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Structure evolution during deformation of unfilled natural rubbersNRd vulcanizate and filled ones
with carbon black or calcium carbonate was investigated by the synchrotron x-ray diffraction. The
crystallization onset strain,a0, was found to decrease by the inclusion of the filler. However,
correcteda0 values into the effective strain ratio of deformable rubber portion were almost constant
between filled and unfilled samples. Accordingly, our model of strain-induced crystallization of
unfilled NR vulcanizates, assuming that melting temperature is independent of network-chain length
snd, was applied to the filled samples. The discrepancy between classical theories and experimental
results was thought to come from the distribution ofn. By the inclusion of filler, the lateral
crystallite size was decreased but the orientational fluctuation increased. The lattice of the
strain-induced crystallites changed almost linearly with the nominal stress. In addition, the degree of
lattice deformation decreased with the filler content, especially in the carbon black-filled system. All
these experimental results are consistent with the proposed model. ©2005 American Institute of
Physics. fDOI: 10.1063/1.1900927g

I. INTRODUCTION

An elastomer is a polymer material which has the ability
to resume its shape after large deformation. The long poly-
mer chains of an elastomer are cross-linked with each other
and account for the flexible nature of the material. Among
various types of elastomers, natural rubbersNRd is the most
typical one and an indispensable material for many industrial
and household applications.1 The versatility of NR is mainly
due to its outstanding tensile properties and the good crack
growth resistance, which originates in its ability to crystallize
upon elongation. Thus the strain-induced crystallization in
cross-linked polymer system is a significant subject from
both academic and industrial viewpoints. Even though the
strain-induced crystallization of NR was recognized long
ago,2,3 the crystallization mechanism in cross-linked NR had
not been much understood in spite of the extensive studies
on this subject.2–17

There is a characteristic feature in the wide-angle x-ray
diffraction sWAXD d patterns of highly strained NR, which is
the coexistence of highly oriented crystalline reflections and
near isotropic amorphous halo. This feature has been de-
scribed in the early work by Katz in 1925.2 Mitchell reported
the same feature almost six decades later, and investigated
the crystallinity and the degree of molecular orientation us-
ing the conventional WAXD technique.13 One may under-
stand the peculiarity of this feature when the WAXD patterns
of other semicrystalline linear polymers, e.g., polysethylene

terephthalated18 sPETd or polysethytlene naphthalene-2,6-
dicarboxylated sPENd,18,19 during the uniaxial deformation
were compared with the case of NR. In the case of PET or
PEN, as the strain ratio increases, the amorphous halo is
localized onto the equator and subsequently crystalline re-
flections appear, indicating that the overall molecular orien-
tation occurs first and the crystallization follows. Despite the
peculiarity, because the isotropic halo from the strained NR
could be expected as a result of relaxation during long expo-
sure using a conventional x-ray source, not much attention
has been paid. In the subsequent synchrotron WAXD studies,
this feature of NR was more clearly recognized by time-
resolved WAXD measurements.14,20,21 Since synchrotron x
ray allowed thein situ examination of structural evolution
during deformation, the detection of a persistent isotropic
amorphous halo in the highly strained NR cannot be related
to the relaxation of the stretched chains but to an intrinsic
feature of the NR samples.

In the recent quantitative studies by some of the authors
of the present paper, the feature was attributed to the coex-
istence of stretched chains and random coiled chains.20–22A
model mechanism has been presented for the strain-induced
crystallization of unfilled NR on the basis of the features
found through a close inspection of the WAXD patterns, con-
sidering the polydisperse distribution of the network-chain
length which results in the inhomogeneous deformation of
the molecular network of NR vulcanizates.22,23 This model
will be extended to the filled system.

In this paper, we discuss the structure evolution and its
mechanical response in NR samples containing nanosized
particulate fillers. Since the filled NRse.g., with carbon
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blackd is of extreme importance in many applications,24

clarification of the relationship between the filler and the
strain-induced crystallites is also an important subject from
both academic and industrial viewpoints. We have reported a
short communication obtained by the synchrotron WAXD
and simultaneous stress-strain measurements for the carbon
black-filled samples.25 Hereafter, we present additional and
comprehensive results including those for the samples mixed
with calcium carbonate, and discuss the strain-induced crys-
tallization and mechanical response of the filled samples in
view of the model for strain-induced crystallization de-
scribed in the previous papers based on unfilled samples.22,23

An important problem on the application of the classical
theories4,26 to the real system is also addressed in this paper.

