phr), 6PPD (3 phr), CBS (1.9 phr) and sulfur (1.2

phr) (where phr means g per 100 g of rubber). The material has been processed following the



Rauline patent °. First, the gum is introduced in an internal mixer and sheared for 2 min at 60°C.
Then, the vulcanization recipe is added and the mix is sheared for 5 min. Afterward, the material
is sheared in an open mill for five minutes at 60°C. Sample sheets are then obtained by hot
pressing at 170°C during 13 min. Dumbbell-shaped samples, with a 6 mm gauge length (lo) and
0.8 mm thickness, are machined. The number density of the elastically effective sub-chains (so-
called hereafter average network chain density v) was estimated from the swelling ratio in toluene
and from the Flory — Rehner equation 2° and found equal to 1.4 x 10* mol.cm™. This density is
tuned so that (i) it promotes the development of strain induced crystallization # and (ii) it is high
enough to avoid an inverse yield effect 2’. In order to avoid microstructure modification during
the different mechanical tests, i.e. an uncontrolled Mullins effect, the samples are stretched four
times up to stretching ratio (4 = 7) higher than the maximum stretching ratio reached during the in

situ cyclic tests (A = 6). A similar procedure is proposed in the work of Chenal et al.*

2.2. In situ WAXS

The in situ WAXS experiments are carried out on the D2AM beamline of the European
Synchrotron Radiation Facility (ESRF). The X-ray wavelength is 1.54 A. Because of a limitation
due to the relatively long detection times (several seconds) of the CCD camera, in situ WAXS are
only performed at low strain rates (4.2 x 102 s and 1.7 x 102 s). For the lowest speed, the
sample is tested through a monotonic loading-unloading cycle. For the highest ones, the sample is

only stretched and then relaxed in the deformed state.

The two-dimensional (2D) WAXS patterns are recorded by a CCD camera (Princeton
Instrument). The beam size is small enough (300 um X% 300 pm) to avoid superimposition with
the scattered signal. The background, (i.e. air scattering and direct beam intensities) is properly

measured in absence of any sample. It can then be subtracted to the total intensity scattered in the
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presence of the rubber sample. The corrected scattering intensity is finally normalized by the
thickness and the absorption of the sample. Each scattering pattern is integrated azimuthally. The
deconvolution of the curve /=£{20) enables the extraction of the intensity at the peak top and the
width at half height of each crystalline peak and the intensity at the peak top of the amorphous

phase. The crystallinity index CI is then calculated as follows 2%:

a0~ L (1)

a0

where 1.0 and 1.; are the intensity of the amorphous phase at the peak top in the unstretched state

and the stretched state, respectively.

2.3 Mechanical characterization

The EPLEXOR® 500 N of Gabo Qualimeter society (Ahlden, Germany) is used in order to carry
out mechanical characterization at different temperatures. Mechanical tests consist of a

I"and from the

monotonic stretching at various strain rates, from 5.6 x 10 s! to 1.1 x 107! s
relaxed state up to the maximum stretching ratio A = 6. Before each tensile test, a soak time of
five minutes guarantees that the desired temperature (from -40°C to 80°C), obtained by air
circulation, is homogeneous in the oven. The test carried out at the lowest strain rate is stopped at
an early stage (4 around 5) because the time reaches the limitations of the experimental set up. To
perform experiments at highest strain rates, ranging from 1.1 x 10! s"' to 2.8 x 10! s”!, mechanical
characterization is carried out thanks to an MTS tensile test machine. For all the mechanical tests,

the tensile force is converted into nominal stress ¢ = F/So. Stress is then plotted as a function of

the nominal stretching ratio 4 = 1/lo. 4 is accurately measured by videoextensometry.

2.4. Infrared thermography coupled with mechanical tests



For the highest strain rates, ranging from 1.1 x 107! s'! to 2.8 x 10! s!, coupled mechanical and
thermal characterization is carried out thanks to an MTS tensile test machine. Two types of
mechanical tests are performed: (i) Stretching/unstretching, (ii) stretching and relaxation in the
deformed state. The temperature increase on the samples surface during such tests is measured
thanks to an infrared pyrometer (Microepsilon, CTLF-CF3-C3) whose acquisition time is equal to

9 msec.

