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1. INTRODUCTION

Natural rubber (NR) has been widely recognized as a useful soft mater, which is both highly elastic and
crystallizable under high strains [1-3]. NR is indispensable for manufacturing pneumatic tires of heavy-duty
uses e.g. those for aircrafts, heavy trucks and rubber bearings in a seismic isolation system [1-4]. Thin NR
films, which are directly prepared from NR latex without coagulation, are also very important materials for
biomedical and health care fields [1,5,6]. These extensive applications of NR are based on its high elasticity
and excellent mechanical strength. The latter is ultimately attributable to its ability of crystallization upon
stretching [1-4,7-11]. Therefore, it is necessary to evaluate the strain-induced crystallization (SIC) behavior
for development of high performance NR materials.

Up to now, the SIC behavior of NR have been extensively studied [7-26]. A general tendency of the SIC
behavior of NR was thus established [16-19]: Upon tensile deformation, polymer chains start to be stretched.
Among the polymer chains, short ones are fully-stretched first, and these fully-stretched chains can act as
precursors for crystallization like a nucleus of crystallites. Therefore, the NR crystallites are usually
observed to grow up in the direction perpendicular to the molecular chain axis [22,23].

Reinforcing fillers, on the other hand, have been known to be of remarkable influence on the SIC of NR
because of their strong interfacial interactions with the polymer matrix. Studies on the SIC behavior of
carbon black/NR composites have been especially focused due to the importance for heavy-duty uses
[21,22,27-30]. Among these studies, there are some common observations: By the inclusion of carbon black,
a start of SIC shifted to a lower strain, i.e., the SIC was apparently accelerated. This tendency was, however
at least partially explained due to the decrease of volume fraction of NR in the material by the isotropic filler
inclusion. In terms of crystallinity, it was commonly observed to linearly increase with an increase of strain
similarly with non-filled NR. These phenomena were also detected in commercial silica filled NR-based
composites [29] and in situ silica filled one [23]. Recently, we prepared novel biphasic structured in situ
silica filled NR composites by a sol-gel reaction of tetraethoxysilane using n-butylamine in NR latex [31].
This preparation procedure is a kind of soft process as the composites were prepared by liquid-state mixing
and followed by casting to obtain thin films. In the composites, the in situ silica was locally dispersed around
rubber particles to result in the specific morphology. Namely, NR particles in the latex worked as templates
to form the novel biphasic structure in the composites. The rubber phase in the biphasic structure was of
higher purity than that of the composite prepared by conventional mechanical mixing. Thus, unique dynamic
mechanical properties were detected in the composites. In order to further clarify the characteristics of the
biphasic structured in situ silica filled NR composites, the simultaneous synchrotron wide-angle X-ray
diffraction (WAXD) and tensile measurements were conducted in this study. Nowadays, in situ generated
silica in a rubbery matrix moves forward into the nano-technology [32-34]. Therefore, present results will be
useful for further developing of rubber-based nano-composites.



2. EXPERIMANTAL

2.1 Materials  Sulfur cross-linked and uncross-linked in situ silica filled NR composites were used in this
study, which were prepared by the soft processing method [31]. The former and the latter are abbreviated as
S-NR-Si and NR-Si, respectively. Their in situ silica contents were 10 phr. An unfilled sulfur cross-linked
NR film (S-NR) was similarly prepared [31] and used as a reference sample. All specimens subjected to the
measurements in this study were virgin samples.

Images of transmission electron microscopy (TEM) for S-NR-Si and NR-Si are displayed in Fig. 1 [31].
Dark phases show the generated in situ silica. It is worth noting that the in situ silica was dispersed around
the rubber phases (the bright phases in the photographs) and there was little silica inside the rubber phases.
Therefore, the characteristic morphology of in situ silica may be a model of a filler network in the rubber
matrix. The filler network seems to be fallen into different sizes, which is ascribable to different sizes of NR
particles in the latex.
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Fig 1. TEM photographs of the in situ silica filled NR composites.

2.2 Simultaneous Wide-angle X-ray Diffraction and Tensile Measurements

Simultaneous WAXD and tensile measurements were carried out using a synchrotron radiation system at
BL-40XU beam line of SPring-8 in Harima, Japan [35]. A custom-made tensile tester (ISUT-2201, Aiesu
Giken Co., Kyoto) was situated on the beam line, and WAXD patterns were recorded during the tensile
measurement at room temperature (ca. 25 °C). The wavelength of the X-ray was 0.0832 nm and the camera
length was 198 mm. Two-dimensional WAXD patterns were recorded using a CCD camera (ORCA I,
Hamamatsu Photonics, Co.). Intensity of the incident X-ray was attenuated using a rotating slit equipped on
the beam line, and the incident beam was exposed on the sample for 40 ms every 3 s. The intensities of the
incident beam and transmitted beam through air were measured using ion chambers. A ring-shaped sample
was subjected to the tensile measurement in order to correctly measure the stretching ratio («) of deformed
sample. The stretching speed was 100 mm/min, i.e., strain speed was ca. 4.98 per min. An absorption
correction for thinning of the sample under stretching was carried out using calculated correction coefficients,
which were estimated on the basis of absorption coefficients per density [36] and weight fractions of each
element in the sample. Here, an affine deformation was assumed for all rubber samples on the basis of their
measured Poisson’s ratios.



