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Strain-induced crystallization of natural rubber subjected to biaxial
loading conditions as revealed by X-ray diffraction

S. Beurrot, B. Huneau & E. Verron
LUNAM Université, Ecole Centrale de Nantes, GeM, UMR CNRS 6183
BP 92101, 44321 Nantes cedex 3, France

ABSTRACT: Strain induced crystallization (SIC) in carbon black-filled natural rubber (NR) is investigated by
wide-angle X-ray diffraction (WAXD) using synchrotron radiation for three deformation states: uniaxial, biaxial
(but non-equibiaxial) and equibiaxial tension. The crystallites size is of the same order of magnitude and the
lattice parameters are similar for the three states. But the orientation of the crystallites varies: as the crystallites
are highly oriented accordingly to the tensile direction for uniaxial loading condition, they are oriented (but with
a higher degree of disorientation) along the tensile direction (highest stretch ratio) for biaxial loading condition,
and they are not oriented in the plane of tension for equibiaxial loading condition.

1 INTRODUCTION

Natural rubber (NR), cis-1,4-polyisoprene, has re-
markable mechanical properties which are gener-
ally explained by strain-induced crystallization (SIC).
SIC is commonly investigated by wide-angle X-ray
diffraction (WAXD) (see Murakami et al. 2002, Toki
et al. 2002, Toki et al. 2003, Trabelsi et al. 2003a
among others, for a more complete review of these
works, the reader can refer to Huneau 2011). The
great majority of the studies on SIC focuses on
uniaxial tension; but as engineering applications in-
volve multiaxial loading conditions, mechanical mod-
els must take into account the multiaxiality of the ma-
terial response; for example, it is well-known that the
efficiency of a given constitutive equation for rubber-
like materials requires shear or biaxial experimental
data (Marckmann and Verron 2006). In this way, the
present paper is devoted to the experimental study of
biaxial strain-induced crystallization of NR by X-ray
diffraction using synchrotron radiation. To our knowl-
edge, this is the second study on the influence of biax-
iality on strain-induced crystallization of natural rub-
ber: Oono et al. (1973) studied the orientation of crys-
tallites in a stretched thin film of unfilled vulcanized
natural rubber at -27◦C.

Here, we compare (i) the orientation and (ii) the
size of the crystallites, and (iii) the lattice parameters
of the crystal unit cell in filled NR submitted to uni-
axial, biaxial and equibiaxial loading conditions, at
room temperature and for thick samples.

2 EXPERIMENTAL METHOD

2.1 Material, sample and local strain measurement

The material used in this study is a classic carbon
black-filled natural rubber. The composition is given
in Table 1.

Table 1: Chemical composition of the filled NR used in this study
(g per 100 g of rubber).

rubber 100
carbon black (N330) 50
zinc oxyde 5
stearic acid 2
sulfur 1.2
accelerator (CBS) 1.2
antioxydant 1

Figure 1 shows the two samples used in this study.
The uniaxial tensile tests were performed on classi-
cal flat dumbbell specimens; dimensions are given in
Fig. 1a. Obtaining biaxial deformation for soft ma-
terials is not an easy task (Demmerle and Boehler
1993). For this study, we developed a cruciform sam-
ple, based on a symmetric cross thinned at its center
as shown in Fig. 1b and 1c. Under loading, the arms
of the sample are uniaxially stretched and the central
zone is in a complex deformation state (see Fig. 1d).
When the four arms are equally stretched, the only
point at which the deformation is equibiaxial is the
center point of the specimen. The central part of the
sample is made thinner in order to reach higher strain
levels, without breaking the arms of the cross sam-
ple. Both homogeneity and equibiaxiality were veri-
fied by finite element analysis and the zone in which
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Figure 1: Dimensions of the (a) uniaxial samples and (b) biaxial
samples. Cruciform sample (c) in undeformed state and (d) in
equibiaxial deformation state.

the material is subjected to nearly equibiaxial tension
is quiet larger than the beam spot, i.e. about 3 mm2. To
achieve biaxial but non-equibiaxial deformation at the
center of the sample, two opposite arms of the cross
sample are simply more stretched than the two other
ones.

As the cross sample is in a complex state of de-
formation when the arms are stretched, it is difficult
to predict the stretch ratio in the center of the sam-
ple from the values of displacement of the actuators
only. Therefore, the biaxial tests have been filmed and
a motion analysis system (Tema motion c©) has been
used to track the displacement of points of a paint pat-
tern applied at the center of the sample. It allowed to
determine the deformation gradient F from which the
two stretch ratios in the directions parallel to the plane
of tension are extracted. The general form of the de-
formation gradient, assuming incompressibility, is :

F =





λ 0 0
0 λB 0
0 0 λ−B−1



 (1)

where B is the biaxiality factor, B ∈ [−0.5; 1]. One
can note that B = −0.5 for a material subjected to
uniaxial tension and B = 1 in the case of equibiax-
ial tension. When the material is subjected to biaxial
(non-equibiaxial) tension, B ∈]0; 1[.