Obviously, direct deduction of the stretching ratio at SIC onset (4c) from the surface temperature
variation is pertinent when the sample is not too far from adiabatic conditions. In order to
determine the range of the experimental time for which such conditions are respected, a sample is

I, i.e. an equivalent

stretched at the maximum strain rate allowed by the device (2.8 x 10! s
stretching time of 0.3 s), and at the maximum stretching ratio (A = 6) to induce a maximum
temperature variation. The sample is then maintained in the deformed state. Figure 1 presents the
evolution of the stress and temperature variation on the sample surface (AT equal to 7 minus
294K) as a function of the time. AT strongly increases during the stretching (+3°C). It continues
to increase significantly during the very beginning of the relaxation phase (+3°C), i.e. from 0.3
sec to 0.5 sec. During such short times, the stress significantly decreases from 2.75 to 2.55 MPa.
The temperature evolution is well explained by an increase of the crystallinity. From 0.5s to 2s,
temperature variations slow down and reach a plateau. This suggests that CI still increases but
much more slowly. After 2s, temperature decreases down to room temperature. During this time,
heat generated by crystallization and accumulated in the sample begins to dissipate in the room.

Thus, these 2 seconds are a good estimate of the time below which the adiabatic conditions can

be assumed.
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Figure 1. Stress (dash dotted line) and surface temperature variation (solid line) versus time for a
sample of NR stretched at room temperature and high strain rate (2.8 x 10! s!) and relaxed at 1 =

6.

3. Experimental results
3.1. SIC Onset detected by WAXS

We first present SIC phenomenon in common experimental conditions, i.e. a cyclic deformation
at room temperature and “slow” strain rate (4.2 x 107 s!). Figure 2 shows the nominal stress and
the crystallinity index (CI) plotted as a function of the stretching ratio. In these conditions, the
stretching ratio at the SIC onset (4¢) is around 4.3. Above this value, CI increases and reaches a
maximum of 14% at 4 equal to 6. From a mechanical point of view, the effect of SIC is twofold.
Formation of oriented crystallites first decreases the local stretching ratio of the non-
crystallizable chains > & % 2% Secondly, at higher stretching ratios (4 above 5) the increasing
number of crystallites, which may act as new crosslinks, take part to an increase of the local
stretching ratio ®. Although not clear from a thermodynamic point of view, this scheme explains
that the stress first decreases and then increases compared to an amorphous rubber. To accurately

demonstrate that the hardening effect is related to SIC rather than to the limit extensibility of the



chains, as predicted by the theory of rubber elasticity °, the stress-strain curve at 21°C is
compared to the one of an amorphous NR sample, i.e. stretched at 80°C (see figure 13 in the
appendix). After a correction of the entropic effect (the stress of the sample at 80°C is multiplied
by the ratio (273+21)/(273+80)), the strong increase of the stress in the crystallized sample

clearly shows that the hardening is due to SIC.

During unloading, CI decreases and crystallites totally melt at 4 equal to 3, showing an hysteresis
curve. The stress-strain curve also exhibits an hysteretic shape and the material recovers its
hyper-elastic behaviour at 4 equal to 3, i.e. when the last crystallites melt. Because nucleation is a
kinetic process involving an energy barrier related to the surface energy of the crystallites,
nucleation is delayed and needs an excess stretching ratio to occur; such “superstraining effect” is
comparable to the supercooling effect that occurs during thermal crystallization. This explains the
observed CI hysteresis. This also means that crystallization strongly depends on the strain rate.
The kinetics nature of SIC can also been evidenced by stretching a NR sample at slow strain rate
(4.2 x 103 s7!) and letting it relax at different stretching ratios ( A = 4.3, 5.3 and 6, cf. figure 2). CI
still increases and stress decreases during the relaxation phase (refer to the cross symbols on
figure 2). Note that the stress relaxation at A=6 measured on a totally amorphous sample (i.e.
stretched at 80°C) is significantly lower than the one observed on the crystallizing sample (stress
is decreased of 0.3 MPa at 21°C and 0.1 MPa at 80°C, unpresented data). This suggests that the
stress relaxation observed at 21°C is likely due to SIC. The CI increase during the relaxation step
is particularly important for the lowest stretching ratio (4 = 4.3). This means that the stretching
ratio at SIC onset is strongly dependent on the experimental time, i.e. on the strain rate. This has
been reported in literature !4, and we have also checked that a strain rate difference of less than

one decade is enough to lead to a slight increase of Ac (unpresented data).



