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ABSTRACT: Strain-induced crystallization of natural rubber samples with various network-chain
densities, v, was investigated by synchrotron X-ray diffraction measurements. It was found that the onset
strain of crystallization was almost independent of v. Lateral crystallite size and degree of orientational
fluctuations of crystallites were also evaluated. These results indicated that stretched molecular chains
acted as nuclei while surrounding chains could also contribute to the crystal growth. Deformation of
crystal lattice with nominal stress was detected, and the strain-induced crystallites were found to be
responsible for the increased modulus upon elongation. The unit cell volume decreased almost linearly
with nominal stress. By assuming the deformation mechanism of the rubber network as a pantograph,
the reinforcement effect of the crystallites is thought to be brought out not directly by crystallites connected
in series but indirectly through the surrounding network chains.

Introduction

Strain-induced crystallization of natural rubber (NR)
has been extensively studied even before the advent of
macromolecular physics.! However, there are still some
unsolved issues in this field. For example, the funda-
mental molecular mechanism of strain-induced crystal-
lization in cross-linked rubber is still unclear. Flory?
proposed a thermodynamic theory for strain-induced
crystallization of network polymers, in which the growth
of crystallites in the direction parallel to the chain
(orientation) axis was implicitly assumed. Another
school of theory, led by a German research group,3*
assumed the development of lamellar crystallites, mean-
ing that the crystallites grow in the direction perpen-
dicular to the molecular chain axis. Though morpho-
logical studies based on electron microscopy of un-cross-
linked NR revealed the growth of lamellar crystals,>°
another study reported that the evidence of the lamellar
crystals disappeared by increasing the cross-linking
density.1% To the authors’ knowledge, no conclusive
evidence has ever been presented with respect to the
crystal growth direction in NR with different cross-
linking density.

Another unresolved issue is the role of strain-induced
crystallites on the mechanical response of NR. Because
crystallization is always accompanied by a considerable
increase in modulus, the strain-induced crystallites have
been thought to bear the tensile stress. However, the
possibility that the increased modulus is due to the
limited extensibility of the network chains still remains.
In other words, apportioning of the applied stress to the
crystalline and amorphous components should be con-
sidered. For such crystallization studies, wide-angle
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X-ray diffraction (WAXD) measurements have been
effective to study development of crystalline structures
induced by deformation. For example, Mitchell! esti-
mated the orientation parameter and crystallinity from
the WAXD data and reported their changes with strain.
He noticed that the amorphous component has only a
small degree of preferred orientation. Consequently, the
crystallinity was calculated from the fraction of de-
creased amorphous component, which was estimated by
the decrease in the intensity of the amorphous halo
measured at a fixed position on the equator. This
method gives approximate values for crystallinity, but
the reliability of the estimated values decreases when
the degree of localization of amorphous halo intensity
increases. In our previous publications,?13 tensile and
simultaneous WAXD measurements were performed by
using a powerful synchrotron X-ray source. The WAXD
patterns were deconvoluted into three components:
crystalline, oriented amorphous, and isotropic phases.
On the basis of this analysis, we have reported the
development of crystalline and oriented amorphous
fractions with strain. At the same time, the existence
of a significant amount of isotropic amorphous compo-
nent even in highly stretched NR vulcanizate was also
identified. According to these results, the load on the
rubber sample should be borne only by a minor fraction
of crystalline and oriented amorphous components.

In this study, the strain-induced crystallization of
vulcanized NR with different cross-linking density was
investigated by using simultaneous synchrotron X-ray
diffraction and tensile measurements. This dynamical
study enabled us to collect WAXD patterns before
significant relaxation of the sample and to follow the
structural development in real time. Our goal in this
study is to understand the effect of cross-linking density
or network-chain length on strain-induced crystalliza-
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Table 1. Specification of Vulcanized NR Samples

sample code NR-1 NR-2 NR-3 NR-4 NR-5
rubber,2phrb 100 100 100 100 100
stearic acid, phr® 2 2 2 2 2
active ZnO, phr® 1 1 1 1 1
CBS,¢phr? 3 2 15 1 0.75
sulfur, phrb 4.5 3 2.25 1.5 1.125
total, phrb 110.5 108 106.75 105.5 104.875
curing time,4 min 10 12 12 14 18

network-chain density 2.12 1.78 1.46 1.31 1.01
x 104, mol/cm3

2RSS no. 1 from Malaysia. ? Parts by weight for hundred parts
of rubber. ¢ N-Cyclohexyl-2-benzothiazole sulfenamide. ¢ Cure tem-
perature was 140 °C.

tion in rubber. In particular, we wish to present an exact
molecular mechanism concerning the strain-induced
crystallization in cross-linked materials.