2.2 Synchrotron

Synchrotron measurements have been carried out at
the DiffAbs beamline in the French national syn-
chrotron facility SOLEIL. The wavelength used is
1.319 Å and the beam size is 0.3 mm in diameter at

Figure 2: Uniaxial and biaxial stretching machine in DiffAbs.

half-maximum. The 2D WAXD patterns are recorded
by a MAR 345 CCD X-ray detector. In order to make
an accurate correction of air scattering, a PIN-diode
beam stop was used.

2.3 Tensile testing machine

The experiments have been conducted with a home-
made stretching machine shown in Figure 2. It is
composed of four electrical actuators, which displace-
ments can be synchronized or not. Their loading ca-
pacity is ±500 N and their stroke is 75 mm each. All
the experiments are conducted by prescribing the dis-
placement of these actuators. Opposite actuators al-
ways have opposite equal displacements in order to
keep the central zone of the sample fixed. For uniax-
ial tests, only two actuators are used; for biaxial tests,
the four actuators are used.

2.4 Procedure

The stretching unit is placed on the stand of the
diffractometer (see Fig. 2) in order to keep the beam
focused on the centre of the samples. The uniaxial ex-
periment is quasi-static (the actuators speed is set to
0.012 mm/s) and scattering patterns are recorded ev-
ery 100 seconds (due to the reading time of the CCD
detector). For the biaxial experiments, the actuators
speed is 30 mm/s, and one pattern is recorded at max-
imum deformation. The exposure time is short (1 sec-
ond for uniaxial test and 3 seconds for biaxial tests):
it permits to reduce the influence of kinetics of crys-
tallization on the results.

An air scattering pattern (without sample) was first
collected and has been used to correct the patterns.
Moreover, the change in thickness of the sample un-
der extension and the change of intensity of the in-
cident photons have also been considered. All these
corrections are performed by following the well-
established method of Ran et al. (2001). Both the de-
termination of the pattern center and the calibration
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of the diffraction angles were achieved by consid-
ering the first diffraction ring of ZnO ((100)-plane,
a = 3.25 Å (Reeber 1970)). Here, small angles scat-
tering is not investigated; the range of diffraction an-
gles is 2θ ∈ [8◦,26.7◦].

2.5 Scattering pattern analysis

The spectra extracted from the diffraction patterns are
classically fitted by series of Pearson functions (Tra-
belsi et al. 2003a, Chenal et al. 2007, Rault et al. 2006,
Toki et al. 2000); before deconvolution, the linear
baseline of each spectrum is suppressed (see example
in Figure 3). The lattice parameters of the crystal cell

Figure 3: Example of fitting and deconvolution of a spectrum
with a series of Pearson functions.

of the polyisoprene are calculated considering a mon-
oclinic crystal system, as determined by Bunn (1942).
The crystallites size is deduced from the Scherrer for-
mula (Guinier 1963):

lhkl =
Kλ

FWHM2θ cos θ
(2)

where lhkl is the crystallites size in the direction nor-
mal to the hkl plane,K is a scalar that depends on the
shape of crystallites (here we adopt 0.78 as Trabelsi
et al. (2003a)), λ is the radiation wavelength, θ is the
Bragg angle and FWHM2θ is the full width at half
maximum of the peak hkl in 2θ. Finally, the disorien-
tation ψhkl (compared to the mean orientation) of the
hkl diffraction plane in the cristallites is simply given
by half the full width at half maximum (FWHMβ) of
the peaks, measured on the azimuthal profiles of the
reflection.

