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Abstract

Strain-induced crystallization (SIC) of natural rubber (NR) is studied during dynamic cycles at
high frequency (with equivalent strain rates ranging from 7.2 s to 290 s'). Different testing
parameters are varied: the frequency, the temperature and the stretching ratio domain. It is found
that an increase of the frequency leads to a decrease of the crystallinity during both loading and
unloading steps of the cycle. Nevertheless, the interpretation of the curves needs to take into
account several phenomena such as (i) an instability of the crystallites generated during the
loading step, which increases with the frequency, (i1) the memory of the previous alignment of
the chains, which depends on the minimum stretching ratio of the cycle A., and of the

frequency, (iii) self-heating which makes more difficult the crystallites nucleation and easier



their melting. Thus, when the stretching ratio domain is above the expected stretching ratio at
complete melting Ay, the combination of these phenomena leads, at high frequency, to

unexpected results such as a complete melting at A, and to an hysteresis in the CI-A curves.
1. Introduction

The excellent mechanical properties of natural rubber (NR) are thought to be the consequence of
its ability to crystallize under strain. In particular, there are ongoing works to understand the
fracture ! 2, crack growth *7 and fatigue behaviour ® ° of NR and their relationship with strain
induced crystallization (SIC). This phenomenon was for the first time evidenced by Acken and
Long ' ! only few years after the discovery of SIC in 1925 '2. These pioneering works
evidenced that SIC is a kinetic phenomenon which requires a very short time (less than one
second) to occur when the rubber is stretched at a sufficiently high stretching ratio. For that

reason, SIC kinetics remains difficult to characterize.

In literature, the strategy to study it has often been indirect, by the use of thermal '3!S or
mechanical measurements '¢. Unfortunately, these techniques provide only partial information, as
they do not give access to the crystalline microstructure. The progressing ability of X-rays
detectors has then been used to capture more and more rapidly a diffraction pattern. In particular,
recent in situ WAXS experiments using impact tensile test -3 allowed evaluating SIC process
on a sample rapidly stretched and relaxed in the deformed state. These papers give interesting
results concerning the kinetics of the incipient crystallites in the deformed state, but they do not

allow performing measurement during the deformation of the sample.

The stroboscopic approach can be used to solve this problem. It allows recording WAXS
patterns by accumulation of the diffracted intensity thanks to a stroboscopic acquisition. The
advantages of such a technique are first to avoid any averaging over an elongation domain (since
a stroboscopic device selects the desired elongation level), secondly to enable in situ WAXS
measurements in a frequency range never reached before. With this technique, Kawai et al.
clearly evidenced that the crystallinity of a vulcanized natural rubber, measured during the
dynamic cycles, decreases when frequency increases from 0.1 Hz to 10 Hz. More recently,
Albouy et al. ° used the same approach but in a larger frequency range (from 0.01 Hz to 50 Hz)

and studied both crystallization and melting kinetics whose characteristic times were found



around several decades of milliseconds. We also published preliminary results showing how SIC
kinetics accelerates with the stretching ratio 2!. However, these studies only focused on the SIC
characteristics at the minimum and at the maximum stretching ratio reached during the dynamic

cycle, and not on its evolutions in between these two values.

Thus, the present paper is dedicated to the study of SIC during a complete dynamic cycle at high
frequencies thanks to the improvement of our stroboscopic device. The experimental procedure
allows to completely follow both crystallization and melting processes of NR samples when
stretched in conditions of solicitation similar to those met in usual applications (for instance in
damping applications). A complete analysis of the crystalline features such as the crystallinity
index (CI), the crystallites sizes (Lya), their orientation (yy) is developed. Several loading and
thermal conditions are explored thanks to various pre-stretching conditions and temperatures.
This last parameter is known to be a major one that controls SIC in NR at “slow” strain rate 222
16 Its effect on SIC during cycles at high stretching ratios and strain rates is especially discussed

in the last section.