Experimental Section

Vulcanized NR (RSS no. 1) samples were prepared according
to the recipes and cure conditions outlined in Table 1. The cure
temperature was 140 °C for all the samples. In advance of the
curing process, each cure time was determined on the basis of
the result of cure characteristics from a JSR Curelastmeter
111, which was used to monitor the progress of curing. Network
chain density (v) values of the samples were estimated
according to eq 1 based on the classical theory of rubber
elasticity.'*

o=vkT(a — o ?) (1)

where o is the force per unit area, v is the number of network
chains in unit volume, Kk is the Boltzmann constant, T is the
absolute temperature, and o is the elongation ratio (o = I/lo,
in which lo is the initial length of the sample and 1 is that of
the elongated sample). A plot of o vs (o0 — o.?) gives a straight
line in accord with eq 1, and the value of v is calculated from
the initial slope. The estimated v values are included in Table
1. Each rubber compound was molded into a sheet of 1 mm
thickness by heat-pressing using a mold. The specimens for
simultaneous synchrotron X-ray and tensile measurements
were cut out from the sheet into a dumbbell shape. The initial
width and thickness of the parallel part of the specimen that
was exposed to the X-ray were 3 mm and 1 mm, respectively.

The original stretching machine has been described in our
previous papers.t®>~17 This apparatus was modified for higher
elongations?? and was used in this study. The specimen was
stretched horizontally in a symmetric fashion so that the X-ray
irradiated almost the same position of the specimen. The
distance between the clamps was 24 mm, and the deformation
rate was 10 mm/min. The tensile stress applied to the sample
was recorded as a function of elapsed time. To determine the
exact strain values, the deformation of the specimen was
photographed periodically. The initial samples were marked
beforehand, and the changing distance between the marks was
determined from the photographs. From the mark-to-mark
distance, the strain value was calculated as a function of
elapsed time.

The synchrotron X-ray measurements were carried out at
the X27C beamline in the National Synchrotron Light Source,
Brookhaven National Laboratory. The wavelength was 0.1366
nm. The two-dimensional WAXD patterns were recorded using
a MAR CCD camera. Exposure time for each image was 30 s,
and there was an interval of 5 s before the next exposure. The
sample was continuously deformed during the exposure. The
diffraction angle was calibrated by an Al,O3 standard (provided
by the National Institute of Standards and Technology). The
images were processed using software named “POLAR” (Stony-
brook Technology and Applied Research, Inc.).

Results

Stress—Strain Behavior. An example of the stress—
strain curve of the NR sample is shown in Figure 1. As
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Figure 1. Stress—strain curve of NR-4. o is the elongation
ratio defined as o. = I/lo, in which Iy is the initial length of the
sample and | is that of the elongated one. Arrows indicate the
direction of deformation.

shown before, the sample with the larger v showed the
higher modulus in the tensile measurements of this
study. In Figure 1, a noticeable upturn in stress was
observed in the stretching process after a exceeded ca.
4. When the retracting process started, the stress
decreased abruptly. In this study, all samples were
stretched at the same deformation rate and with the
same clamp-to-clamp initial length. However, the maxi-
mum strain values at the measured part of the dumb-
bell-shaped specimens were different from sample to
sample. This is partly due to the slipping of the sample
from the clamps and partly due to inhomogeneous
deformation of the dumbbell-shaped specimen.

Fraction of Crystalline Component. Figure 2
shows typical changes in WAXD patterns from an NR
sample during the stretching (Figure 2a—d) and retract-
ing (Figure 2d—g) processes. At small strains during
stretching, highly oriented reflections of fatty acids!®
were recognized on both sides of the beamstop (Figure
2b,h, indicated by arrows). Crystalline reflections of NR
appeared afterward. It is interesting to note that even
at the onset of crystallization, the NR crystallites were
highly oriented (Figure 2c). A strong isotropic amor-
phous halo persisted!?13 even at 800% (the maximum
strain), as shown in Figure 2d. In the retracting process,
the crystalline reflections disappeared gradually. Some
crystalline reflections remained at smaller strains,
during retraction, which can be recognized by compari-
son of parts b and f of Figure 2. When the sample was
totally relaxed, the isotropic amorphous halo returned
to the original shape (Figure 2g). Ringlike (unoriented)
crystalline reflections of NR were not observed during
the cyclic deformation process.