3 RESULTS AND DISCUSSION

3.1 Strain-induced crystallization as revealed by
WAXD patterns

Figure 4 shows the diffraction patterns for filled
NR in undeformed state (Fig. 4a), uniaxial tension

(Fig. 4b), biaxial tension (Fig. 4c) and equibiaxial ten-
sion (Fig. 4d). For each state, the deformation gradi-
ent F is given. In the undeformed state, the diffrac-
tion pattern consists of a diffuse amorphous halo and
a ring due to the (100) Bragg reflection of ZnO.
Fig. 4b exhibits the diffraction reflections of crystal-
lized NR in uniaxial tension. The diffraction pattern
is of course oriented according to the stretching direc-
tion (see the white arrows in the figure). The pattern is
composed of eight intense crystalline reflection arcs
corresponding to the three different crystallographic
planes (200), (201) and (120), ten less intense reflec-
tion arcs corresponding to the crystallographic planes
(121), (202) and (002), a co-existing amorphous halo,
the ZnO reflection ring and stearic acid reflection arcs.
The diffraction pattern of crystallized NR in biaxial
tension (Fig. 4c) is quite similar to the pattern of NR
in uniaxial tension. The pattern is also oriented, ac-
cording to the main direction of traction (direction of
the highest stretch ratio). Some diffraction arcs are not
observed in the pattern, and all the arcs (correspond-
ing to the planes (002), (201), (200) and (120)) are
much less intense and wider. When filled NR is sub-
jected to equibiaxial tension (Fig. 4d), the diffraction
pattern is quite different. As previously, an amorphous
halo, a ZnO ring and stearic acid arcs are observed.
But the diffraction reflections of the NR crystalline
phase are rings and not arcs. Only the reflections cor-
responding to the planes (201) and (200) are visible.

3.2 The orientation of the crystallites depends on
B...

In order to measure the width of the arcs and ring
corresponding to the (201) plane, azimuthal spectra
are extracted from the three previous diffraction pat-
terns of NR in deformed state and shown in Figure 5;
the Bragg angle 2θ=12.3◦ corresponds to the position
of the (201) arcs and ring in the three patterns. The
origin of β is arbitrarily defined as the horizontal di-
rection in the biaxial tension pattern (β=-36◦ is the
tension direction and β=54◦ is the direction perpen-
dicular to the tension direction for all the tests). The
width of the reflection arcs in the patterns (i.e. the
width at half maximum of the peaks in the spectra)
directly stems for the orientation of the crystallites:
the wider the arcs, the more disoriented the crystal-
lites. In the case of equibiaxial loading, the reflections
of the planes (200) and (201) are rings which means
the crystallites are not oriented in the plane of ten-
sion. This result extends those of Oono et al. (1973)
who showed that the crystallites are oriented in the
direction perpendicular to the traction directions in a
thin film of NR. The low anisotropy which can be ob-
served in the spectrum of the equibiaxial test is due to
experimental settings (it can also be observed in pat-
terns of amorphous undeformed samples). In the case
of uniaxial and biaxial tension, all the reflections of
the crystalline phase are arcs, which means that the
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(a) undeformed state (b) uniaxial tension

(c) biaxial tension (d) equibiaxial tension

Figure 4: Scattering patterns of NR in different deformation states (F is the deformation gradient; the white arrows show the tensile
directions).

Figure 5: Azimuthal spectra at 2θ=12.3◦ (Bragg angle of the
(201) arcs and ring) for different deformation states: uniaxial
tension, biaxial tension and equibiaxial tension.

crystallites are oriented in the plane of tension. Fur-
thermore, the (002) arcs are aligned with the direction
of tension for the uniaxial test and with the direction
of tension of highest stretch ratio for the biaxial test,
which means that the c-axis of the crystall cell of the
crystallites is in average oriented along the main di-
rection of tension. As the peaks in the spectrum of the

biaxial test are wider at half maximum than the peaks
in the spectrum of the uniaxial test, the crystallites are
more disoriented in NR subjected to biaxial tension
than to uniaxial tension. The exact disorientation of
the crystallites for each deformation state is measured
and given in Table 2, in comparison with the biaxi-
ality factor B. In uniaxial tension, the crystallites are

Table 2: Biaxiality factor and disorientation of the crystallites.
loading conditions B ψ200(◦) ψ201(◦)

uniaxial -0.5 11.70 11.09
biaxial 0.3 15.25 17.03

equibiaxial 1 90 90

disoriented of about 11◦; it is slightly smaller than in
Poompradub et al. (2005) and twice smaller than in
Trabelsi et al. (2003b). This discrepancy is explained
by the difference in cross-link densities: indeed, the
crystallites orientation highly depends on cross-link
density, i.e. formulation and processing, especially for
filled NR (Chenal et al. 2007, Poompradub et al. 2005,
Tosaka et al. 2004, Trabelsi et al. 2003b, Trabelsi et al.
2003a). Tab. 2 confirms that the disorientation of the
crystallites is higher when the material is in biaxial
deformation state than when it is in uniaxial deforma-
tion state. Furthermore, it suggests that the larger the
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(a) Uniaxial tension - β=54◦ (b) Uniaxial tension - β=22◦

(c) biaxial tension - β=54◦ (d) biaxial tension - β=22◦

(e) equibiaxial tension - β=22◦

Figure 6: Bragg angle spectra for different loading conditions
and different azimutal angles β (SA: stearic acid).

biaxiality factor, the higher the disorientation.