2. Materials and experiments

2.1. Materials

The samples composition is the following: NR rubber gum (Technically Specified Rubber
TSR20) provided by Michelin Tire Company, stearic acid (2 phr, i.e. 2 g per 100 g of rubber),
ZnO (1.5 phr), 6PPD (3 phr), CBS (1.9 phr) and sulfur (1.2 phr). The material has been
processed following the Rauline patent 2*. 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. The material is afterward 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 (1)) and 0.8 mm thickness, are machined. The average network chain density v
was estimated from the swelling ratio in toluene and from the Flory — Rehner equation * 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 ¥’. 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 (4 = 6).
2.2. In situ WAXS measurements at slow strain rate

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. Tests consist of

stretching a NR sample at a constant strain rate (4.2 x 103 s!) and at fixed temperature.

The two-dimensional (2D) WAXS patterns are recorded by a CCD camera (Princeton
Instrument). 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
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 /=f(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 determined as follows 2:

(1)

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. The average crystallite sizes Lig (Laoo, Lio2 and L) in the

direction normal to the (hkl) planes, are estimated from the Scherrer equation:

Lo KA,
hkl B /2€0s6

(2)

where 4,, is the wavelength and 0 is the Bragg angle. In this study, each crystalline peak is fitted

with a Lorentzian function in which the width at half-height is ;. According to the parameters

chosen for the fit of the experimental peak, the K value is 0.64 ?°. In order to measure the average

crystallite size in the stretching direction Ly, (c;), the tensile test machine is tilted by an angle

around 10°.



The orientation of crystallites 1 is given by half width at half-height of the crystalline peak in

the direction normal to the plane (hkl), integrated over the azimuth.
2.3. In situ WAXS measurements in dynamic conditions

The in situ WAXS measurements during dynamic cycles are carried out on the Diffabs beamline
of the French national Synchrotron SOLEIL. A specifically dedicated apparatus was developed
in order to perform WAXS measurements during high velocity cyclic tensile tests with large
amplitude and high frequencies (up to 80 Hz) 2! (figure 1). Thanks to a stroboscopic acquisition,
the diffraction pattern is not averaged over the whole cycle, but is acquired at a chosen stretching
ratio. In addition, the temperature increase of the material, which can be significant at high
frequencies and large amplitude, is also estimated during the test thanks to the measurement of

the sample surface temperature with an Infra-Red pyrometer (CTLF-CF3-C3) of Microepsilon.
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Figure 1. (a) View of the homemade machine. (b) Reconstruction of the “crystallinity cycle”.

The stroboscopic acquisition of the WAXS pattern at the chosen stretching ratio is made so that
the time of exposure is 1/44™ of the time for a complete cycle. This means that a 1 sec exposure
time at given elongation needs an acquisition over 44 cycles. The device enables to dynamically
stretch the samples over a fixed amplitude AA = A4~ A ranging from O to 2, around an average
stretching ratio A, fixed at the beginning of the experiment. The testing procedure is the
following: the NR sample is first rapidly pre-stretched at 4, and let to relax in the deformed state

during five minutes. Sample is then dynamically deformed around A, with the total amplitude A4



with an increasing frequency (from 2Hz to 80Hz). Once this sequence is finished, the sample is
kept at A, during five minutes. During this relaxation phase, the aperture of the stroboscopic
system is changed for another position. This procedure is repeated for 8 positions of the cycle,
allowing measuring the crystalline parameters during the whole cycle (figure 1). In order to limit
fatigue during the dynamic tests, each sample is submitted to only four dynamic sequences (four

positions), i.e. two samples are used to describe the whole cycle.