In our previous papers,'213 the WAXD pattern was
regarded to be composed of isotropic, oriented amor-
phous, and crystalline components and was deconvo-
luted into three corresponding patterns. In this paper,
we deconvoluted the WAXD pattern in a similar way.
After subtraction of the air scattering from the starting
WAXD pattern, the isotropic amorphous component was
extracted, representing the WAXD pattern for the
unstretched sample. The remaining of the pattern,
containing the oriented amorphous and crystalline
components, was azimuthally integrated in the range
of £75° from the equator to give a radial intensity
distribution. The reason for limiting the angular range
for integration was that the reflections near the merid-
ian could not satisfy the undistorted reflection condition
in an oriented specimen.!® The radial intensity distribu-
tion integrated as above, with range corresponding to
0.25—1 nm in real space, was decomposed by 1-dimen-
sional peak fitting into several peaks, each representing
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Figure 2. Sequential change of WAXD patterns from NR-4. Stretching direction is vertical. Corresponding strain values are
indicated at the right bottom in parts a—g of the figure. Indices of crystalline reflections of NR are indicated in part d. Part h
shows the enlarged image of the center of part b. Sharp reflections from fatty acids (indicated by arrows) corresponding to ca. 4.2

nm in real space are recognized on both sides of the beamstop.

oriented amorphous and crystalline components, as in
our previous papers.'213 Then, the intensity of each
(crystalline or oriented amorphous) peak was converted
into a corrected value considering the geometrical factor
of the experiment and the symmetry of the sample. The
corrected intensities were used to estimate the “crystal-
linity index” (CI). The calculation of CI from the results
of peak fitting is described as follows:

Z 27 [sin ¢ dg [1(s)s”ds
Cl =crys al (2)

Z 27 [sin ¢ dg [1(s)s”ds
total

In eq 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 0)/4, where 1 is the wavelength and 26 is the
scattering angle), and ¢ is the angle between the
scattering vector of the peak and the fiber direction. The
integral covers the range of a peak in question, and the
summation is calculated for each peak. The numerator
and the denominator are related to the amount of
crystalline and total components, respectively. Cl values
should give estimates close to the real volume frac-
tions,?° even with considerable localization of the amor-
phous halo intensity.

Figure 3a—e shows the hysteresis curves of Cl for the
samples with different cross-linking densities. All the
curves for Cl showed similar trends. The crystallization
started after the sample was elongated to some extent.
In the retracting process, Cl possessed a higher value
than that in the stretching process, and its value
remained nonzero even at small strain values where no
crystalline reflection was detected.

In Figure 4, the CI values during the stretching
process are plotted together for all samples. It was

interesting to find that the onset strain of crystallization
(o) was almost independent of v. This point was further
confirmed by the inspection of the original X-ray pat-
terns; in all samples, crystalline reflections started to
appear at a strain value of ca. 3.2. The sample with the
larger v typically exhibited a steeper slope in the plot.
Lateral Crystallite Size. To evaluate the variations
of crystallite size, the widths of the 200 and 120
reflections were estimated. The intensity distribution
on the equator was extracted from the original WAXD
pattern, and each peak was fitted with a linear back-
ground and a Gaussian function having the form

1() = h exp[—(x — x;)*/(2w?)] ®)

where I(x) is the intensity at position x, x. is the position
at the scattering maximum, and h and w are parameters
related to the peak height and the peak width, respec-
tively. Each of w value was converted into the half-width
B. (The conversion procedure is described in Appendix
1.) The crystallite size was estimated by using the
Scherrer equation

Lq = KA/(B cos 6) (4)

where Ly is the crystallite size in the direction per-
pendicular to the (hkl) plane, 1 is the wavelength, and
0 is the Bragg angle (half of the scattering angle). In
this study, the value 0.89 was tentatively used for K.21

Figure 5 shows the variations of the crystallite size
estimated from the 200 and 120 reflections (see Ap-
pendix 2). Both Lygp and Lizo showed a similar trend.
During the stretching process, the crystallite size de-
creased continuously with strain for all samples. The
sample with the larger v showed the smaller crystallite
size. When the samples were allowed to retract, the
crystallite size increased first and then decreased due
to crystal melting.
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Figure 3. Variation of Cl values with strain for NR samples: (a) NR-1, (b) NR-2, (c) NR-3, (d) NR-4, () NR-5. Thick lines and
larger symbols indicate the stretching process, and thin lines and smaller symbols the retracting process.
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Figure 4. Comparison of crystallization behavior during the
stretching process for samples with different network-chain
densities.