II. EXPERIMENT

The grade of NR used in this study was ribbed smoked
sheetsRSSd No. 1 from Malaysia. Carbon blacksHS-HAF,
Diablack N339d with an average particle size of 26–30 nm
and ultrafine calcium carbonatesCaCO3, ACTIFORD700d
with an average particle size of 20 nm were used as fillers.
The formulations for the preparation of varying rubber com-
pounds are shown in Table I, along with the volume fraction,
f, of the filler. Each of the filler was dried in an oven at
120 °C for 2 h. Subsequently, all of the ingredients were
mixed on a two-roll mill at room temperature. The cure time
was determined on the basis of cure characteristics from a
JSR Curelastmeter III oscillating disk rheometer, which was
used to monitor the progress of curing. The NR compounds
were vulcanized into sheets of 1-mm thickness under pres-
sure in a mold. Dumbbell-shaped specimens were cut from
the sheets. The initial thickness and the width of the thin part
of the specimen were 1 and 3 mm, respectively.

Synchrotron WAXD experiments and simultaneous ten-
sile measurements were carried out at the X3A2 beamline in
national synchrotron light sourcesNSLSd, Brookhaven Na-
tional LaboratorysBNLd, NY, USA. The wavelength of the x
ray was 0.1542 nm. The two-dimensionals2Dd WAXD pat-
terns were recorded in every 30 s by a charge-coupled device
smarCCD x-ray detector systemd with a flat screen and a
pixel size of 0.158 mm. The camera length was 93.5 mmsfor
NR-0 and NR-40Hd or 107.0 mmsfor NR-20H, NR-40CA,
and NR-60CAd. These experimental conditions enabled us to

detect the change of diffraction angle which corresponds to
variation of lattice spacing smaller than 0.04 nm.

A tabletop stretching machine from Instron, Inc., modi-
fied to allow the symmetric deformation of the sample, was
used to illuminate the same sample position during stretching
with the focused x ray.21,25,27–30The incident beam impinged
on the sample perpendicular to the stretching direction. Each
specimen was continuously elongated up to the predeter-
mined strain ratio and then retracted to the original length,
not stopping during the exposure. The strain ratio,a, was
determined from the distance between the clamps during the
deformation. Here,a= l / l0 in which l0 is the initial length of
the sample andl is that of the elongated one. The initial
distance between the clamps was 25 mm and the deformation
rate was 10 mm/min. All the measurements were carried out
at room temperaturesca. 25 °Cd.

III. RESULTS

A. Tensile properties

The results of the tensile stress-strain measurements are
shown in Fig. 1. For the filled samples, the stress upturn
occurred at a smallera value, compared to the unfilled
sample. This effect was more significant for the samples with
carbon black than those with calcium carbonate, according to
the comparison of, e.g., NR-40H and NR-60CA having
closer f values. This is in accord with the general trend
reported previously.31Although calcium carbonate of nanom-
eter sizesACTIFORD700d was used, its effect on the tensile
behaviors of NR was less than that of a conventional carbon
black fhigh abration furnacesHAFdg.

TABLE I. Formulations of the NR compounds in parts by weight per hundred parts of rubbers.

Ingredients NR-0 NR-20H NR-40H NR-40CA NR-60CA

NR 100 100 100 100 100
Stearic acid 2.0 2.0 2.0 2.0 2.0
Active ZnO 1.0 1.0 1.0 1.0 1.0
CBSa 1.0 1.0 1.0 1.0 1.0
Sulfur 1.5 1.5 1.5 1.5 1.5
Carbon black ¯ 20 40 ¯ ¯

Calcium carbonate ¯ ¯ ¯ 40 60
Curing timeb smind 14 14 14 15 15
Volume fraction of filler,f 0 0.097 0.177 0.135 0.190

aN-cyclohexyl-2-benzothiazole sulfenamide.
bCuring temperature 140 °C.