Tests called hereafter A, B and C, are performed at room temperature, whereas tests E and F are
performed at 50°C. Pre-stretching values 4, are modified in order to perform cyclic tests above or
below the melting stretching ratio A, This melting stretching ratio corresponds to the stretching
ratio of complete melting of crystallites during unloading of a cyclic test performed at slow strain
rate (4.2 x 103s') and at a given temperature. The dynamic amplitude A4 is chosen equal to 1.8.
This value is high enough to expect a significant variation of CI during the dynamic cycle.
Indeed, if the amplitude is too low, the CI variations measured during the cycle are too weak

(refer to figure 10 in the appendix).
3. Results
3.1. Influence of the stretching ratio domain

We first study the effect of the stretching ratio domain explored during dynamic cycles
performed at room temperature and at 2 Hz (figure 2a). The cycle of a NR sample stretched at
room temperature and at slow strain rate (4.2 x 10 s! equivalent to 10-* Hz), so called hereafter
“the reference curve” is added on the same figure. The loading conditions of these tests are given
in figure 2a. Figure 2b presents the evolution of CI as a function of the stretching ratio domain.
For the slow strain rate cycle (test D), the first crystallites appear during the loading step at Aeys =
4.3, so-called hereafter stretching ratio at SIC onset. During unloading, CI progressively
decreases and the crystalline phase totally disappears at the melting stretching ratio Ane: = 3.
Concerning the dynamic tests, two cases can be distinguished: the cycle can be performed partly
or totally above the melting stretching ratio A, corresponding to the conditions Amin < Amerr OF Amin
> Amen respectively. For dynamic tests A and B, SIC is poorly developed during the cycle and no
hysteretic shape is observed. This is due to (i) a low A,,,x value which avoids a strong increase of

CI during loading and (ii) a low A, value which is below or equal to 4, and thus leads to the



complete melting of crystallites during unloading. For test C, CI is strongly enhanced not only
due to an increase of A, but also to the value of A, which is now above A, avoiding the
complete melting during unloading. In spite of a stretching ratio domain above A, a crystalline
hysteresis is still observed. This is therefore different from what was observed during cyclic
experiments at slow strain rate: Candau et al. *° evidenced that, even after their melting, the
chains of the crystallites keep the memory of their alignment, as far as the stretching ratio has not
been decreased down to A This eases crystallite nucleation during reloading, leading to the

disappearance of the crystallinity hysteresis.
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Figure 2. (a) Loading conditions of tests: A (1,=3.5), B (1,=3.9), C (4,=4.8) and D. (b) CI versus
A during the cycles: test A (triangle symbols), test B (diamond symbols), test C (circle symbols)

and test D (cross symbols).
3.2. Influence of the frequency

The frequency of the dynamic cycles is now increased up to several decades. The temperature of
the testing chamber is fixed at 21°C. For tests performed with Ay, < Aner, CI continuously
decreases with the increase of the frequency (unpresented data). For the test performed above
Amere (figure 3), when the frequency increases from 2 Hz to 5 Hz, the CI curve seems shifted to a
lower value but its hysteretic shape is unchanged. At 10 Hz, CI suddenly falls. From 10 Hz to 40
Hz, CI continues to decrease and reaches zero at Ani,. The hysteretic shape is no more visible
because of the low CI values measured. The CI cycles are then very similar to those observed
during the tests performed with Ay, < Ane in spite of the fact that the stretching ratio domain

should be a priori always above Ay Thus, the increase of the frequency might be equivalent to



an increase of Ay, the stretching ratio at complete melting. This will be further discussed in

relation with the observed increase of the sample temperature with the frequency.
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Figure 3. CI versus A during test C performed at room temperature at 2 Hz (circle symbols), 5 Hz
(diamond symbols), 10 Hz (triangle symbols), 20 Hz (square symbols) and 40 Hz (plus

symbols). The slow strain rate cycle is added for comparison (cross symbols).
3.3. Influence of the ambient temperature