2.3 WAXD Analysis The obtained WAXD images were processed using a software “POLAR”
(Stonybrook Technology & Applied Research, Inc.) [15]. Each WAXD pattern of stretched sample was
decomposed into three components, i.e., isotropic, oriented amorphous and crystalline components. Three
components were azimuthally integrated within the range of +75° from the equator; the details of this
analytical method were described in our previous papers [16,17]. Two structural parameters were estimated
at first, of which “crystallinity index” (Cl) and “oriented amorphous index” (OAIl) are defined by the
following equations.
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By summation of Cl and OAl, the oriented index (Ol) can be obtained. In egs. 1 and 2, I(s) represents the
intensity distribution of each peak that is read out from the WAXD pattern, s is the radial coordinate in
reciprocal space in nm? unit (s= 2(sin /1), where 4 is the wavelength and 26 is the scattering angle), and ¢
is the angle between the scattering vector of the peak and the fiber direction.

3. RESULTS AND DISCUSSION
3.1 Tensile Characteristics of In Situ Silica Filled NR Composites Prepared by the Soft Processing
Method

Tensile stress-strain curves up to mechanical rupture points of the in situ silica filled NR composites, i.e.,
S-NR-Si and NR-Si are shown in Fig. 2(a) with that of S-NR. Note that NR-Si was not chemically cross-
linked but was physically cross-linked due to aggregation of non-rubber components in NR [25] and
hydrogen-bonding between silica and rubber particles. It is clearly seen that the in situ silica filled
composites, both cross-linked and uncross-linked ones, showed higher stresses than the unfilled sample up to
stretching ratio of ca.6. This is basically ascribable to reinforcement effect of the in situ silica. The sulfur
cross-linking also increased the tensile stress of the in situ silica filled biphasic structured composite. For
NR-based materials, an effect of SIC on the mechanical properties has to be also taken into account, because
the strain-induced crystallites may play a role to increase the stress. Thus, simultaneous time-resolved
WAXD and tensile measurements for these samples were carried out in situ in this study.
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Fig 2. Tensile stress-strain curves of the samples (a), WAXD images at stretching ratio of 1, 3, 5, 6, 8 and
9 showing SIC behaviours of S-NR-Si (b), NR-Si (c) and S-NR (d), respectively.

3.2 SIC of In Situ Silica Filled NR Composites Prepared by the Soft Processing Method

WAXD images at a = 1, 3, 5, and 6 of the three samples are displayed in Fig. 2(b) - (d) together with
their stress-strain curves. Plotted spots in the curves indicate events of X-ray irradiation in the WAXD
measurements. For S-NR, WAXD images at o = 8 and 9 are also displayed in Fig. 2(d). Note that a
background scattering by air was removed from their WAXD patterns. Initially, all samples showed only one
broad ring at a = 1, i.e., they were totally amorphous before stretching. The SIC started at 1 < a < 3 in the
silica filled samples, while the unfilled sample was not yet crystallized at o = 3 and its SIC was detected at
high stretching ratio. Consequently, the remained large content of un-oriented segments under the presence
of strain-induced crystallites can be counted as a unique characteristic of polyisoprene chains under tensile
deformation. Thus, it is estimated that the three states, i.e., completely amorphous segments, oriented
amorphous segments and oriented crystallites are coexisted in the samples. Therefore, the WAXD results
were subjected to the analysis to obtain three indexes, Ol, OAl and ClI, according to the methods in Section
2.5. The results are shown in Fig. 3, respectively.