FIG. 1. Stress-strain curves.
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B. WAXD patterns of unfilled and filled rubber
samples

Figure 2 shows the examples of the WAXD patterns at
a=5. Only the highly oriented crystal reflections in WAXD
are observed in NR. On the other hand, the ring-shapedsun-
orientedd reflections of calcium carbonatescalcited, which
can be indexed as 012sweak inner oned and 104sstrong
outer oned reflections of the trigonal crystal sa
=0.4989 nm,c=1.7062 nm, space group No. 167:R3̄cd,32

are seen in the WAXD pattern of NR-40CA. As confirmed by
the ring-shaped reflections, the filler particles did not have a
preferred orientation in the rubber samples upon elongation.

If some sites on the filler particle were acting as nucleating
points, randomly oriented crystallites of NR would have ap-
peared, resulting in ring-shaped reflections of NR crystal-
lites. Such ring-shaped reflections of NR have not been
found in this study or in the previous studies.22,23 The ab-
sence of such randomly oriented reflection of NR crystallites
strongly suggests that both carbon black and calcium carbon-
ate in this study are not acting by themselves as nucleating
agents.

C. Development of strain-induced crystallites

The development of crystallinity was evaluated by using
the integrated intensity of 200 and 120 reflectionssIeqd, ob-
tained by a conventional curve-fitting method, from the
equatorial intensity distribution that included625° from the
equator. Figures 3sad–3sed show the development ofIeq with
a. During the stretching process, theIeq value of all the
samples increased monotonically. In addition, during the re-
tracting process, in accord with our previous studies,22,23 the
Ieq value of the unfilled sample decreased monotonically
fFig. 3sadg. In the case of the filled samples, theIeq value
increased when the retracting process started, and then de-
creased monotonicallyfFigs. 3sbd–3sedg. This increase would
not be due to the increase of the sample thicknesssi.e., the
scattering mass, synchronizing the contraction of the sampled
because the change in the sample thickness was not so large
when the sample was highly stretched, and furthermore, such
an increase in intensity has not been observed for unfilled

FIG. 2. Flat camera WAXD patterns ofsad NR-0, sbd NR-20H, andscd
NR-40CA, at strain ratioa=5. Stretching direction is vertical.

FIG. 3. Variation of the integrated intensity of the equatorial reflections,Ieq,
during the stretching and retracting processes forsad NR-0, sbd NR-20H,scd
NR-40H,sdd NR-40CA, andsed NR-60CA. The thick and thin lines indicate
the stretching and the retracting processes, respectively. The larger symbols
correspond to the stretching process. TheI200 data during the stretching
process near the onset of crystallization are shown in partsfd, from which
the a0 values were estimated.
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samples.22,23Therefore, the increase inIeq at the beginning of
the retracting process was mainly attributed to the increase in
the crystallinity of the sample.

In this study, the strain ratio at the onset of crystalliza-
tion sa0d was determined by the relation between diffraction
intensities anda: a0 value was estimated as the intercept of
the regression line in the plot ofI200 againsta near the crys-
tallization onset region.sHere, I200 denotes the integrated
intensity of the 200 reflection of NR.d In this case, the 120
reflection was excluded from the evaluation of diffraction
intensity because the 120 reflection is overlapped by the
strong amorphous halo, and hence separation of the weak
peak from the halo was impossible when crystallinity was
low. The plots used for the estimation of thea0 values are
shown in Fig. 3sfd. Table II shows thea0 values determined
in this way. It was found thata0 shifted to a lower value in
the case of the samples mixed with filler. This trend is more
pronounced for the samples filled with carbon black than
those with calcium carbonate.

D. Crystallite size

The crystallite size was estimated by using the Scherrer
equation,

L200= K · l/sb cosud, s1d

whereL200 is the crystallite size in the direction perpendicu-
lar to the s200d plane,l is the wavelength,b is the half-
width of the 200 reflection in the radial direction,u is the
Bragg angleshalf of the scattering angled, K is a constant,
and the value of 0.89 was used in this study.33 The detailed
procedure for the estimation ofL200 has been described in
our previous paper.22 Figure 4 shows the variation ofL200

during the stretching and retracting processes. As shown in
the previous paper,22 the L200 values of all the samples de-
creased during the stretching process, whereas the values in-
creased gradually during the retracting process. On the
whole, theL200 values of the filled samples were smaller than
those of the unfilled one.