3.3 ... but the crystallites are identical

The Bragg angle spectra corresponding to the three
deformed states are shown in Figure 6: the azimuthal
angles are chosen in order to observe the (200) peaks
(β=54◦, Fig. 6a and 6c) and the (201) peaks (β=22◦,
Fig. 6b, 6d and 6e). For the equibiaxial tension test,
only one spectrum at any azymuthal angle β is nec-
essary to observe both reflections as the pattern is
isotropic.

From Fig. 6, we deduce the lattice parameters of the
crystal unit cell and the size of the crystallites for the
three tests; results are given in Tables 3 and 4 respec-
tively. The crystall cell unit is identical for the three

Table 3: Lattice parameters.

loading conditions a (Å) c (Å)
uniaxial 13.38 8.90
biaxial 13.35 8.93

equibiaxial 13.33 9.04

deformation states. Indeed, the diffraction angles of
the (200) and (201) planes are very close for the three
tests: the corresponding lattice parameters only differ
from 1.5% maximum. The lattice parameters of the

Table 4: Size of the crystallites.

loading conditions l200(Å) l201(Å)
uniaxial 127.2 121.2
biaxial 135.9 122.1

equibiaxial 122.5 120.7

crystall cell in uniaxial tension are larger than those
calculated by other authors in carbon-black filled NR
(for example, Poompradub et al. (2004) have found
a = 12.65 Å, b = 9.15 Å and c = 8.35 Å). This differ-
ence may arise from our calibration method of Bragg
angles with the (100) plane ZnO ring. Indeed, the lat-
tice parameter a of the ZnO used for calibration corre-
sponds to pure ZnO, and may slightly differ from the
parameter of industrial ZnO inside rubber. This dis-
crepancy with the bibliography does not influence the
previous comparative result as the same method has
been used for the three tests. This extends the recent
result of Poompradub et al. (2004), who demonstrated
that the lattice parameters of filled NR only slightly
evolve with strain in uniaxial tension: we demonstrate
here that they do not change with the deformation
state either.

The crystallites sizes obtained for uniaxial tension
are quite different from the results obtained in the
rare studies published on crystallization of carbon
black-filled NR: l200 = 127.2 Å and l201 = 121.2 Å,
compared to l200 = 170 Å or l200 = 220 Å (depend-
ing on the quantity of fillers) found by Poompradub
et al. (2005) and l002 = 100 Å found by Trabelsi et al.
(2003b). But this discrepancy is explained by the dif-
ference in cross-link densities, similarly as the dif-
ference in crystallites disorientation. From the results
given in Tab. 4, one may conclude that crystallites in
NR subjected to uniaxial, biaxial and equibiaxial de-
formation states have the same size. But we observe
in uniaxial tension that crystallites size depends on
strain as shown in Table 5; similar results are given in
Poompradub et al. (2005) and Tosaka et al. (2004). In

Table 5: Crystallites size in uniaxial tension for different stretch
ratios λ.

λ l200(Å) l201(Å)
2.8 161 145
3.4 147 137
4.0 127 121

order to precisely compare results in uniaxial, biaxial
and equibiaxial tension, it would then be necessary to
measure the crystallites size at different stretch ratios
in biaxial and equibiaxial deformation states.

4 CONCLUSION

Firstly, this work shows that in equibiaxial tension
crystallization of filled NR is isotropic in the plane
of tension; it results in rings in the diffraction pattern.
It is very different from crystallization in uniaxial ten-
sion which is strongly anisotropic, as revealed in the
diffraction pattern by narrow reflection arcs. In biax-
ial (non-equibiaxial) tension, crystallites of filled NR
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have an intermediate orientation: they are oriented in
average along the direction of highest stretch ratio but
the level of disorientation is higher than in uniaxial
tension; indeed the reflection arcs in the diffraction
pattern are wider for biaxial tension than for uniaxial
tension. It seems that the larger the biaxial factor B
calculated from the deformation gradient is, the more
disoriented crystallites are. Secondly, crystallites are
similar in uniaxial, biaxial and equibiaxial deforma-
tion states: the lattice parameters of the cristal unit
cell are identical and the size of the crystallites is of
the same order of magnitude. This result is illustrated
in Figure 7.

Figure 7: Schematic representation of crystallites in stretched
filled NR: the more biaxial the loading conditions are, the more
disoriented the crystallites are; but crystallites are identical (in
size and lattice parameters) for all experiments.
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