Whereas the previous tests were performed at room temperature, dynamic tests are now
performed in an chamber whose temperature is fixed at 50°C (figure 4). Two cases are studied,
one where Amin < Ameit so°c) and another where A, > Amer s0°c) (tests E and F respectively), where
Amelt s0°c) 1S noW the melting stretching ratio of complete melting measured at slow strain rate and
50°C. As for the tests at room temperature: (i) for the lowest frequency, all crystallites melt
during unloading in the case of the test E but not for the test F, (ii)) when the frequency increases,
CI decreases whatever the stretching ratio and CI at A,,;, finally decreases down to zero, even for

the test initially performed above Aeicso-c)-
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Figure 4. CI versus A during dynamic tests: E (a) and F (b) performed at 2 Hz (circle symbols), 5
Hz (diamond symbols), 10 Hz (triangle symbols), and 40 Hz (plus symbols). Arrows indicate the

direction of the cycles.
4. Discussion

The different results are complex to interpret as they depend on several interdependent
parameters: temperature, frequency, and A.... Moreover, as discussed below, different
phenomenon involved in the strain-induced crystallization during dynamic cycles must be taken

into account.
4.1. Strain rate and memory effects on crystallization

The hysteretic shape of the CI curve observed during the cyclic deformation at slow strain rate
(test D, figure 2) is explained by the kinetic nature of the crystallization process which needs
time to occur, whereas melting can be considered as instantaneous and the CI melting curves as
representative of the thermodynamic equilibrium. Thus, due to the kinetics aspect of SIC,
crystallization should depend on strain rate. This was evidenced by monotonic tests performed
with strain rates varying from 4.2 x 10-3s'! (same strain rate than the reference cycle) to 2.8 x 10!
s’ (similar strain rate than test C at 2 Hz) which show that the stretching ratio at SIC onset (4.) is
delayed from 4.3 to 5.6 3! (i.e. up to Ama Of our dynamic test C).Only knowing crystallization
during a simple tensile test, we would have expected a crystallization onset at higher A. and

therefore a lower CI at a given lambda. Thus, it is surprising to observe a similarity between the



crystallization curve during the loading of test C performed at 2 Hz and the reference

crystallization curve (10 Hz) (figure 2b).

We must first consider the potential effect of the crystallinity build-up with the number of
dynamic cycles. Beurrot et al. ® followed the evolution of CI with time at A,,, during dynamic
fatigue tests performed in very similar conditions than ours (cycles at 1 Hz with Apin > Amen)-
After 4000 seconds (i.e. within an experimental time range similar to the one of our dynamic
test), CI only increases of 1%. This increase is therefore too low to explain why the CI values
measured during the loading step of the dynamic test C are so close to the ones of the reference

crystallization curve.

In a previous paper *, a cyclic test has been performed above A, and at slow strain rate. The
stabilised loading curve was found to be drastically shifted to lower stretching ratios compared to
the reference crystallization curve. This was explained by a persistence of the chains alignment
due to the memory of the chain orientation in the crystallite while the sample is not totally
relaxed. This effect is indeed suppressed if the test is performed with A, < Aner. Thus the
crystallinity developed during the loading step of the dynamic cycle performed at 2Hz and above
Amer probably results from a combined effect of the high strain rate which should decrease CI at a
given stretching ratio, and of this memory effect, which, conversely, increases CI, as illustrated

in figure 5.
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Figure 5. CI versus 4 during the loading step of test C performed at 2 Hz and during the loading
step of the slow strain rate cycle (test D). Scheme of the expected effects of the frequency

increase and of the memory of the chains orientation in the crystallite.
4.2. Melting acceleration

The fact that the CI value measured at A, is the same at slow strain rate (during the unloading
step) and at 2Hz is consistent with the scenario that each crystallite population involved in the
dynamic cycle nucleates during the loading and completely melts during unloading. In other
words, the measured CI at A, results from the summation of thermally stable crystallites (figure
6) which are not involved in the dynamic cycle and thus do not disappear as long as the
temperature of the test is maintained constant. However, as commented previously, the shape of
the CI curve during unloading of test C at 2 Hz (figure 2) suggests that melting is faster than
during a cyclic test at slow strain rate (cf. for comparison the reference-melting curve). This
indicates a weaker thermal stability of the crystallites created at high frequency. Same
phenomenon was also observed on our filled NR samples * stretched in similar loading

conditions.

