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ABSTRACT: Crosslinked cis-1,4-polybutadiene (PB) rub-
ber is known to undergo crystallization during me-
chanical deformation. This article presents small-angle
X-ray scattering (SAXS), wide-angle X-ray scattering
(WAXS), and stress-relaxation studies of the structural
development in crosslinked PB samples crystallized
under various orientation regimes. The studies are con-
cerned with isothermal crystallization at various temper-
atures (10 to �508C) and at constant elongation ratios
(1–4.5) and hence with the effects of weak-to-intermedi-
ate and high orientations on oriented crystallization ver-
sus the behavior of unoriented specimens. The results
for weak-to-intermediate orientations indicate a decrease
in the long spacing during crystallization, which is
accompanied by an almost constant lamellar thickness
as well as a significant time lag between the develop-
ment of crystallinity revealed by WAXS and SAXS inten-
sity measurements. The SAXS integral intensity shows
an overshoot; that is, the intensity reaches a maximum
after some crystallization time and then decreases. Stress
measured during crystallization with constant elonga-
tion ratios shows decay, which depends on the isother-
mal crystallization temperature and elongation ratio.
Although the crystallization in the weak-to-intermediate

orientations is interpreted on the basis of nucleation
growth, the crystallization under high orientations is
best interpreted on the basis of spinodal crystallization.
The most pronounced feature of structural formation
during crystallization under high orientations is an
almost constant long period from nearly the beginning
of the crystallization, even in a timescale in which other
physical quantities such as the WAXS crystallinity,
SAXS integral intensity, and stress still change with
time, suggesting spinodal-like crystallization, orienta-
tion-induced instability of molten network chains and
their ordering, which involves spinodal-decomposition-
like segregation of noncrystallizable parts (crosslinked
points) and crystallizable parts (linear chains between
the crosslinks) of network chains, and subsequent crys-
tallization of crystallizable chains and pinning of the
ordering process induced by crystallization. To the best
of our knowledge, this work reports for the first time
spinodal-like crystallization on oriented crosslinked
polymer melts. � 2007 Wiley Periodicals, Inc. J Appl Polym
Sci 105: 137–157, 2007
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INTRODUCTION

The aim of this work is to investigate the develop-
ment of the crystallinity and crystalline morphology

during the crystallization of cis-1,4-polybutadiene
(PB) rubber within various ranges of network-chain
orientations. A range of rather small orientations is
attained by the elongation of a crosslinked sample
to an elongation ratio (l) between 2 and 3.5,
whereas strong orientations are achieved by the
elongation of a sample to l ¼ 4.5. Studies have been
performed by direct real-time measurements and
in situ analysis of microscopically observable factors
that are directly related to the structures of the
materials. Changes occurring during the isothermal
crystallization have been recorded to clarify the
mechanism and dynamics of the ordering processes
of the system. The following quantities have been
investigated: the long period (L), the crystallite size
[i.e., the lamellar thickness (D)], and the integrated
scattering intensity (Qr), as measured by time-
resolved small-angle X-ray scattering (SAXS), and
the degree of crystallinity (Xc) and width of the dif-
fraction peaks, as measured by time-resolved wide-
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angle X-ray scattering (WAXS). Simultaneously, the
relaxation of the stress has also been observed. Simi-
lar time-resolved X-ray studies on crosslinked rub-
bers were carried out by Koch et al.1 and by
Schultz.2

Crystallization is a physical process playing a major
role in the structures and properties of polymeric sub-
stances and products. Our preliminary results on
crosslinked rubber3,4 have shown that the crystalliza-
tion of a preoriented, amorphous specimen, when
subjected to a decrease in the temperature, is strongly
dependent on the l value applied to the sample before
a decrease in the crystallization temperature (Tc). The
crystallinity and the occurrence of a particular mor-
phology are also responsible for many macroscopic
properties of the material.5–8

On the other hand, it is well known that the me-
chanical deformation of amorphous polymers or
polymer melts leads to the orientation of polymer
molecules along a certain direction (or directions)
defined by the characteristics of the mechanical
field applied to the sample.9–11 The deformation of
a polymeric sample (accompanied by the orienta-
tion of macromolecules) also leads to significant
changes in the crystallization kinetics and in the
morphology of the crystallized materials. Detailed,
systematic, and direct studies of the development
of the crystallinity and crystalline morphology
during crystallization under various regimes of
molecular orientations for a given sample are still
lacking.