Orientational Fluctuations of Crystallites. The
degree of orientational fluctuations of crystallites was
evaluated from the intensity distribution of the 200
reflection, which was obtained by the azimuthal scan
of the peak. In a similar procedure as outlined earlier,
the width parameter in the azimuthal direction, wy,,

was obtained by fitting the intensity distribution with
a Gaussian function (eq 3). Then w,, was converted into
half-width Sa; (see Appendix 1, eq A4). The smaller
value of 35, indicates the smaller fluctuations in orien-
tation. Results are shown in Figure 6. Just after the
formation of crystallites, 55, became smaller, indicating
an improved degree of orientation. Upon further elonga-
tion, S, fluctuated little, but the value seemed to remain
about constant. In this case, the sample with the larger
v showed a smaller (4, i.e., a smaller orientational
fluctuations of crystallites. When the retraction process
started, 4, of all samples first became smaller and then
increased due to crystal melting and relaxation of the
system.

Deformation of the Crystal Lattice with Nomi-
nal Stress. To evaluate the deformation of the crystal
lattice, the lattice constants were estimated from each
WAXD pattern during the deformation process by using
the least-squares regression method. The rectangular
unit cell proposed by Nyburg?? was assumed. Estimated
values of the lattice constants and the volume of the
unit cell are plotted against stress in Figure 7. Despite
the scatter of the values, there are noticeable apparent
systematic variations. The unit cell contracts along the
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Figure 5. Variation of lateral crystallite size as defined in eq 4 with strain: (a) Lo during the stretching process, (b) L2oo during
the retracting process, (c) Lizo during the stretching process, and (d) Liz during the retracting process.

a- and b-directions (perpendicular to the stretching
direction) and elongates in the c-direction (parallel to
the stretching direction). If the systematic variation of
the lattice constants were due to a small shift of the
camera length during the deformation process, then all
parameters in the three directions would increase, or
all of them would decrease, which was not seen in this
study. The existence of simultaneous increase and
decrease in the same set of lattice parameters indicates
that they were changed by deformation. The volume of
the unit cell was found to decrease with the increase in
the nominal stress. It was interesting to observe such
a volume change because the Poisson’s ratio of rubber
is usually assumed to be 0.5, meaning no volume change
upon deformation. However, this is valid only if rubber
is liquidlike amorphous and incompressible. In the case
of WAXD measurements, the crystalline part of NR is
in the ordered solid state, and thus the volume change
is possible due to better ordering of the chains. The
degree of deformation of the unit cell exhibited an
almost linear relationship with the nominal stress. This
implied that the crystal lattice was deformed elastically
by the nominal stress. The deformation of the crystal
lattice is a direct evidence indicating that the strain-
induced crystallites are responsible for the load increase
and hence the increase in the modulus of NR upon
stretching. The values of the lattice constants at zero
stress, which can be estimated from the extrapolation
of the plots in Figure 7, were larger than those reported
by former researchers (for example, a = 1.246, b =

0.889, ¢ = 0.81 nm).?2 This difference may be due to the
difference in the experimental temperature. For ex-
ample, the reported unit cell constants by Nyburg?? were
obtained from the sample maintained at —25 °C, while
we obtained the values from the sample at room
temperature. Because of the thermal expansion of the
crystal lattice, we have obtained the larger values of the
lattice parameters.

Discussion

Molecular Mechanism of Deformation before
the Onset of Crystallization. On the basis of the
above results and previous observations, the process of
strain-induced crystallization in cross-linked rubber is
discussed here. At first, attention is paid to the period
before the emergence of rubber crystals (that is, during
the stretching process, a < 3). It has been well docu-
mented that when the elongation of the sample is
started, immediate development of birefringence is
usually seen.?®725> We have also observed the highly
oriented reflections of fatty acid crystals at a small angle
region on the equator before the emergence of crystalline
reflections of NR (Figure 2b,h). These results indicate
that the rubber sample was oriented and molecular
anisotropy was developed. However, the amorphous halo
was largely isotropic during this period, and only a small
degree of localization in intensity was recognized in the
WAXD pattern (Figure 2b). To explain these paradoxical
observations, we must consider all the dimensions that
were detected by the experimental methods. Orientation
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Figure 6. Variation of the azimuthal half-width of the 200
reflection f3,, with strain during (a) the stretching process and
(b) the retracting process.