11



16

Effect of A,

Melting acceleration

CI (%)

Stable crystallites

Figure 6. CI versus A during the unloading step of test C performed at 2 Hz and during the
unloading step of the slow strain rate cycle. Single arrow indicates the melting acceleration
during unloading of test C and double arrow the CI at A, resulting from the accumulation of

thermally stable crystallites.

The measurement of the crystallite dimensions and orientation could provide additional
information on their stability. Figure 7a shows the orientation of the crystallites as a function of
the stretching ratio for test C. The crystallites orient during the loading and slightly disorient
during unloading, which is consistent with tests performed at slow strain rate 26 3. At a given
stretching ratio, crystallites are slightly less oriented during unloading compared to loading,
leading to a weak hysteresis. An increase of the frequency does not change the values of
crystallite orientation: therefore, the orientation of the crystallites is only strain and not strain rate

dependent.
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Figure 7. (a) Orientation of crystallites versus A for test C performed at 2 Hz (circle symbols), 5
Hz (diamond symbols), 10 Hz (triangle symbols), 20 Hz (square symbols) and 40 Hz (plus
symbols). (b) Corresponding L,y - CI curves. Arrows indicate the direction of the cycle. Lines

are a guide for the eyes. The L,y - CI curve from test D is added (cross symbols).

The crystallite dimensions in the three principal directions (200), (120) and (002) of the
orthorhombic structure of NR crystallites have been extensively studied during cyclic loadings at
slow strain rates 26-30- 3334 According to these studies, the ratio between Ly and Ly is kept
constant during loading or unloading phase. Moreover, the Ly, is found roughly constant with
the stretching ratio 2 *°. The 1/3 ratio relationship between the two principal lateral crystallite
sizes (L and Lyy) was also found during our dynamic tests as well as the invariance with the
stretching ratio of the size in the stretching direction (002). Thus, only the evolution of the size
L, will be discussed here: figure 7b presents its evolution as a function of CI for the dynamic
test C (results obtained for the other dynamic tests are reported in appendix). For comparison, the
evolution of Ly during the cycle at slow strain rate and room temperature (test D) is also plotted.
The L-CI curves found during the dynamic tests are slightly below the one obtained during slow
strain rate cycle. This suggests that the crystallites formed during fast cycle have almost reached
their stabilised dimensions, and that the crystallite growth can still be considered as
instantaneous compared to the experimental time. Thus, SIC kinetics is still rather controlled by
nucleation. Nevertheless, the slightly lower Loy, could indirectly indicate that the amorphous
phase surrounding the crystallites is not in the same state as in the case of a much slower cyclic

solicitation. Going further, the faster melting observed at high frequency might be due to the fact
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that, when stretched at higher frequency, the amorphous chains surrounding the crystallites, in
particular the topological constraints which are rejected from the crystallite, do not have the time
to be properly relax. This could increase the interfacial energy of the crystallites and thus
promote their melting. This would also explain a weaker memory effect and therefore the
hysteresis of the CI-A curves. Of course such interpretation would need further experimental

evidences which are not in the scope of this study.
4.3. Self-heating

As shown on figures 3 and 4b, CI at A,,;, for the tests performed above A, (tests C and F)
decreases with frequency. The most reasonable explanation is that the temperature of the test
increases with frequency, leading to an increase of A, increases. This is indeed the case, as
shown on figure 8a where the surface temperature during test C is plotted as a function of the
frequency. This self-heating (equal to Tyugce — Ti, with T; the ambient external temperature which
is here equal to 21°C) is likely due to viscoelastic effects and thus logically increases with

frequency.

