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ABSTRACT:

In this work, we provide information about mechanically induced crystallization (MIC) kinetics.

First, we show that the usual definition of threshold elongations for crystallization and melting does not always
make sense. We then show the effect of the loading path on the crystallization levels reached. Finally, we define
a quantity representative of the crystallization kinetics and try to describe it using quantities as elongation
or stress. At the same time, we illustrate that crystallization is a self-regulating phenomenon: a saturation of

crystallization kinetics can be reached.

1 INTRODUCTION

Natural Rubber (NR) is widely used in automotive
anti-vibration parts due to its exceptional damping
and vibration resistance properties: it’s an ideal ma-
terial for reducing unwanted vibrations from the road,
engines, suspension or other components. NR 1is also
known for its excellent fatigue properties.

Automotive parts are subjected to very complex
loading conditions. For NR, so-called non-relaxing
conditions lead to local reinforcement of the material,
resulting in increased fatigue (Cadwell et al., 1940).
This increase in service life can be graphically illus-
trated by a HAIGH diagram: iso-curves of lifetime in
a mean-amplitude load plane. Such diagram is chara-
terized by a bell curve (Champy et al., 2021).

This local reinforcement effect is characteristic of
NR and its ability to crystallize under tension due to
its stereoregularity (Huneau, 2011). In reality, the in-
crease in lifetime duration is merely a consequence of
other phenomena that occur during cracking. One of
the first investigations into the effect of non-relaxing
loading on crack propagation was that of (Busse,
1935). He observed that the main crack, initially or-
thogonal to the loading direction, gives rise to two
new cracks. These tend to orient themselves paral-
lel to the loading direction or turn back for highly
non-relaxing loading. A second effect related to crack
propagation was observed by (Saintier, Cailletaud,

and Piques, 2011; Warneboldt et al., 2022): crack
branching i.e. ramification near the main crack. The
crack propagates in a direction perpendicular to the
loading direction.

Crystallization kinetics is also fundamental to ex-
plain the hysteretic behaviour observed under dy-
namic conditions which leads to the reinforcement
and the lifetime increase. Usually, to better under-
stand crystallization kinetics, the main idea is to
stretch the material to a given strain and follow the
evolution of the crystallinity index, usually by Wide
Angle X-Ray Diffraction (WAXD) measurements.
(Briining et al., 2015) studied the evolution of crys-
tallization during relaxation, at different temperatures
and for different imposed strains. This crystallization
follow-up was carried out over short times, of the or-
der of a minute. More recently, (Albouy and Sotta,
2020) performed the same exercise over longer times
(one hour) at ambient temperature. In particular, they
have shown that, over a given imposed elongation,
there is an independence of crystallization kinetics to
the imposed elongation. They also proved the exis-
tence of a time-strain equivalence that may be used to
model crystallization (Sotta and Albouy, 2020).

These first data provide a better understanding of
the kinetic effects and also raise some questions: how
does crystallization kinetics evolve? It is possible to
easily relate it to simple quantities such as elonga-
tion or stress? Kinetics established by (Albouy and



Sotta, 2020) are given for a monotonic loading, but
how would kinetics vary if the loading path is differ-
ent? In order to answer some of these questions, we
chose to realize an anhysteretic (ANH) test and sim-
ple tension tests under synchrotron beam. The results
of the two kinds of tests are analyzed and compared.

The paper is organized as follows. Section 2 de-
scribes the studied material and the experimental set-
up. Section 3 presents the experiments and the data
analysis procedure. Section 4 is devoted to the results
discussion. Section 5 concludes and gives perspec-
tives for this work.

2 MATERIALS AND EXPERIMENTAL SET-UP

2.1 Materials and specimen

The material of interest is an industrial filled at 42 phr
of carbon black and vulcanized natural rubber. The
basic formulation is given in Table 1.

Component  Content [phr]
Matrix 100
Fillers 42

Zinc Oxyde 4

Plasticizer 5

Stearic acid 2

Antioxidant 2

Antiozonant 2

Accelerator 0,6
Sulfur 2,8

Table 1: Recipe of the material

The specimens were all manufactured under iden-
tical molding process settings and from a single ma-
terial batch to ensure equal mixing and curing con-
ditions. Samples used are called mini PureShear, see
Figure 1. The 1mm thickness is a good compromise
for WAXD experiments, between X-ray absorption
and X-ray scattering. The specimen lengths used vary
between 5 and 10 mm to ensure uniaxial tension con-
ditions.