of fatty acid crystals (flake-shaped!®) may reflect struc-
tures greater than 10 nm in NR. On the other hand,
the amorphous halo in the WAXD patterns reflects the
structure with dimensions below 1 nm. A possible
explanation for the current observation is that some
structures of the larger scale are oriented (which may
also be responsible for the development of birefringence),
while those of the smaller scale are almost isotropic.
Such a scenario can be achieved if the system is, for
example, deformed like a pantograph, as illustrated in
Figure 8. In this figure, the end-to-end vector (drawn
with a thick blue line in Figure 8) of a network chain is
regarded as the frame of the pantograph. In the unde-
formed state, each network chain is randomly coiled,
forming a globule; thus, the end-to-end vector is ran-
domly oriented (Figure 8a). When the sample is stretched
at a small strain, the average size of the end-to-end
vectors is changed only slightly, while the directors
would be rotated and the globules would be rearranged
to accommodate the macroscopic elongation, as if a
pantograph expands in the diagonal direction. It is
conceivable that many globules can still remain in the
original undeformed state (Figure 8b) during this
deformation stage, which will result in the isotropic
amorphous halo in the X-ray diffraction patterns.
Elongation of a small fraction of relatively short network
chains may be required to enable such a deformation
mechanism.

Onset of Crystallization. Further elongation of the
NR samples induces a distinct crystallization process.
The schematic model of deformation of network chains

Macromolecules, Vol. 37, No. 9, 2004

is illustrated in Figure 9. Because the crystalline
reflections are highly oriented from the emergence, the
crystallites must have been initiated from oriented
nuclei. The nuclei may consist of single or assemblies
of network chains that are highly oriented by stretching.
Formation of one kind of such nuclei from single chain
stems is illustrated in Figure 9a,b. The molecular chains
contributing to the crystal growth may be supplied from
the surrounding coiled chains, resulting in lateral
crystal growth as shown in Figure 9c. Because the
growth of lamellar crystals is reported in both un-cross-
linked>~° and lightly cross-linked!® NR, this model of
crystal growth should be reasonable. There may be
another model of crystal growth that the sporadically
occurred stretched chains are bundled and form fibrillar
crystallites with fringed micelle structure. The latter
model should lead to a larger crystallite size for the
sample with larger v. However, the results in Figure 5
show an opposite trend.

The onset of crystallization could be determined by
the increase in melting temperature due to the strain.
A simple explanation for this argument has been made
by Yamamoto and White,?6 which is described as fol-
lows. The melting temperature Ty, 1 in the undeformed
state can be given as

T1 = AH/AS, (5)

When the sample is deformed, the melting temperature
will be increased by an amount

T Tn1 = (AHJ/AS)) — (AH,/AS,) (6)

ma
If the heat of fusion is independent of deformation, then
the above equation becomes

1/Tm,u = (1/Tm,1) - (Asdef/AHl) (7)

In the above equations, AH is the heat of fusion, AS is
the entropy of fusion, the subscripts a and 1 indicate
the strain values, and ASger is the difference of the
entropy between the undeformed and the deformed
states. Equation 7 indicates that melting temperature
increases with strain because ASges is a function of
strain. Thus, as T becomes higher than room tem-
perature, the system comes into a supercooled state.
Because the nuclei (namely stretched network chains
that were described in the previous section) are present
and thermally stable, the crystallization can start
immediately as the large supercooling becomes a strong
driving force for crystallization. The origin of ASges may
be partly due to the orientation and/or deformation of
the end-to-end vector of the network chains. The affine-
like deformation of globular coils (red ellipsoids in
Figure 8b) can also be considered when the elongation
ratio is high. However, crystallization will convert the
elongated coil into a combination of a fully stretched
crystalline chain portion and an unstretched amorphous
chain portion in the random-coil-like state, as explained
below.

Flory? has commented that “the entropy of the
amorphous portion generally is increased by crystal-
lization” because the chains in the crystallites are
stretched, and “this change permits the amorphous
portion of the chain to assume a greater number of
configurations”. In this way, the strain of the chains in
the amorphous portion is far below the macroscopic
strain, as has been pointed out by other researchers.3414
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Figure 7. Deformation of the crystal lattice with nominal stress.

are drawn based on the regression analysis.