In order to estimate more precisely the temperature influence on the melting stretching ratio Amer,
a series of WAXS experiments has been performed at slow strain rate (4.2 x 103 s!) at different
temperatures (diamond in figure 8b) and modeled with a thermodynamic approach (curve in
figure 8b) proposed in a previous work *°. From this evolution, assuming the equivalence
between heat brought by self-heating and heat brought by an external source, the effect of self-

heating on the melting stretching ratio can be evaluated for any given frequency.
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Figure 8. (a) Effect of the frequency on self-heating during test C and (b) relation between the
melting temperature and the melting stretching ratio. Loading conditions of test D (double

arrows) are added at the temperature corrected from self-heating measured for each frequency.

As shown in figure 3, the crystallinity at A4,,;, disappears at 20 Hz. This frequency is precisely the
one for which A, reaches the value A, because of self-heating (figure 8b). Same method has
been applied to test F and leads to similar conclusions. Self-heating also decreases significantly
the CI developed between A, and A, for two reasons: (i) the direct consequence of the increase
of Amer above Ay, is a loss of the memory effect and therefore an increase of the nucleation time,

(i1) this nucleation time is also directly increased by the temperature increase.

Indeed, as already shown in a large number of studies ! 2% 23 with tensile tests experiments at
slow strain rate (figure 9a), for higher temperature, the ability of NR to crystallize is weaker
when temperature is increased. In particular, the stretching ratio at SIC onset A is increased:
the molecules must be more stretched in order to allow a sufficiently rapid nucleation within the
time of the experiment. In other words, the strain energy (proportional to 42) must be higher, in

order to compensate the larger enthalpic energy of crystallite formation 3.

The effect of the temperature can be directly shown by comparing dynamic tests C and E
performed in same loading conditions, at 21°C and 50°C respectively (figure 9b), at 2 Hz since
at this frequency, self-heating can be neglected (cf. figure 8b). During the loading step, the CI

increase is weaker at 50°C. Compared to the curves obtained at slow strain rate, one must also

15



take into account the fact that at 50°C, A becomes lower than A, leading also to a loss of the
memory of the chain alignment during the unloading step, and therefore to a more difficult

nucleation of the crystallites during the loading step.
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Figure 9. Crystallinity index as a function of the stretching ratio during (a) slow strain rate cycles
at room temperature (test D) and 50°C, (b) dynamic test at 2 Hz at room temperature (test C) and
50°C (test E). Cross symbols are for tests performed at 21°C and circle symbols for tests

performed at 50°C.
5. Conclusion

A dynamic tensile test machine recently developed was used in order to study strain-induced
crystallization (SIC) of natural rubber (NR) during dynamic cycles at high frequency (with
equivalent strain rates ranging from 7.2 s to 290 s!). Different testing parameters have been
studied: the frequency, the ambient temperature and the stretching ratio domain. As expected, in
all cases, an increase of the frequency leads to a decrease of the SIC phenomenon during both the
loading and the unloading steps. Nevertheless, the interpretation of the curves needed to take into
account several phenomenon such as (i) an instability of the crystallites generated during the
loading step, which increases with the frequency, (i1) the memory of the previous alignment of
the chains, which depends on the minimum stretching ratio of the cycle A, and of the
frequency, (iii) self-heating which makes more difficult the crystallites nucleation and easier
their melting. Thus, when the stretching ratio domain is much above A, their combination

leads at high frequency to unexpected results such as a complete melting at the lowest stretching

16



ratio of the cycle Ami, and an hysteresis in the CI-A curve. Obviously, these experimental data,
and the complexity of the SIC that they highlight, strongly suggests that only physical model
coupling the mechanics, the thermic and the thermodynamic will be able to provide a pertinent

description of this phenomenon .
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7. Appendix
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Figure 10. CI versus A during a test performed with 4,= 4 and A4 = 0.6 and for the following

frequencies: 2 Hz (diamond symbols), 5 Hz (circle symbols), 10 Hz (cross symbols).
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