Most of the works from the past are confined to
the study of the final structures achieved after iso-
thermal, oriented crystallization12–19 or to the study
of the kinetics of the liquid–solid phase transition,
following the changes in macroscopically observ-
able factors such as the volume, heat content, and
stress20–24 or following microscopically observable
factors such as the birefringence25–28 indirectly
related to the progress of the phase transition. In
some cases, attempts to follow the kinetics by
means of structural methods have been made
through the investigation of samples obtained by
the cessation of isothermal crystallization through
the quenching of the samples before the process has
been completed.29 Any eventual contribution of
structures arising because of and during quenching
has been neglected. In particular, simultaneous
studies of several diffraction techniques coupled
with macroscopic techniques are lacking. Conse-
quently, our knowledge about structural develop-
ment in preoriented systems appears incomplete,
limited only to some aspects not combined into a
more general picture. This work aims to provide a
general, integrated picture of the crystallization and
evolution of the morphology of crosslinked rubbers
at fixed l values and at various Tc values.

EXPERIMENTAL

Materials

PB was chosen as a test specimen. The rubber network
was first stretched uniaxially to a given l value (l
¼ 1.0–4.5) and then crystallized isothermally at Tc (Tc

¼ �50 to 108C) while kept at a constant value of l.
Samples were kindly supplied by Assoreni (San
Donato Milanese, Italy) through Ziabicki. PB was
polymerized with a uranium catalyst that had 99% cis-
1,4-linkages and a number-average molecular weight
of 1.2 � 105 in the uncrosslinked state and corre-
sponded to the sample coded Uranium C in the article
by Chirico et al.30 The polymer was crosslinked with
Sulfasan R (4.40-dithiomorpholine) with a crosslink
density of 1 � 10�4 mol/cc and a number-average
molecular weight between crosslinks (Mc) of 9000. The
rubber network at rest (l ¼ 1) had a nominal melting
temperature (Tm) of ��38C. The Mc value of 9000 cor-
responded to a number-average degree of polymeriza-
tion of 167, so the extended chain between the cross-
links could have 72 nm for cis-1,4-linkages on the basis
of the crystal structure of PB.31 From this viewpoint,
the elongated network chains may still be incor-
porated into lamellar crystals of D ¼ 5–9 nm (as will
be elucidated later in Fig. 14) via intrachain and/or
interchain crystallization into lamellae.

Time-resolved X-ray scattering measurements

Because the detailed features of the apparatus have
been presented elsewhere,32 only a brief description of
the experimental techniques is presented here.

Apparatus for SAXS

The optics of the SAXS apparatus are presented in Fig-
ure 1. An X-ray beam originating from a point-focus
source (effective area ¼ 1 mm2) in a 12-kW rotating-
anode X-ray generator was monochromatized by a
graphite crystal and collimated into a parallel beam
by a pair of pinholes (S1 and S2; each had a diameter

Figure 1 Optics of the SAXS instrument [FS ¼ point-focus
X-ray beam; GC ¼ graphite monochromator crystal; PSD
¼ position-sensitive detector; SP ¼ sample; c ¼ azimuthal
angle of the SAXS intensity distribution, which can be varied
by the rotation of the elongation direction (MD) of the
sample].

138 SAIJO ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



of 0.5 mm). The scattered beam from the sample was
detected as a function of the scattering angle (y) by
means of a linear position-sensitive detector. The de-
pendence of the azimuthal angle (c) of the scattered
X-rays was measured by the rotation of the elongation
direction around the axis of the incident beam in the
plane normal to the incident beam.33,34 The beam path
was evacuated to avoid air scattering.

Deformation was conducted by means of a hydraulic
deformation device presented in Figure 2. Several avail-
able deformation modes, such as deformation under a
constant stress or constant strain, a transient mode with
high-speed elongation, and an oscillatory mode with si-
nusoidal elongation and shear deformation, were avail-
able under computer control. The deformation axis
could be rotated around the axis of the incident beam
from the horizontal position to the vertical position in
the plane perpendicular to the propagation direction of
the incident X-ray beam to ensure the measurements of
the SAXS intensity as a function of c by the rotation of
gear S2. The stress applied to the sample was detected
by a stress transducer (load cell), and the displacement
of the actuator (i.e., the sample deformation) driven by
the hydraulic pump was measured by a linear variable
differential transformer (LVDT). The static strain could
be imposed on the sample by the horizontal movement
of the actuator along the guide (G) by the rotation of

gear S1. Changes in the stress were monitored during
the time of the measurements.

The temperature enclosure consisted of two copper
blocks. One (lower) was mounted on the deformation
device, and the second (upper) was removable from
and fixed onto the lower block. The temperature of the
specimen was maintained with an accuracy of 6 18C
through the control of the temperature of the upper
block. The block consisted of two heating elements
and channels for liquid nitrogen flow inside the block.
When the block was fixed inside the hollow in the
lower block, the specimen was contained in a narrow
gap that formed between the temperature-controlled
blocks. The incident X-ray beam propagated normal to
the elongation axis of the sample. A detailed descrip-
tion of the apparatus has been given elsewhere.32,33

Typical examples of the time evolution of SAXS pro-
files along c ¼ 08 during crystallization induced by a
rapid temperature drop of an elongated crosslinked
rubber sample are shown in Figure 3. q is the magni-
tude of scattering vector q:

q ¼ 4p sinð#=2Þ
l

(1)

where l is the wavelength of the X-ray (0.1542 nm).
The details of the results presented in Figure 3 are dis-
cussed later.