Figure 2. CI (circle symbols) and stress (solid line) versus A, during a cyclic deformation of NR
sample at room temperature, with the strain rate 4.2 x 107 s!. CI and stress values measured after
5 minutes of relaxation on NR samples stretched from 4 = 1 up to 4 = 4.3, 5.3 and 6 at room

temperature with the strain rate 4.2 x 103 s™! (cross symbols).

3.2. SIC onset detected by mechanical relaxation

In order to observe a more noticeable effect of the strain rate, samples are now stretched at room
temperature in a wider range of strain rates (from 5.6 x 107 sec’! to 2.8 x 10! sec™!). Stress-strain
curves (o-A) are plotted in figure 3a. As previously mentioned, SIC is associated with a stress
relaxation followed by a hardening. The relaxation intensity as well as the hardening are
progressively decreased by an increase of the strain rate. This is explained by a lower
crystallinity. The stretching ratio associated with the beginning of the mechanical relaxation can
be considered as a good estimate of Ac. It is more accurately deduced from the evolution of the
tangent modulus Ex, equal to do/d4, as a function of the stretching ratio (figure 3b). Ac is estimated
as the stretching ratio at which E; reaches a maximum before the relaxation (see vertical arrow as
exemplified in figure 3b for the lowest strain rate), i.e. when its derivative is equal to zero. The

mechanical responses corresponding to the previous in situ WAXS experiments are also plotted



(curve 3 and 4). As shown in figure 2 and also in figure 6, a good agreement is found between
both methods for the estimate of Ac. On curve 6 of figure 3b (highest strain rate), the relaxation
phenomenon (i.e. decrease of E;) is not clearly evidenced. Thus, at this strain rate, this method
appears to be inappropriate to accurately detect the beginning of SIC. At least, the value of Ac
should be confirmed by a complementary experiment. This can be done by a thermal analysis of

SIC process as proposed in the following section.
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L

Figure 3. 6-A curves (a) and E-A curves (b) for different strain rates: 5.6 x 10 s71 (1), 4.2 x 10 s~
1(2),42x103s1(3),1.7 x 1025 (4), 1.1 x 10! ¢! (5) and 2.8 x 10! s! (6). The vertical arrow

indicates the value of A for the lowest strain rate.

3.3. SIC onset detected by temperature variation

Crystallization is an exothermic phenomenon and consequently has a thermal signature. Mitchell
was the first to study SIC from the temperature variations of the sample surface !”. A similar
approach is used in the present study. Figure 4 presents the evolution of the mechanical and
thermal responses of a NR sample stretched and unstretched at 1.4 x 10! s'! from A =1to A = 6.
The typical correlation between the mechanical and crystalline hysteresis presented in figure 2 is

also found between the mechanical and thermal ones: (i) the beginning of the mechanical
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relaxation and of the temperature increase are concomitant and (ii) both hysteresis loops close at
similar stretching level. Viscoelasticity has only a weak thermal effect compared to
crystallization, since as soon as crystallinity has disappeared, both loading and unloading curves
are superimposed. This quasi-exclusive contribution of crystallization to the thermal hysteresis

was nicely demonstrated in recent works 332,
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Figure 4. Stress and surface temperature versus stretching ratio for a NR sample stretched and