E. Orientational fluctuation of crystallites

The degree of crystallite orientation was evaluated based
on the azimuthal intensity distribution of the 200 reflection.
The azimuthal half-width,baz, of the intensity distribution
was estimated as described in our previous paper.22 The

smaller value ofbaz indicates the smaller fluctuations in ori-
entation. Figure 5 shows the variation ofbaz during the
stretching and the retracting processes. For each sample, the
orientational fluctuation decreased witha during stretching,
and then increased gradually during retracting. It was noted
that thebaz values of all the filled samples were larger than
the unfilled ones.

F. Lattice deformation of strain-induced crystallites

In order to evaluate the deformation of the crystal lattice
by the stress upon stretching and retracting processes, the
lattice constants were estimated from the WAXD patterns
during deformation by using the least-square regression
method. The unit cell was assumed to be a rectangular par-
allelepiped, according to the structure analysis by Nyburg.34

The estimated values of the lattice constants and the volume

TABLE II. Onset strain ratio of crystallization for unfilled and filled NR
samples.

Sample code Va
Onset strain ratio of crystallizationb

a0 ar
0sfd ar

0sVd

NR-0 ¯ 3.0 3.0 ¯

NR-20H 0.167 2.6 2.8 2.9
NR-40H 0.305 2.3 2.6 2.9
NR-40CA ¯ 2.8 3.1 ¯

NR-60CA ¯ 2.7 3.1 ¯

aV/f=1.72.
ba0: the values before correction,ar

0sfd: corrected values for the filler vol-
ume fraction, andar

0sVd: corrected values for the volume fraction of the
fillers plus occluded rubber.

FIG. 4. Variation of lateral crystallite size,L200, during thesad stretching and
sbd retracting processes.

FIG. 5. Variation of azimuthal half-width of 200 reflection,baz, during the
sad stretching andsbd retracting processes.
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of the unit cell are plotted in Fig. 6 against the stress values
obtained in the dynamic experiment. We note that both the
stretching and retracting processes are included in this figure.
The contraction of the unit cell in thea and b directions
sperpendicular to the stretching directiond, and the elongation
along thec direction sparallel to the stretching directiond
with the increase in the nominal stress were recognized in
both the unfilled and filled samples. The differences of the
lattice constants among the samples at zero stress, which
were estimated by the extrapolation of the plots, may be due
to the slight differences of the experimental configurations
and corresponding errors. Unfortunately, measurements for
NR-0 and NR-40H were performed at different experimental
periods. The differences of the absolute values of the lattice
constants are, therefore, not discussed in this paper.

IV. DISCUSSIONS

A. The model of strain-induced crystallization
for unfilled NR

In our previous papers, the following model has been
presented for the strain-induced crystallization of unfilled
NR.22,23

When the stretching of a NR vulcanizate is started, the
network chains in the sample are divided into highly
stretched chains and coiled chains, as a result of inhomoge-
neous deformation due to inhomogeneous topology of
chains.sIn the field of polymer physics, the term “coiled” is
customary used to express the tangled chain conformation in
general.35d The coiled chains result in the nearly isotropic
amorphous halo in the WAXD pattern.20–23,30Upon further
elongation, the melting temperaturesTmd of the sample
is increased due to elongation of the coiled
chains.3,4,7,8,11,16,22,23WhenTm exceeds the ambient tempera-
ture, the system enters a supercooled state because polymer
molecules cannot crystallize otherwise under sufficient
supercooling.36 Subsequently, the oriented crystallites will be
formed onto the stretched chains. The molecular chains that

are consumed for the crystal growthsin the same way as the
shishi-kebab structure37–41d would be supplied by the sur-
rounding coiled chains.

As a result of crystallization, the molecular chains are
partly extended in the stretching direction, and the rest,
namely, the amorphous portion, is conversely relaxed. Thus
the entropy of the amorphous portion will be increased after
crystallization,4,15,22,30,42and as a result, further crystalliza-
tion would be hindered without additional elongation of the
sample. The persistence of almost isotropic amorphous halo
in the WAXD pattern of highly strained NR samples20,21,30

can be explained in this way.
An important postulate assumed in the previous studies

is thatTm of the strain-induced crystallites is almost indepen-
dent of network-chain density,n. This postulate arises from
the result that thea0 values for unfilled NR vulcanizates
were almost independent ofn.22,23 If Tm were a function of
both a and n, a0 swhereTm minus supercooling equals to
ambient temperatured would depend onn. However, not only
in our previous studies22,23 but also in another synchrotron
study,43 a0 was found to be almost independent ofn. Even
when the temperature was changed by the ambient condition,
a0 was still independent ofn. The latter result was implicitly
reported on cross-linked NR;7 by plotting the data ofa0

against crystallization temperaturesin Table IV of Ref. 7d,
we can obtain curves for three samples with differentn,
which are almost superposed with each other as shown in
Fig. 7. At least, in the case of “temperature-induced” crystal-
lites, Tm is independent ofn according to the dilatometric
study44 of a series of NR samples with differentn values,
though the growth rate of the temperature-induced crystals42

was suppressed by increasingn.5 In this way, this postulate is
based on sufficient experimental evidences as stated above.