Figure 8. Schematic representation of deformation like a
pantograph. Spheres indicate globules of coiled network
chains. Thick lines indicate end-to-end direction of the network
chains. The coiled molecular chain is drawn in green only in
a globule at the top of the figure. (a) Before deformation, all
globules have spherical shape. (b) Even after deformation, only
a part of the globules is elongated, which are drawn in red.

This is not only a theoretical assumption but there are
also experimental evidences, for example: (1) in the case
of synthetic cis-1,4-polyisoprene (the main constituent
of NR), a decrease in nominal stress due to crystalliza-
tion has been observed,?” indicating that the rubber
molecules are elongated in the crystallites and the
remaining amorphous portion is relaxed; (2) orienta-
tional functions of cross-linked NR molecular chains
were estimated separately for crystalline and amor-
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phous components by measuring infrared dichroism,
and a slight decrease in the orientational function of
the amorphous component was observed at the onset
of strain-induced crystallization, indicating the slight
disorientation of the polymer segments in the amor-
phous phase due to the crystallization.?® These discus-
sions are applicable to the current case. In the stretched
and crystallized NR samples, the chains in the amor-
phous portion may be in a random-coil-like state. This
is a possible explanation why the halo of isotropic
amorphous was consistently observed even from the
highly stretched sample. On the basis of this idea,
development of crystallization will reduce AS,, and
hence the degree of supercooling, of the surrounding
amorphous portion. At the same time, the latent heat
exposed by crystallization will also play a role to reduce
the supercooling. As a result, strain-induced crystal-
lization will be hindered by the actual event of crystal-
lization itself. This idea is consistent with our observa-
tion. It is thought that the crystallite size would be
independent of v before the growing crystallites collide
with each other, if the crystal growth is not hindered
by any other factors. However, in this study, we
observed that the crystallite size of the sample with the
larger v was smaller (Figure 5) even when crystallinity
was very low (just after the onset of crystallization). This
can be explained as follows: When a certain amount of
crystallites is formed, the resultant increase in entropy
in the amorphous portion will hinder further crystal-
lization. In the sample with the larger v, the number of
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Figure 9. Model of nucleation and crystallization in vulcanized NR. Relatively short chains are drawn as red lines. Filled circles
represent cross-links. (a) Before deformation: cross-links are distributed uniformly for easier understanding. (b) After
deformation: short chains are fully stretched. Note that the distribution of cross-links is no longer uniform to keep many network
chains in the random-coil-like state. (c) The fully stretched chains act as nucleus of crystallites (yellow parts).

nuclei, and hence the number of crystallites, is larger.
Therefore, the amount of crystallites becomes sufficient
to stop further growth even when the crystallites were
smaller.

Development of Crystallites. With the macroscopic
elongation of the sample, the number of stretched chains
that can act as nuclei must increase. As a result, the
mean distance between the nuclei must decrease and
the average crystallite size should also become smaller.
Because of the same reason, as mentioned above, the
larger v value should have resulted in the smaller
crystallite size. We believe that the orientational fluc-
tuations of the crystallites are related to the crystallite
size. In Figure 6, it was found that the higher the v
value, the smaller fluctuations of the crystallites (5a).
There are two possible reasons for the orientational
fluctuations: (1) one is due to the fluctuations of the
oriented nuclei, and (2) the other is development of the
fluctuations during the crystal growth. It is very difficult
to explain the former, that is, the dependence of orien-
tational fluctuations of the nuclei on v, because only the
size of the network should be different between the
samples of different v; the director of the network chain
must be independent of v. Concerning the latter, bend-
ing of lamellar crystal has been reported for many
polymer species and has also been related to the
undulation of chain axis in the crystallites.23 Because
of the bending of lamellar crystals, the larger crystallites
in the sample with the smaller v may have a higher
degree of orientational fluctuations as shown in Figure
10. Figure 10a illustrates a crystallite grown from a
nucleus that is represented by thick vertical lines in the
center. The molecular stems in the neighborhood of the
nucleus align almost parallel to it. However, those
located far from the nucleus tend to depart from the
parallel alignment because of the bending of the lamella,
as represented by the thick red lines on the both edge
of the crystallite. Figure 10b illustrates the case of small
crystallites grown from a dense distribution of nuclei
that are represented by thick vertical lines in the center
of each crystallite. The orientation of nuclei is assumed
to be almost parallel to each other. Because of the
smaller crystallite size, the molecular stems in the
crystallites are all located in the neighborhood of the
nuclei, and accordingly, most of the stems align almost