unstretched at 1.4 x 107! s,

Thermal and mechanical signatures of SIC are now studied for different strain rates during the
stretching phase. When the strain rate increases, the stretching ratio at which heating appears is
progressively increased (figure 5). In the same way, the maximum heating reached at the
maximum stretching ratio is decreased, suggesting a lower crystallization. Taking into account
the experimental uncertainties of the measurements, (in terms of stretching ratio, the error bar is
+/-0.15 for mechanical tests, +/-0.2 for thermal analysis), the stretching ratios at SIC onset
deduced from thermal measurements and from mechanical tests are in good agreement in the

range of strain rates tested (figure 14 in the appendix).
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Figure 5. Temperature increase during stretching at different strain rates: 1.1 x 107!s! (solid

lines), 1.4 s! (dotted lines), 5.6 s’ (dash dotted lines) and 2.8 x 10's™! (double dash dotted lines).

3.4. Effect of strain rate on the SIC onset

Ac extracted from mechanical, thermal and WAXS analysis, are now plotted as a function of the
time needed to reach this stretching ratio (calculated as the ratio of (Ac - 1) by dA/dt). This so-
called induction time is therefore the time at which SIC appears. As shown in figure 6, above a
critical induction time around 10 3 / 10 4 sec, SIC is poorly affected by the strain rate. Below it,
the stretching ratio at SIC onset is progressively and significantly increased up to a maximum
value of 5.6 (for the strain rate range studied). Theoretically, SIC can be delayed due to a delay of
the crystallite nucleation, and (or) a delay of crystallite growth. As a first approximation, growth
process is assumed instantaneous during stretching at room temperature and strain rates close to
quasi-static conditions: SIC is then controlled by the nucleation process, which mainly depends
on the stretching ratio. This is consistent with the study of Andrews 3. One can also wonder what
is the role of the diffusion of the macromolecules, which is commonly related to the characteristic
time of thearelaxation of the chain segments. This time can be considered as negligible for

experiments carried out in quasi-static conditions. However, at high strain rates (stretching times
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much lower than 10%/10* sec) diffusion kinetics might play a role. For a better understanding of
this phenomenon, the following paragraph is devoted to the study of the combined effects of

temperature and strain rate on SIC kinetics.
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Figure 6. Ac versus the stretching time deduced from WAXS (diamond symbols), mechanical

relaxation (circle symbols) and temperature variations (triangle symbols).

3.5. Combined effects of strain rate and temperature

The effect of the strain rate on /¢ is now studied at different temperatures varying from -40°C to
80°C. Ac is deduced from tensile tests (cf. method described in section 3.2) for strain rates ranging
from 5.6 x 107 s! to 1.1 x 107! s!. The stress is corrected from the temperature effect on the
entropic elasticity, through a correcting factor equal to the room temperature over 7. Similarly to
the tests performed at room temperature (figure 3), the evolution of the tangent modulus during
loading at -25°C exhibits both relaxation and hardening (figure 7). This is true for the different
strain rates, except for the lowest one, for which stress relaxation is not observed whereas
hardening effect is stronger and appears at very low stretching ratio. This might be explained by

the fact that at such low temperature and stretching ratio, a part of the crystallization is thermally
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induced, and thus leads to a high CI content. The Yield effect observed above 4 = 2 is typical of
the microstructural modification of the crystalline microstructure of a semi-crystalline polymer

during its stretching.
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Figure 7. o (a) and E; (b) versus 4 during stretching at -25°C for different strain rates: 5.6 x 107 s-
! (square symbols), 4.2 x 10 s! (diamond symbols), 4.2 x 10~ s’ (triangle symbols) and 1.1 X

10! s”(circle symbols).

For a sufficiently slow strain rate (4.2 x 10* s'!), A shows a minimum value at -25°C (cf. figure
8). This is consistent with the study of Toki et al. ! in which NR samples are stretched in similar
experimental conditions. This temperature is often reported to be the one at which crystallization
is the fastest, for unstretched polyisoprene rubber (natural or synthetic) in the undeformed state 3+
36, This is then explained by the antagonistic effects of an easier chains diffusion at high
temperature (much higher than the glass transition temperature 7;), and of an easier nucleus

formation at low temperature (much lower than the equilibrium melting temperature 7).
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Figure 8. (a) Stress and (b) tangent modulus as a function of the stretching ratio during stretching

performed at 4.2 x 10*s! and temperatures varying from -40°C to 80°C.