Since silica particles do not deform upon stretching like rubber, an effective stretching ratio (o) was used
for the comparison. It is defined by eq. 3 [39],

a = (a—-y)/(1-v) @)

where y is a volume fraction of filler. The density of in situ silica used for the calculation was 1.92 g/cm?®
[40-42]. In order to elucidate the effects of in situ silica filling and sulfur cross-linking on the SIC of the



composites, strain dependences of Ol, OAIl and CI are separately shown in Fig. 3(a) - (c) for S-NR-Si and S-
NR and in Fig. 3(d) - (f) for S-NR-Si and NR-Si, respectively. All SIC indexes show a tendency to increase
with the increasing of strain. However, we observed unique behaviors of SIC, i.e., “a stepwise SIC” for the
in situ silica filled NR composites, which are distinguishably different with those of reported SIC
phenomena as mentioned earlier [7-23,27-30]. Thus, detailed discussions on the stepwise SIC are given in
the following sub-sections.
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Fig. 3 Variations of Ol (a) and (d), OAIl (b) and (e) and CI (c) and (f) for S-NR-Si, NR-Si and S-NR, which
are plotted against effective stretching ratio. Note that the scale of ordinate in (f) is twice of that in (c). The
lines are connected between the data points.

(i) Sulfur Cross-linked In Situ Silica Filled NR Composite
As shown in Fig. 3(a), short amorphous (assumed to be Gaussian) network chains of S-NR-Si began to
orient immediately upon stretching. However, the Ol did not increase linearly to the end, i.e., the Ol repeated
a small increase and a small decrease during the upward change. It is important to emphasize that the
obtained results are reliable as we obtained a good reproducibility among three fittings for all parameters.
Errors among the three fittings for each point were within + 0.8 % from the each average. Thus, the averages
were plotted in the figures. The unique variation of the Ol was also observed up to ca.5 of ae in the unfilled
S-NR, but the up and down were much smaller and less frequent than those of the composite. The slope of
the upward increase was steeper in S-NR-Si than in S-NR. At most of strain region, the Ol was larger in S-
NR-Si than in S-NR.
Strain dependences of OAI were very similar with those of Ol as shown in Fig. 3(b). The in situ silica
filling in the NR latex was found to promote the orientation of NR chains to the stretching direction upon
stretching. However, it is noted that the increase of OAI in S-NR-Si showed a few ark-like variations around



1.5, 2.5 and 3.5 of a.. This observation suggests that the orientation of network chains was significantly
restricted by the in situ silica in the biphasic structured soft composite. This consideration is supported by
strain dependences of CI for S-NR-Si. As shown in Fig. 3(c), three steps were detected in the variation of Cl
for S-NR-Si. Note that the region around 5.5 of «. was judged as one step from the definitive change of
orientation fluctuation of strain-induced crystallites (See Section 3.5). This unexpected variation of ClI is
ascribable to the specific morphology of the in situ silica filled biphasic structured composite as shown in
Fig. 1(a).

By comparing the variation of OAI with that of Cl in S-NR-Si, two tendencies were observed: the OAI
decreased at each plateau region of Cl, and the OAI increased with the increase of CI. These two phenomena
are explained as follows: In the cross-linked rubber phase of S-NR-Si, the short amorphous segments began
to orient to the stretching direction upon stretching, and to result in the increase of OAI. Some of the oriented
amorphous segments were crystallized by further stretching to increase the crystallinity. However, it became
difficult for the amorphous segments to orient to the stretching direction due to the interruption of chain
deformation by the silica layer around the rubber phase. Consequently, the progress of SIC became quite
slow to give the plateau region. Once the silica layer was broken upon further stretching, however, the in situ
silica particles must have been randomly dispersed into the rubbery matrix. Consequently, the rubber chains
seemed to be freely extended to result in the acceleration of SIC. As a result, the OAl and CI increased again.

The speculated SIC behavior of S-NR-Si is schematically illustrated in Fig. 4 with a figure to show the
variations of ClI and OAI. The in situ silica phases are displayed by connected blue particles around the
rubber phases which are expressed by black lines. Black points in the rubber phases are cross-linking sites.
Red lines are short rubber chains which connect the cross-linking sites: Before the deformation, the rubber
chains are in coil state as shown in Fig. 4(b). When the deformation starts, the short chains orient at first and
the in situ silica phases also start to be deformed as shown in Fig. 4(c). With the increase of oriented chains
upon further stretching, the crystallites are generated in the rubber phases as shown in Fig. 5(d). Under the
large deformation, the silica filler network is broken down. Since there are different sizes of rubber phases,
the collapse of silica layers occurs successively. Upon further deformation, the silica filler networks are
totally broken down and the SIC are promoted similarly with the conventionally filler filled composites as
shown in Fig. 4(e). Here, the cartoons are drawn in order to emphasize the variation of one biphasic structure
with a silica phase around a rubber phase. In reality, this type of deformation should be taken into account
for all rubber phases of different sizes.
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Fig 4. Variations of OAI and CI plotted against effective stretching ratio for S-NR-Si (a), and its speculated
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in situ silica filled NR composite.