On the other hand, classical theories of strain-induced
crystallization for homogeneous network have predicted that
Tm depends on the network-chain length, that is, onn.4,11,45

However, there is not enough evidence to prove thatTm de-
pends onn for the strain-induced crystallites of vulcanized
NR. For example, in Ref. 7, the results shown in Fig. 7 were
analyzed by using the Flory’s equation,4

FIG. 6. Lattice constants and volume of the unit cell as
a function of nominal stress. Both the stretching and
retracting processes are included.
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with Ti being the incipient crystallization temperature
snamely, the ambient temperature where crystallization starts
at strain ratioad, Ti

0 a constant,R the gas constant,DH the
melting enthalpy, andn the number of statistical units per
network chain. The valuen is not equal to the number of
repeating unit per chain,N. The ratioN/n is a measure of
rigidity of the chain. The data that give the plots in Fig. 7 for
the samples with differentN have led to different values of
DH andN/n for each sample. In this way, the dependence of
Tm on n has been believed unquestioningly by regarding
other constants as fitting parameters. However, it is unrea-
sonable to attribute different values ofDH and N/n for the
series of NR samples prepared in the similar manner.

The discrepancy between the experimental results and
the theoretical prediction may arise from the inhomogeneous
nature of the chemically cross-linked NR networks. That is,
the premise of the classical theories for the homogeneous
network may not be valid in the real NR network system.
The coexistence of highly oriented crystalline reflections and
nearly isotropic amorphous halo in the WAXD patternsFig.
2d suggests the coexistence of highly stretched network
chains and coiled chains, as stated before.20–22This would be
due to a polydisperse but finite distribution of network-chain
length in the real system. A theoretical treatment for such
realistic systems, considering the distribution of network-
chain length, has been presented by Dietrichet al.46 Though
their model for strain-induced crystallization was different
from ours and the theory failed to predict the experimental
trends of the crystallization onset strain, the coexistence of
highly stretched chains and coiled ones was successfully pre-
dicted in their paper.

The hypothesis of the coexistence of two types of net-
work chains has led us to the above-discussed model to sat-
isfy all the experimental evidences consistently. Hereafter,
we discuss the results for filled samples from this viewpoint.

B. Onset of crystallization

As shown in Table II, the strain-induced crystallization
of the filled samples starts at a smaller strain ratio than the
unfilled sample. This shift ofa0 by the inclusion of carbon
black filler has already been reported by Gehman and
Field.47 To explain these results, we have to take account that
the filler particles do not deform and only the rubber portion
can be deformed. Because of the existence of the filler par-
ticles, the effective strain ratio of the rubber portion is larger
than the nominalsmacroscopicd one. In the simplest model,
where no deformation of filler particles and uniform defor-
mation of the rubber portion are assumed, the relationship
between the filler volume fractionf and the effective strain
ratio arsfd can be formulated as48

arsfd = sa − fd/s1 − fd. s3d

Of course, the real value of the effective strain ratio de-
pends on the network structure and the aggregation of filler
particles, but we tentatively adopt this equation as the start-
ing point. Thea0 values are converted using Eq.s3d and the
values,ar

0sfd, are shown in Table II. Thear
0sfd values are

closer to each other compared to thea0 values.
Two types of correction for the usage of Eq.s3d are

considered to explain the relatively large deviation ofar
0sfd

for samples with carbon blacksNR-20H and NR-40Hd than
those with calcium carbonatesNR-40CA and NR-60CAd. In
the case of carbon black-filled NR, formation of “bound rub-
ber” layer which is confinedsboth physically and chemi-
callyd around the filler particle is widely known,49–51and the
tendency of calcium carbonate is known to be less enhanced.
Equations3d assumes that the whole portion of rubber de-
forms uniformly while the filler particles do not deform. If
we further assume that the bound rubber layer does not de-
form upon elongation as well as the filler particles, the
smallerar