The evolution of Ac with temperature is plotted in figure 9 for different strain rates (4.2 x 10%s!,
1.7 %102 st and 1.1 x 10! s1). All curves show a minimum /. value for a temperature for which
crystallization is therefore the easiest. This temperature increases from -25°C to 0°C with the
strain rate. This is likely explained by the fact that diffusion and nucleation rates are not
identically affected by temperature and stretching ratio. For the lowest temperatures (closest to
the glass transition), when the strain rate increases, 4. is strongly increased because the chains
need more time to diffuse. For the highest temperatures, at which diffusion is eased, strain rate
effects are smaller. In these conditions, SIC is rather limited by a too long nucleation time, i.e. a
too high nucleation barrier energy. Now, when the stretching ratio increases due to strain rate
effects, this nucleation energy barrier decreases. Thus, SIC can finally occur at high stretching
ratio, even for short experimental times, explaining the weak effect of the strain rate on Ac at high
temperature. The dependence of this nucleation barrier and of the chains diffusion on stretching

ratio and temperature are quantified in the following discussion.
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Figure 9. A versus T for various strain rates: 4.2 x 10 s! (triangle symbols), 4.2 x 1073 s'! (circle

symbols), and 1.1 x 107! s! (cross symbols). Lines are guides for the eyes.

4. Discussion

According to the theory of phase transition 37, crystallization kinetics depends on the nucleation
barrier which needs to be crossed. Because only /¢ is considered here, the energetic formalism for
primary nucleation is used (in this description, all crystallites faces are free to grow as no foreign
nucleus is pre-existent). Following the theoretical developments of reference 23, the nucleation
barrier Ap” can be written:

. 320%0c
Ap = s ()

2
T . -T
LA PN VT
A T

2

c m,0

Nucleation is eased, i.e. Ap” is lowered, when surface energies are low and when the entropic
energy term (or strain energy) and the enthalpic term (which depends on the melting temperature
of the infinite crystal) are high. AHy, is the melting enthalpy (AHm = 6.1 x 107 J.m™ 38), T}, is the
melting temperature of the infinite crystal in the undeformed state (7« = 35.5°C %), R (8.314

J.mol'1.K!) is the constant of the perfect gazes. o; = 0.0033 J.m? and g. = 0.0066 J.m? are the

16



lateral and chain end surface energies. Their values are deduced from the Thomas-Stavley

% and from the assumption that c. is almost equal to twice o, as proposed in a

relationship *
previous work 3. As a first approximation, given the fact that only the SIC onset will be
discussed here, the expression of the strain energy neglects the limit extensibility of the chains *!-
42 A special attention is given to the estimate of vi, the network density of the first chains
involved in SIC (in mol.cm™). One of the basic interpretations of SIC phenomenon, first
proposed by Toki #* and Tosaka %4, is to consider that highly stretched molecules, i.e. the shortest
ones, are the first that nucleate. This is consistent with strong heterogeneity of the crosslink
density in NR sample. In a previous study 2°, we developed an approach following this point of

view, and estimated the value of the network chain density of the first molecules involved in SIC

process (vi ~4.1 x 10 mol.cm™).

The nucleation probability N; can be estimated with a Boltzmann’s type equation:

(_A(PW
Ni ocexp| —_

\ kT ) )

ks = R/N, is the Boltzmann constant and N, the Avogadro constant. The crystallization rate is then
defined as follows '*

N:NODINI 4)