3,06 mm

6,1 mm

Figure 1: mini-PureShear sample dimensions

2.2 Synchrotron beamline

The in-situ WAXD experiments were performed on
the D2AM beamline at the European Synchrotron Ra-
diation Facility. The X-Ray energy is 8 keV corre-
sponding to a wavelength of 1,54 A and the beam size
1s 300 umx 200 pum.

PM1 PM3

WAXS
detector

Vacuum tube  Optical cabin

Tensile machine

Figure 2: Line disposition: beam, machine and WAXD detector

Two important Positive Intrinsic Negative (PIN)
diodes, called PM, are visible on the Figure 2. The
PM3 is located at the exit of the optical cabin and is
used to measure the intensity of the incident beam.
The PMI is located at the center of the WAXD detec-
tor, and is used to measure the intensity of the trans-
mitted beam.

The WAXD sensor used is a strip sensor and its
surface area is 1340 x 700 pixels. Each pixel size is
13um and measures a quantity proportional to the
number of photons received by that pixel.

The used tensile machine is LINKAM MODULE
FORCE STAGE allowing displacement driving. The
specificity of this machine is a space along the axis
perpendicular to the sample: the machine lets an X-
ray beam pass through itself as well as through the
sample.

3 TEST PROCEDURE

3.1 Mechanical signals

All the tests are driven by crosshead displacement.
Several types of tests are considered. First, classic
load-unload tests were carried out between A = 1
and A = 5.5 where A is the stretch of the material
in the tensile direction. The three elongation rates in-
vestigated are: )Ll =5x%x10"1s 1, )Lz =5%x10"2s"1,
Az=5x10"3s71.

Another test performed is the anhysteretic (ANH)
or multi-relaxation test. The principle is to apply to
the sample a low stretch, then relax it at this constant
stretch, then repeat the process for increasing elonga-
tions until the maximum elongation. Stretching rate
and relaxation time are kept the same during the full



test. Once maximum elongation has been reached, the
same process is repeated during the unload. The elon-
gation increment is AA = 0.3, the phase duration of
each relaxation is Ar = 60 seconds, the incremental
strain rate is Ao = 5 x 1072 s~!, the minimal elonga-
tion Apin = 1.0 and the maximal one is Apax = 5.5. A
representative scheme of these two tests is proposed
in Figure 3.

—— Muti-relaxation
—— Load-Unload

W BN W
L L L

Nominal elongation A [—]

[\
!

0.0 0.2 0.4 0.6 0.8 1.0
Normalized time [—]

Figure 3: Test procedures for performed tests (normalized time)

3.2 Background correction and post-treatment

A raw diffraction pattern issued from the WAXD
sensor cannot be analyzed as it stands. Although a
diffraction pattern Iy 4, and a PM1 value, I} ,4,, can
be obtained from a measurement, several factors ham-
per its analysis. First, the air between the exit of the
optical cabin and the WAXD detector is diffracted
by the electrons. Then, during a mechanical test, the
specimen is stretched and its thickness varies.

To subtract the air diffraction, it is common to mea-
sure the background diffraction: a measurement with-
out any specimen, where only the air is diffracted.
A diffraction pattern, I; e, and a PM1 value, I pe,
are therefore recorded. Then, in order to overcome
all the biases mentioned above, it is necessary to ap-
ply successive BEER-LAMBERT laws and, assuming
the incompressibility of the material when uniaxi-
ally stretched, it is then possible to obtain the fol-
lowing correction formula (Ran et al., 2001; Beurrot-
Borgarino et al., 2013):

1 (Idjaw . Id,bck) (1)
\/I Il,raw Il,bck
Applying this correction formula to a raw diffraction
pattern obtained from the WAXD detector typically
produces the pattern shown in Figure 4.

It shows the three ZnO rings at large angles, the
amorphous halo and the classic crystalline peaks
found in industrially formulated natural rubbers.
(120) and (200) peaks in the direction orthogonal to

the tensile direction and the (201) peak between these
two directions (Beurrot-Borgarino et al., 2013; Can-
dau et al., 2012; Huneau, 2011; Albouy and Sotta,
2020). A post-processing based on deconvolution is
then carried out to distinguish the diffraction of the
crystalline phase from the amorphous one: the areas
diffracted by these phases are called Z;isx and Fymo
respectively.