0sfd values in Table II for the carbon black-filled
samples may be explained by the underestimation of the vol-
ume fraction of undeformable components. In the reverse
way, we calculated the thickness of the bound rubber layer
from a0 to be ca. 3–4 nm.sThe calculation procedure is
described in the Appendix.d The calculated thickness of the
bound rubber is within the range of reported values.50,52

The other type of correction considers the aggregate
structure formed by the elementary particles of carbon
black.53 The aggregate of carbon black particles traps a part
of matrix rubber in the internal void space, and accordingly,
the effective volume of the aggregate is larger than the net
volume of carbon black particles. The trapped rubber in the
carbon black aggregate is called “occluded rubber” and also
contributes to the undeformable component. The effective
volume fraction,V, of carbon black including the occluded
rubber can be estimated by using dibutylphthalate absorption
sDBPAd values in cm3/100 g as54

V/f = 0.5h1 + f1 + 0.02139sDBPAdg/1.46j. s4d

In the case of the carbon black used in this studysHS-
HAF N339d, DBPA is about 120 cm3/100 g saccording to
ASTM D-1765d53 and the corresponding value ofV/f is
calculated to be 1.72 by using Eq.s4d. The correcteda0

FIG. 7. Relationship between incipient crystallization temperature,Ti, and
a. The data in Ref. 7 were used for the plot. The number of repeating unit
per chain,N, for samples 2DC, NN-7, and NN-6 are 198, 140, and 154,
respectively. 2DC was cured with dycumil peroxide, and NN-7 and NN-6
were cross-linked by irradiating withg radiation.
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based on Eq.s3d by usingV instead off fnamely,ar
0sVdg for

NR-20H and NR-40H are shown in Table II along with the
values ofV. The deviations ofar

0sVd values for the carbon
black-filled samples from thea0 value of the unfilled sample
are comparable with those ofar

0sfd for the calcium
carbonate-filled samples. Slight fluctuations of these values
may be partly due to the oversimplification of the model
assumed for the derivation of Eq.s3d.

The bound rubber and occluded rubber coexist in the
real system, i.e., the undeformable rubber component would
be composed of both of them. However, their relative con-
tributions to the real effective strain are presently very diffi-
cult to estimate. Therefore, we have estimated each of the
effects separately, as described above. The more detailed
quantitative analysis is in the scope of future works.

Becausea0 for the unfilled sample,ar
0sfd for the cal-

cium carbonate-filled samples, andar
0sVd for the carbon

black-filled ones distribute in the small range, we may be
able to assume them to be constant in the range of experi-
mental error for the samples used in this study. Under this
assumption, the model for the onset of strain-induced crys-
tallization in our previous papers22,23 may be applicable also
for the filled NR. That is,Tm of NR would be determined as
a function of the effective strain of the deformed rubber por-
tion. Apparent increase inn by mixing with filler would not
affectTm. Strain-induced crystallization will start whenTm of
NR is increased with the increase in the effective strain and
the system enters a supercooled state.11,22,23Here, we further
assumed that the fillers do not suppress the melting tempera-
ture. This is because filler particles are too large to be incor-
porated in the crystal lattice of NR,34,55and accordingly, they
will not affect the melting temperature.

C. Growth of crystallites

In the previous paper, on the basis of the observations
that the crystalline reflections of NR were highly oriented
even when they started to appear, we proposed that the
strain-induced crystals are nucleated from the stretched net-
work chains. This assumption was consistent with the result
that the values ofL200 were smaller for the samples with the
larger n; the more densely crystallization starts, the smaller
crystallite size results due to the limited availability of coiled
network chains. Note that the resulted crystallites can be ei-
ther chain-folded lamellae or sheaflikesfringed micelled
crystallites,35 depending on the longitudinal crystallite size,
the available length of network chains, strain ratio, and so
on. Such a morphological change with the strain ratio was
suggested by Gent.5 We note that the reason for the smaller
crystallite size in the samples with the largern should not be
due to the suppressed rate of crystallization.44 Strain-induced
crystallization is a fast process that has a time constant of ca.
100 ms,10 and accordingly, the observed size of the crystal-
lites must reflect the size near the completion of the growth.
Furthermore, suppression of crystallinity due to the highern
has not been observed in our previous experiments.22,23