Where Ny is approximated as a constant (although it should depend on 1/T), D is a diffusion (or
transport) term derived from WLF equation.*> This empirical relationship allows estimating the
dependence of the relaxation time with temperature, when this one is above the glass transition

temperature 7,. D1 can be written:
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The diffusion term is not equal but proportional to the exponential term. Actually, this coefficient
is included in the global pre-factor No. Using the time-temperature superposition principle, the
shift factor ar — calculated from the construction of a master curve from mechanical spectrometry
data — allows estimating the parameters Ci, C2 and Tg, that we found equal to 16.8, 33.6 K and
208 K (-65 °C) respectively. The a relaxation of chain segments is not the unique relaxation
mode that characterizes the movement of the polyisoprene chain. Note that these parameters were
deduced from experiments in the linear regime, i.e. at small strain: we will assume here that the
segmental mobility is independent on the stretching ratio.* Moreover, the polyisoprene chain of
natural 47 or synthetic rubber *® exhibit a normal mode relaxation associated with the translational
motion of the whole chain. Nevertheless, whatever the type of relaxation chosen in the present
description, the dependence of the diffusion term with temperature remains the same, because of
the assumed proportionality between normal and segmental relaxation times. Within this frame, a
plot of N/Ny versus temperature for different A shows classical bell-shape curves with a
maximum resulting from the increase of the diffusion term D; and a decrease of the nucleation

term V) with temperature (cf. insert in figure 11).

The induction time 7z needed to observe crystallization can be roughly estimated from:

7« 1/(N,D,N,) (6)

For sake of simplicity, in the following discussion, 7 will be approximated as the time needed to
reach the stretching ratio at SIC onset, during a monotonic experiment at a fixed temperature. In

order to fix the time scale of the theoretical curve and enable a comparison with the experimental
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data, we arbitrarily choose to estimate Vo, an unknown parameter, from the experimental time ¢
needed to crystallize the NR sample stretched at the optimum temperature (-25°C) with the
lowest strain rate tested, i.e. when Ac is the lowest. Thus, from the previous equations, the
theoretical evolution of the stretching ratio at SIC onset is plotted as a function of the induction
time and two studied temperatures (21°C and -25°C) on figure 10. We have also plotted our
experimental data obtained at the same temperatures, where the induction time is approximated

as the experimental stretching time needed to reach A.. Data from the literature performed at

different strain rates and room temperature are also reported 7> 8 15 17 44 49 Apart for the
Mitchell’s data 7, they are all obtained from in situ WAXS analysis. For all these studies, the
sulphur vulcanized natural rubbers have network chain densities close to the one measured in our
sample, explicitly, or implicitly since they have similar chemical composition. The data from the
literature are in remarkable agreement with ours. The theoretical curve calculated at -25°C from
the thermodynamic approach correctly describes the strong increase of the stretching ratio at

crystallization onset measured at -25°C when the strain rate increases.

1
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Figure 10. Recall of A values extracted from our own tests at 21°C (filled diamonds) and -25°C

(filled circles). Data from literature are added in unfilled symbols: ref. 7 (unfilled circle symbol),
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ref. 8 (unfilled triangle symbol), ref. 15 (unfilled diamond symbol), ref. 17 (cross symbols), ref.
44 (double cross symbol), ref. 49 (unfilled square symbol). Predictions of the induction time at

21°C and -25°C deduced from equation 6 (cf. solid lines).

However, the two theoretical curves at -25°C and at room temperature cross each other whereas
the experimental data seem to converge when the stretching ratio increases. This means that, at
high stretching ratio, the model predicts a too strong increase of 7 when the temperature decreases
from room temperature to -25°C. This might be due to our questionable assumption of an
independence of the diffusion term D; on the stretching ratio. Indeed, from equation (6), one can

also estimate the time needed to detect crystallization at -25°C in the unstretched state:

7, =1/(N,D, (T, = -25°C)N, (4 = 1,T, = -25°C)) 7

To is found equal to 7000 seconds. This value is more than 15 times lower than the experimental
value from the literature.* Thus, as said previously, the way we fixed the timescale of the
theoretical curve via the value Ny is not satisfactory. It however enables to compare on the same

graph the experimental data and the theoretical curve calculated at room temperature. Given the
strong assumptions chosen for the calculation, the comparison is acceptable and proves the
pertinence of our interpretation. An interesting feature of the theoretical curve is its asymptotic
evolution at short induction time, which would indicate the existence of a minimum induction

time for SIC.