Figure 4: Typical diffraction pattern (tension direction is hori-
zontal)

The next step is to estimate a crystallinity index: the
volumetric fraction of the crystallized phase within
the material. Several definitions exist in the literature.
The definition used here is (Beurrot-Borgarino et al.,
2013):

5% crist
— st 2
x Jcrist + famo ( )

4 RESULTS

The results are all extracted from the same ESRF
campaign (Le Bihan et al., 2023).

4.1 Load-unload tests

The three load-unload curves in the elongation vs.
cristallinity index plane (A,%.), are plotted in Fig-
ure 5. It is possible to extract the elongations at the
onset of crystallization, Ac and melting Ay;. These are
presented in the Table 2.

Strain rate [ s~!] )l3 12 )L]
Ac 2,7 3,0 3,1
Ayt 23 22 22

Table 2: Evolution of threshold elongations with strain rate

The melting threshold elongation Ay of crystallites
varies little or not at all with the strain rate, matching
with (Albouy and Sotta, 2020) and seems to converge
towards 2.2 . On the other hand, the elongation at the
onset of crystallization increases with A, in line with
(Albouy and Sotta, 2020; Candau et al., 2015).
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Figure 5: Load-unload curves for the three different strain rates

The Figure 5 shows that crystallization is “de-
layed”: a maximum elongation does not correspond
to a maximum of crystallinity. In fact, the crystallinity
index continues to increase during the beginning of
the unload phase, then decreases. The higher the
strain rate, the more pronounced the overshoot. For
a given stretch, a slower strain rate leads to a higher
crystallinity index.

—— A3=5x%x10"3"1
A, =5x 1072571
Ay =5x10"1s"1
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Figure 6: Point cloud (A, 0, x.) projections for the 3 strain rates

Figure 6 highlights three coupling hysteresis loops:
stress to strain, crystallization to strain and crystal-
lization to stress.

It is possible to describe cristallinity versus time or
cristallinity versus stress curves by linear approxima-
tion. On some well chosen elongation ranges (grey
zone of the Figure 5), this linear approximation is jus-
tified: when MIC appears, it seems to be proportional
to elongation. The performed approximations are:

dXe

Xe= a)i %t + 2¢(to) 3)
%

Yo = a)é % &+ xe(00) )

I xe Ixe

where slopes < and 5 are representative of crys-
tallization kinetics (regarding time or nominal stress)
and y.(to) and x.(0p) describe the cristallinity index
at the beginning of the step. Conventional cycles at the
three strain rates permits to define crystallization ki-
netics for load and melting kinetics for unload. These

kinetics are presented in Table 3.

d
9% (qus] Xe 1 96/MPa]
ot do
Strain rate | Load | Unload | Load | Unload
_11 1,440 | —1,159 | 0,898 | 3,099
_lz 0,155 | —0,149 | 0,830 | 3,174
A3 0,018 | —0,016 | 0,987 | 3,180

Table 3: Kinetics of crystallization (or melting) for simple cycles

4.2  Comparison of anhysteretic test and
conventional cycles

Figure 7 shows evolution of nominal stress and crys-
tallinity index versus elongation for ANH tests. Be
careful which way these curves are read. For stress,
the load curve is “above” the unload curve. For crys-
tallization, it’s the opposite. At each stress relaxation
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Figure 7: stress and cristallinity index curves for ANH test

step, whether load or unload, crystallinity increases.
At first sight, one might wonder what effect the stress
relaxation steps have on crystallization i.e. the effect
of the test duration. A suitable comparison test would
be a load-unload at the same draw ratio rate, 12 We
use the test performed in section 4.1, at A, and A3 and
compare both types of tests on Figure 8.

At each relaxation stage of the load, the ANH curve
starts from the simple curve at A, and ends at the sim-
ple curve at A3. On the other hand, the overall melt-
ing kinetic does not seem to be affected by time ef-
fect. Still on the global considerations, it was pre-
viously established that the onset elongation for the
start of crystallization, A¢, was 3.0 for a strain rate
12 =5,0x 1072 s~! (see Table 2). For the ANH test,
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Figure 8: Comparison of ANH test with simple cycles

the onset of crystallization is detected at A = 2.6 <
Ac. The relaxation time allows the material to crystal-
lize before reaching the threshold elongation A¢. The
same phenomenon occurs at the end of the test, when
crystallisation is detected for A < Ay;. This directly
questions the relevance of the definition of threshold
elongations. For dynamic test, it is well known that
MIC only appears when A > A¢ and disappears when
A < Ay. However, thanks to time effects, this ANH
test shows that it is possible to induce mechanical
crystallization outside the interval [Ays; A¢].