The smaller crystallite size in the filled samplessFig. 4d
can be explained in the similar way. According to transmis-
sion electron microscopysTEMd of stretched NR samples

filled with carbon black,56–58the filler particlessor the aggre-
gates of filler particlesd are connected by dark bands running
in the stretching direction. The strain-induced crystallites
may be formed in the bands, considering the origin of dif-
fraction contrast in bright-field TEM images.59 A strain
analysis based on the finite element method60 sFEMd also
leads to the same interpretation. The result of FEM indicates
that adjacent filler particles are connected by the region of
high strain in deformed rubber. Therefore, there should be
much stretched chains between the filler particles. These
stretched chains will lead to dense occurrence of crystallites.
On the basis of the TEM and FEM studies, the smaller crys-
tallite size of the filled samples may be attributable to the
dense crystal formation on the stretched chains between the
filler particles.

If the crystallites are formed from precedently stretched
chains which are bundled with each other, it is very difficult
to explain why the smaller crystallite size results from the
more densely existing stretched chains. The reason why the
stretched chains do not gather together to form crystallites
must be due to their very low mobility. Being tightly
stretched would be incompatible with the mobility for the
network chains. In order to attain the mobility to form the
crystal lattice, the network chains must be relaxed to some
extent. Given this perspective, the observed increase in crys-
tallinity fFigs. 3sbd–3sedg at the beginning of the retracting
process can be explained by the crystallization incorporating
the slightly relaxed chains that attained the mobility from the
stretched immobile state. The director of the stretched chains
can be fluctuated to connect the filler particles. This would
result in larger orientational fluctuations for the filled
samplessFig. 5d.

D. Stress field around the strain-induced crystallites

Based on the linear relationship between the nominal
stress and the lattice constants, we have proposed that the
transfer of the stress to the crystallites is mediated by frames
of surrounding chains.22 We can observe the similar linearity
between the nominal stress and the lattice constants for the
filled samples in Fig. 6. Therefore, it is conceivable that the
similar mechanical model of the stress transfer for the un-
filled sample can be applied to the filled ones. It is seen that
the absolute values of the gradients in Fig. 6 decrease with
the increase in filler content. This trend is apparent for the
carbon black-filled samples, and is slightly recognized for
the calcium carbonate-filled ones. The smaller degree of lat-
tice deformation in the filled systems indicates that the
smaller stress is applied to the crystallites due to the presence
of filler particles.25

The mechanism on how the smaller stress is applied to
the NR crystallites by the inclusion of filler particles can be
explained with the schematic illustration in Fig. 8 which is
drawn on the basis of the discussion in Ref. 22.sWe note that
there are coiled chains surrounding the frames and crystal-
lites in Fig. 8, though the coiled chains are not drawn.d When
the system is stretched in the vertical direction, the frame
will compress the crystallites in the horizontal direction. If
an elementary filler particlesaverage size: 20–30 nmd occu-
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pies the same grid with the crystallitesL200: 15–30 nmd, the
filler particle may support some part of the compressive
stress, and less stress may be apportioned to the crystallite.
Though the NR crystallites and filler particles do not neces-
sarily occupy the same grid, the average stress to the crys-
tallites may be decreased by the inclusion of filler particles.
In this way, the smaller degree of lattice deformation for the
filled samplessFig. 6d can be explained.

E. Relationship among the tensile properties,
crystallization, and fillers

From the technological viewpoint, the reinforcing effect
of crystallites and fillers is of much interest. There is a com-
plicated aspect in the effect of strain-induced crystallization
on the tensile properties, because crystallization may both
decrease and increase the modulus depending on the situa-
tion. Stress relaxationsthe decrease in modulusd due to crys-
tallization of stretched NR vulcanizates has been reported in
many studies.5,9,16,42 This is because the molecular chains
partly adopt the extended conformation aligned in the
stretching direction.4,15,22,30,42On the other hand, after the
consumption of crystallizable molecular chains, further ex-
tension by the crystallization is hindered and the role of crys-
tallites as fillers to increase the modulussnamely, to harden
the sampled becomes apparent. By changing the deformation
rate of the rubber sample, the effect of crystallization on
modulus can be recognized. The locations of stress plateau
sdue to relaxationd and the upturnsdue to hardeningd shift to
the smaller strain ratio in the stress-strain curve on synthetic
cis-1,4-polyisoprene rubbersIRd vulcanizates, when the de-
formation rate is decreased.42 It is well known that IR, the
synthetic homolog of NR, is less crystalline and exhibits in-
ferior mechanical properties, e.g., smaller values of stress at

break and inferior tear strength, especially at a high defor-
mation rate.61 The comparison of IR with NR suggests the
importance of the strain-induced crystallites as filler.