Appearance of the stepwise SIC is concluded to be due to the size distribution of the rubber particles in
highly ammoniated NR latex as reported [5]. Recently, a dual crystallization behavior was reported in NR-
based nanocomposite systems, where nanofiller with a high aspect ratio, e.g., nanoclay [43] and carbon
nanotube [44], were used. Differently with these studies, a few steps of SIC shown in Fig. 4 were detected
relating with the characteristic feature of the “NR latex template method” combining with the sol-gel
reaction of TEOS [31]: The rubber particles in the latex got closer during drying the composite latex, and
consequently the densely packed in situ generated silica was dispersed around the rubber particles like a
boundary layer.

In terms of onset strain of SIC, S-NR-Si showed a crystalline diffraction peak at the lower strain (oec =
ca.2.25) than that of S-NR (ae = ca.3.5) as shown in Fig. 3(c). The introduction of in situ silica apparently
accelerated the start of SIC to result in the short induction period of SIC similarly with the composites
prepared by a mechanical milling technique [21-23,27-30]. The smaller onset strain of SIC of the reinforced
systems is ascribed to two phenomena: The decrease of the volume fraction of rubbery phase at first and the
high interfacial interaction between reinforcing fillers and rubbery matrix in the second. The former is a
volume effect in general when filled and the latter is dependent on the kind of mixed filler. However, the
effective stretching ratio is used for the SIC analyses in this study. Therefore, the small ae ¢ value of S-NR-Si
suggests the presence of strong interfacial interaction between in situ silica and the rubber phases.

(ii) Uncross-linked In Situ Silica Filled NR Composite

In general, a cross-linking significantly affects the SIC of NR [18,19,24,26]. Since S-NR-Si is a cross-
linked sample, the uncross-linked in situ silica filled composite (NR-Si) was subjected to the SIC study in
order to highlight the effect of in situ silica phase on the SIC of NR in the composite. Strain dependences of
Ol, OAI and CI of NR-Si are shown with those of S-NR-Si in Fig. 3(d) - (f). It is worth noting that network
chains oriented only a little upon stretching up to 2.0 of ae in NR-Si. At the strain region of 2 < ae <3, both
Ol and OAI increased and show a small plateau region. From ca.3 of ae, both values increased again upon
further stretching and their variations became small around 4.5 of «., where a small down was also observed.
A shape of variation of CI in NR-Si was quite similar with that in S-NR-Si, although the variation in NR-Si
began at a lower strain than S-NR-Si and the plateau regions were imperfect.

Comparing the SIC of NR-Si with that of S-NR-Si, a tendency of slower increases of Ol and OAI was
observed in the former than in the latter. Due to the absence of cross-linking sites in NR-Si, the orientation
of NR chains became slower and its degree was lower in NR-Si than in S-NR-Si. Unexpectedly, however,
the SIC of NR-Si was found to give higher CI values than that of S-NR-Si as shown in Fig. 3(f). As reported
previously, the in situ silica located at the surface not in the rubber phase [31]. Therefore, the pure rubber
phases inside of silica phases in NR-Si are considered to be more crystallisable upon stretching comparing
with S-NR-Si. This phenomenon clearly shows one of the roles of cross-linking sites to prevent the SIC,
although the cross-linking sites are also known to accelerate the SIC. This observation may be of use for a
material design of high performance rubber products. In terms of onset strain of SIC, the difference between
the two composites was minor as shown in Fig. 3(f) in contrast to the observation above, i.e., cross-linked or
not shows less influence. The interaction between NR and in situ silica may be related with the first
orientation of rubber chains.



4, CONCLUSIONS

The time-resolved WAXD measurement during stretching revealed that the SIC of the biphasic structured
in situ silica filled NR soft composites occurred stepwise, i.e., the degree of crystallinity showed the
repetition of increase and standstill cycles. This behaviour was found on the composites prepared from NR
latex with in situ silica by using the liquid-state mixing and casting methods. The unfilled NR latex
vulcanizate prepared by casting also showed the stepwise SIC, although the steps became obscured with the
increase of strain. The presence of new biphasic structure in the NR latex vulcanizate brought about the
increase of oriented amorphous chains to result in the promotion of SIC, where the generation of small
crystallites dominantly occurred stepwise due to the silica phases around the rubber phases. The small
crystallites worked as nano-fillers to reinforce NR via the oriented amorphous chains. Since the in situ silica
was not introduced inside the rubber phases but on the surface, the observed characteristic phenomena of the
SIC may be of interest in understanding a role of filler network for the reinforcement of rubber. The role has
been one of the big questions in rubber science and technology, because the ideal model composite only with
filler networks has been difficult to be prepared. For further development of rubber science, a study on the
biphasic structured NR composites with different silica contents will be necessary from the viewpoints of
silica contents and cyclic deformation, which will be reported in a near future.
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