(a)

gl

Figure 10. Orientational fluctuations of crystallites due to
bending of lamellae. Thick lines in the center of each crystallite
represent nuclei. Directions of thick red lines on both sides of
crystallites should be compared. Degree of fluctuations in the
larger crystallite in (a) is larger than that in smaller crystal-
lites in (b).

parallel to the nuclei. Because the bending of lamellae
has been related to the chain folding, our results
implicitly indicate the existence of chain folding on the
surface of crystallites in cross-linked NR. Since S5, in
Figure 6 is almost constant for each sample, and the
decrease in crystallite size with strain is also seen in
Figure 5, we can raise the following question. If S, is
related to the crystallite size, why was the change of
Baz with strain, and hence crystallite size, not observed?
It is conceivable that the director of the stretched chains,
namely the nuclei, has been perturbed due to the
induced crystallites after the onset of crystallization,
and the depression of 4, due to the decrease of crys-
tallite size has been compensated by the perturbation.
The slight change in S5, with strain (Figure 6) may have
reflected the balance of the opposite effects.
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Figure 11. Mechanical models to explain the deformation of
crystallites. Filled squares indicate crystallites. (a) Combina-
tion of serial and parallel connections of crystallites. (b)
Crystallites are located between the frames of surrounding
chains that transmit the nominal stress to the crystallites by
the deformation as a pantograph.

Stress on Crystallites. As has been described ear-
lier, the unit cell of the NR crystallites is elongated
along the c-direction while it shrinks along the a- and
b-directions. There are two pathways to deform the
crystallites in such a manner; one is to stretch the
crystallites along the stretching (c-) direction, and the
other is to compress them perpendicularly to the
stretching direction.

As the mechanical model to explain the deformation
of the rubber crystallites, one may first imagine the
combination of serial and parallel connections of crys-
tallites pulled in the stretching direction, as shown in
Figure 11a. (It is not possible to fill the 3-dimensional
space only by one type of serial or parallel connections.
In this figure, the compression in the horizontal direc-
tion is unexpected.) However, such a model is inconsis-
tent with the linearity of the lattice deformation with
the nominal stress (Figure 7) because of the following
reason. During the deformation process, both the nomi-
nal stress and the crystallinity are changing. (The
increase in crystallinity is due to the formation of new
crystallites, considering the decrease in crystallite size
during the stretching process in Figure 5.) As the
number and fraction of crystallites change, the ap-
portioning of stress to the unit volume of crystallite
must be changed, and accordingly, the degree of crystal
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deformation should depart from the linearity with the
nominal stress. (A similar opinion is also expressed by
Miyamoto et al.?’ that “we should construct models
including the aspects of transversal interaction among
the hard domains mediated by the elasticity of soft
domains”, based on the results of stress—strain mea-
surements.)

On the other hand, when we consider the deformation
mechanism as a pantograph (Figure 11b), effective
stress can be loaded the crystallites proportionally to
the nominal one. The crystallites are assumed to exist
between the frames of the pantograph. The stress may
be mediated by the frames. If the nominal stress for the
unit width of a row is equally transmitted to the
crystallites in the row, the linear relationship between
the stress and the deformation would appear. Even
when the crystallinity changes with the stress (or with
strain), the linearity would be retained. In the model
in Figure 11b, both uniaxial stretching (in the vertical
direction) and lateral compression (in the horizontal
direction) are possible causes for the deformation of
crystallites. It should be noted that the amorphous
chains are also in the same environmentally confined
space as the crystallites, and accordingly, the force must
be applied in a similar way. If the coiled chains are
compressed in the horizontal direction in Figure 11b,
uncoiling of the chains would be difficult. This could be
an additional reason why the random-coil-like state
tends to be maintained, resulting in the isotropic
amorphous halo in the WAXD pattern.

The role of strain-induced crystallites on the mechan-
ical response upon stretching should be to increase the
modulus and enhance the tensile strength. Because of
the increase in crystallinity upon stretching, the non-
linear increase of stress would be observed in the
stress—strain curve (Figure 1). However, the reinforce-
ment effect of the crystallites may be brought out not
directly from crystallites connected in series but indi-
rectly through the surrounding network chains com-
pressing the crystallites in the lateral directions.