The induction time €equation 6) is now plotted in figure 11 as a function of the temperature for
different stretching ratios. The influence of the stretching ratio on the induction time is

particularly important when temperature is high enough to consider that diffusion is not a limiting
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process. In that case, the acceleration of SIC kinetics with A is due to the increasing contribution

of the strain energy, leading to a decrease of the nucleation barrier energy (equation 2).
Contrarily, for temperatures close to 7§, all curves converge and describe a slow kinetics because
diffusion becomes a limiting parameter for crystallization. Thus, for a given stretching ratio,
when varying the temperature, the induction time shows a minimum value, corresponding to the

fastest kinetics of crystallization.
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Figure 11. Induction time (t) versus temperature for stretching ratios varying from A =1 to 4 =
5.5 (between two consecutive plots, A4 = 0.5). Corresponding normalized rate of crystallization

versus temperature (insert).

From these curves, at a given strain rate, i.e. for a given induction time, Ac can be estimated as a
function of the temperature (cf. figure 12). As observed experimentally (cf. figure 9), at a given
strain rate, the theoretical curves predict the existence of a minimum Ac, and that the temperature
at this minimum increases with the strain rate. The model also predicts a convergence of the
curves at high temperature due to the fact that (i) SIC kinetics is controlled by the nucleation
barrier (ii) this energy barrier depends on the strain energy (iii) this strain energy varies rapidly

with A since it depends on A?
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Figure 12. A. as a function of the temperature for the three strain rates previously studied (figure

9): 4.2 x 10 57! (solid line), 4.2 x 10 s7! (dotted line), and 1.1 x 10! s7! (dash dotted line).

5. Conclusion

The combined effects of the strain rate and temperature on the stretching ratio at SIC onset (4c) of
vulcanized NR have been studied thanks to infrared thermography and mechanical
characterization. Both methods allow describing SIC at high strain rates, while in situ wide angle
X-rays scattering (WAXS) is only used for slow strain rates. Whatever the temperature tested, A.
increases when the strain rate increases. Moreover, results show that (i) the temperature at which
crystallization is the fastest — so-called optimum temperature — increases when the strain rate
increases and (ii) the strain rate effect is particularly important at low temperature (close to Ty)

but becomes negligible at high temperatures (much higher than Ty).

To interpret these results, a thermodynamic approach based on the Hoffman-Lauritzen theory
allows giving an expression of the induction time needed for crystallization as a function of the
stretching ratio and temperature at crystallization onset. This enables a pertinent interpretation of
experimental data obtained from both our laboratory and from literature. At low temperature, the

strong increase of A. with strain rate is likely due to a too long diffusion time compared to the
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experimental time. At high temperature, the weak increase of A. with strain rate is explained by
the fact that SIC kinetics is controlled by the decrease of the nucleation barrier through the rapid

increase of the strain energy with the stretching ratio.

However, the relation between molecular movements and SIC characteristic times is not perfectly
clear and our results suggest that a contribution of the chain alignment should be included in the
expression of their diffusion time. Further investigations correlating WAXS in situ analysis and

dielectric measurements should give interesting insights on this question.
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7. Appendix

Figure 13. Stress-strain curves of NR sample stretched at room temperature (solid line) and 80°C

(dotted line), and at slow strain rate (4.2 x 10 s™).

Figure 14 presents the relation between /¢ extracted from thermal measurements and A deduced
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from mechanical tests for different strain rates. One can notice that the data from the mechanical
measurement are systematically higher than the values deduced from thermal measurement, This
is not surprising because a mechanical signature of the SIC is visible when it begins to
compensate the stress increase due to the stretching of the amorphous phase, meaning it needs a
significant amount of crystallinity; nevertheless, the overestimate of the mechanical measurement

is within the error bar and therefore will be neglected.
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Figure 14. Jc extracted from thermal measurements versus A from mechanical tests for the strain
rates: 1.1 x 107!s’! (solid lines in insert), 1.4 s! (dotted lines in insert), 5.6 s! (dash dotted lines in

insert) and 2.8 x 10's"! (double dash dotted lines in insert).
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