This test also provides an answer about the effect of
thermomechanical history on crystallization kinetics:
for a given elongation, which loading path leads to the
highest crystallinity indices: continuous loading (con-
ventional cycle) or with intermediate relaxation steps
(ANH test)? It appears that giving the material more
time does not lead to a significant increase of the crys-
tallinity index. The main difference is the absence of
overshoot in the ANH test, since the relaxation steps
have modified the crystallization kinetics during the
loading phase, especially at the highest stretching lev-
els before.

4.3  MIC kinetics during ANH test

Figures 9 to 12 represents cristallinity index x. and
crystallization kinetics evaluated by equation (3) or
(4) during loading phase (from A, to Amax) Or un-
loading phase (from Apax t0 Amin)-

On the temporal curves of Figures 9 and 10, it can
be seen that the crystallization kinetics increase with
elongation until a saturation is reached, as classically
observed on AVRAMI curves (Avrami, 2004): MIC ki-
netics is a self-regulating phenomenon. If we look at
the values of these kinetics, there is a clear differ-
ence between the loading (or unloading) phases and
the relaxation phases: we can clearly see a difference
of a factor of 10 regarding kinetics between the two
types of steps. We can also compare the kinetics ob-
tained during the ANH test with those obtained for
simple cycles (see Table 3). In terms of crystallisa-
tion kinetics, relaxation steps appear to be negligible,

but in terms of crystallinity index, they still lead to
a significant increase. On the other hand, the crystal-
lization kinetics values of the loadings steps of the
ANH test correspond to those obtained for a simple
cycle performed under a ten times lower tension speed

(dxc/dt = 0.018%/s for A3 in Table 3): it show that,
although at first sight relaxation steps have almost no
effect on the final crystallinity indexes reached but
they have a significant impact on the crystallisation
kinetics.
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Figure 9: Cristallinity index ((J) and kinetics () vs. time during
relaxation steps of the loading phase (ANH test)
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Figure 10: Cristallinity index () and kinetics (O) vs. time dur-
ing loading steps of the loading phase (ANH test)

Figures 9 and 10 indirectly show that elongation
is not an unifying variable for crystallization kinetics.
Would nominal stress be? Figures 11 and 12 show that
the nominal stress cannot unify the kinetics, otherwise
the slope d./dc would be constant. What is worth
noting, however, is that it exists a nominal stress that
leads to an optimum of crystallization or melting ki-
netics, in both the loading (Figure 11) and unloading
(Figure 12) phases.

Regarding melting kinetics values, while those ob-
tained on the simple cycles seemed to stagnate at



around 3.1 %/MPa (see Table 3), those obtained on
the ANH test are clearly dependent on the nominal
stress, although of the same order of magnitude (see
Figure 12).
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Figure 11: Cristallinity index ((J) and kinetics () vs. nominal
stress during loading steps of the loading phase (ANH test)
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Figure 12: Cristallinity index ((J) and kinetics () vs. nominal
stress during unloading steps of the unloading phase (ANH test)

5 CONCLUSIONS AND PERSPECTIVES

The ANH test confirms that the classic definitions of
threshold elongations for crystallization and melting
should be treated with caution: it is possible to obtain
crystallization at very small stretches by giving time
to the material to crystallize.

The ANH test also shows that the crystallization
kinetics are higher during the loading or unloading
phases than during the relaxation phases. For the
strain rates tested, the test also demonstrates a satura-
tion of the crystallization kinetics. The various graph-
ical representations show that the unification of kinet-
ics (by time, strain or stress) is not straight forward.
The comparison of a simple cycle (monotonic load-
ing) with an ANH test (interrupted loading) shows

that the loading path has almost no effect on the fi-
nal crystallinity indexes.

This ANH test has provided a lot of answers about
the notions of crystallization kinetics, but it also raises
many questions: for the ANH test, what would happen
if the draw ratio were different? if there were fewer
relaxation steps? if there were longer relaxation steps?
or creep steps instead of relaxation ones?
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