Process of Contraction. When the sample was
allowed to contract, the crystallites became larger
(Figure 5b,d), and the orientational fluctuations de-
creased (Figure 6b). Because the crystallinity decreased
just after the beginning of the contraction process
(Figure 3), these changes indicate that the crystallites
are rearranged and combined to form larger crystallites.
At the same time, the stress is drastically decreased,
which is consistent with the results in Figure 1.
Therefore, the chains that tighten the crystallites should
be relaxed and the crystallites would obtain mobility to
permit the reorganization. One of the coauthors of this
paper reported the increased peak intensity of the 120
reflection of the slightly retracted sample,3! which can
be attributed to the increase in crystallite size. This is
because the changes in crystallite size and degree of
orientation affect the width of a reflection, while the
crystallinity is related to the integrated intensity of the
reflection. If the averaged crystallite size becomes larger
even without changing the total crystallinity, the reflec-
tion will become sharper and higher without change in
integrated intensity.

Further contraction results in crystal melting due to
the decrease in melting temperature, as known from eq
7, which subsequently reduces the crystallite size
(Figure 5b,d). In addition, the orientational fluctuations
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Figure 12. Variation of corrected lateral crystallite size, L,

by using both 200 and 400 reflections: (a) during the stretch-
ing process; (b) during the retracting process.

of the crystallites increase due to the relaxation of the
system, which is seen in Figure 6b.

Conclusions

By WAXD measurements of vulcanized NR samples
with different cross-linking density, we obtained the
following results: (1) The onset strain of crystallization
upon elongation was almost independent of the network-
chain density, v. (2) Crystallinity developed with strain
faster in the sample with the larger v. (3) The values of
the lateral crystallite size L,go and L1y decreased with
strain in the stretching process. In the retraction
process, they increased first and then decreased upon
contraction due to the crystal melting. (4) The lateral
crystallite size was smaller in the sample with the larger
v value. (5) The degree of orientational fluctuations of
crystallites, ., was almost constant during the stretch-
ing process. When the retraction process started, first
PBaz became smaller and then increased due to crystal
melting. (6) The sample with the larger v showed the
smaller 4. (7) The lattice constants of the NR crystal
changed almost linearly with nominal stress. The
crystal lattice was elongated in the stretching direction
and contracted in the lateral directions perpendicular
to it. (8) The volume of the unit cell decreased almost
linearly with nominal stress.

The results in (4) and (6) are related to the crystal-
lization model that highly stretched network chains act
as nuclei and lamellar crystals can be initiated from
them. Coiled chains surrounding the nuclei can partake
in the crystal growth.
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By considering the deformation model like a panto-
graph, these results were consistently explained. In any
cases, the results in (7) and (8) directly proved that the
strain-induced crystallites are responsible for the in-
creased modulus upon elongation.
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Appendix 1
A distribution having the form of a Gaussian function

1(x) = h exp[—(x — x,)*/(2w?)] (A1)

has its maximum at x = x; and the height is h. The half-
width  of the distribution is obtained by solving the
following equation and estimating the difference be-
tween the two solutions:

h/2 = h exp[—(x — x.)%/(2w?)] (A2)

X =X, £ Wy/—2In(1/2) (A3)

Therefore

B = 2wy/~2 In(1/2) (A4)

The degree of instrumental broadening was estimated
as the half-width St from relatively sharp reflections
of ZnO crystallites in the rubber samples. From the
observed half-width of the rubber sample Sops, the
instrumental broadening was deconvoluted using the
following equation:

B= \/ﬂobs2 - ﬂref2 (A5)

Appendix 2

Strictly speaking, the crystallite sizes shown in Figure
5 are smaller than the true values because the crystal-
lites contain disorder or defects that increase the width
of the reflections. The effect of disorder was excluded
in the following manner. Since the value of L4 would
be equal to Lyg if the crystallites were perfect, or Lsoo
would be smaller than Ly if the crystallites were
disordered, by extrapolating the Ly values to h = 0,
the crystallite size in the a-direction without the effect
of disorder, L,, was estimated. Figure 12 shows the
variation of L, with strain. It is noted that the values
of L4oo and L, had larger fluctuations due to the poorer
S/N ratio for 400 reflections, especially when strain was
small and crystallites were not developed. The plot of
the corrected values (L,) show essentially the same
trend as in Figure 5, though some deviations from the
trend are found due to the fluctuation and the values
tend to be larger than those in Figure 5. For simplicity,
the discussion in the main text was presented only on
the basis of Figure 5.
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