The reinforcing effect of heterogeneous filler, especially
of carbon black,48,53 is much straightforward compared to
that of strain-induced crystals. The larger reinforcing effect
of carbon black than calcium carbonatese.g., in Fig. 1d has
been explained by the formation of bound rubber layer49–51

and aggregate structure of carbon black particles.54 Though
differences between carbon black and calcium carbonate
were detected in thear

0sfd values in Table II and in the
change in the slopes of the plots in Fig. 6, detailed discussion
about the tensile properties, effect of filler, and crystallization
requires additional experimental evidences. These points are
the subjects in our future works.

V. CONCLUSION

The synchrotron WAXD and the simultaneous stress-
strain measurements were performed for the filled and un-
filled NR vulcanizates. The following results were obtained.

s1d The a0 value was shifted to the lower value by the in-
clusion of fillers. If we consider the effective strain ratio
of the deformable rubber portion in the filled samples,
the strain-induced crystallization may start at almost the
same strain ratio for the unfilled sample in this study.

s2d By the inclusion of fillers, the lateral crystallite size,
L200, became smaller, while the degree of orientational
fluctuation,baz, became larger.

s3d The lattice of the strain-induced crystallites was de-
formed almost linearly with the nominal stress. The de-
gree of deformation was smaller for the samples filled
with the larger amount of carbon black. The samples
filled with calcium carbonate showed the similar but
weaker trend.

On the basis of these results, we extended the model for
the strain-induced crystallization of unfilled NR described in
the previous papers,22,23 to explain the crystallization in the
filled NR. The important assumption for this model is thatTm

is independent ofn, which may be valid for the filled NR
vulcanizates because of conclusions1d. Another assumption
is that the strain-induced crystals grow consuming the sur-
rounding coiled chains, which was supported by the obser-
vation of the small crystallite size for the filled samples.

The lattice deformation of the filled and unfilled samples
could be explained by considering the pantographlike frame
structure and by assuming that the crystallites tend to be
compressed by the frames in the direction perpendicular to
the stretching direction.

TABLE III. Values estimated for the calculation of the thickness of the bound rubber layer.

Sample
code

Onset strain of
crystallization,a0 f0 feff sfeff /f0d1/3

Thickness of the bound rubber
layer snmd assuming the

average particle size
26 nm 30 nm

NR-20H 2.4 0.10 0.20 1.3 3.5 4.0
NR-40H 2.3 0.18 0.34 1.3 3.2 3.7

FIG. 8. Mechanical model to explain the deformation of crystallites for the
filled sample. The filled squares and shaded circles represent NR crystallites
and filler particles, respectively.
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In this way, the model presented in our previous
papers22,23could consistently explain the strain-induced crys-
tallization of filled NR and the mechanical response of the
crystallites.
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APPENDIX
The thickness of the bound rubber layer was calculated

as follows. First, we assumed that the properly corrected on-
set strain of crystallizationsnamely,ar

0d was constant among
the samples used in this study, i.e.,ar

0=3.0 for all the
samplesfsubstituted to the left side of Eq.s3dg. Next, the
effective volume fraction of undeformable component con-
taining the bound rubber,feff, was calculated by solving Eq.
s3d for the measuredsuncorrectedd a0 substituted to the right
side. Thefeff values calculated in this way were compared
with the net volume fraction of filler,f, indicated in Table I.
The fraction feff /f is the volume expansion ratio of the
undeformable component due to the formation of the bound
rubber layer. The linear-expansion ratio of the undeformable
component, namely, the expansion ratio of particle diameter,
due to the formation of the bound rubber layer issfeff /f0d1/3.
The thickness of the bound rubber layer is calculated from
the average particle size,D, of the carbon black and the
linear-expansion ratio to beDfsfeff /f0d1/3−1g /2. The values
estimated for the calculation of the thickness of the bound
rubber layer are indicated in Table III.
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