Figure 2 Sample deformation apparatus used for SAXS experiments. The apparatus comprises a hydraulic deformation de-
vice with sample clamps, gear S1 for static stretching, gear S2 for the rotation of the elongation axis in the plane normal to the
primary beam, and copper blocks to control the sample temperature.
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Apparatus for WAXS

WAXS measurements were carried out with the same
X-ray optics used for the SAXS measurements, but a
different oven and sample holder were used, and the
sample-to-detector distance was appropriately re-
duced. The design of the oven is shown in Figure 4.
The oven was built from a thick block of copper, in the
top of which holes were made in which a sample
holder, electric heaters, and a Pt resistance thermome-
ter could be inserted. The block itself was shielded by
the insulator. The thermometer was connected to a
temperature controller. Some channels were also
made inside the block that could be used for cooling
by means of a stream of liquid nitrogen or other cool-
ing medium. In one side of the block, a hole was made
to transmit X-ray beams, as shown in the figure. This
hole had a cylindrical shape and an approximately 5-
mm diameter on the side of the entrance of the pri-
mary X-ray beam and a conical shape on the other
side to form an undisturbed path for scattered beams.
Both sides of the hole were covered by thin aluminum
foil to prevent heat loss. The sample, deformed in a
separate stretching device, was placed in the sample

holder and fixed by screws to keep a constant length
during the crystallization experiment. The sample
holder, containing the mounted sample, was inserted
into the oven.

Typical time-resolved WAXS curves obtained for
two representative crystallization conditions are dem-
onstrated in Figure 5(a,b), where 2y is the Bragg angle.
The figure demonstrates changes in the scattering pro-
file with time due to crystallization as well as the
deconvolution of the net diffraction curve into the
individual profiles corresponding to the amorphous
region, crystallographic planes, and background scat-
tering. The details are described later.

Data evaluation

SAXS

First, SAXS from the melt of stretched network chains
arises from chain-folded-type, lamellar crystals, or
bundle-type, extended-chain crystals that have devel-
oped by oriented crystallization. Thermal density fluc-
tuations from the molten matrix of the crosslinked net-

Figure 3 Time-resolved SAXS profiles measured along the elongation axis (c ¼ 08) during crystallization at l and Tc: (a) l
¼ 4.5 and Tc ¼ �308C, (b) l ¼ 4.5 and Tc ¼ 08C, and (c) l ¼ 2.0 and Tc ¼ �308C. Each scattering profile has been shifted verti-
cally to avoid overlapping. Part c-1 shows the SAXS intensity versus y on a linear scale, and part c-2 shows the intensity profile
obtained after the subtraction of the background scattering (the intensity profile for the same sample at melting). In part c-1,
the drop in the SAXS intensity at y < 10 min is due to the beam stop placed in front of the position-sensitive detector.
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work chains hardly contribute to the SAXS profile in
the q range covered in this work.

SAXS profiles measured during oriented crystalliza-
tion were first corrected for the background scattering
which were measured with the same samples used for
the oriented crystallization but in a molten state. The
correction was done by the subtraction of the back-
ground scattering from the measured SAXS profiles.
From the corrected SAXS intensity distribution [I(q)]
along the elongation direction (c ¼ 08), a one-dimen-
sional correlation function [g1(r)] for oriented stacks of
lamellae was calculated:

g1ðrÞ ¼
Z1

0

dqIðqÞq2 cosðqrÞ
�Z1

0

dqIðqÞq2 (2)

The typical shape of the correlation function thus
evaluated is demonstrated in Figure 6 for a sample at
a given time during the isothermal crystallization. The
figure shows how D and L can be determined.35

At the early stage of crystallization, in which only a
monotonous decrease in the SAXS intensity was
observed, the scattered intensity distribution at small

angles was analyzed also by means of Guinier and
Fournet’s theory,36 according to which the SAXS in-
tensity scattered by a dilute system of particles (lamel-
lar crystals in this work) having an average radius of
gyration (Rg) can be expressed as follows:

IðqÞ / exp

�
�

R2
g

3
q2

�
(3a)

From the Guinier plot of I(q) at c ¼ 08, as illustrated in
Figure 7, Rg for structural entities appearing in the sys-
tem was determined. The observed deviations of the
data points from the straight lines at the small q limit
in the figure are thought to arise from constructive in-
terference of the scattering from the structural entities
because of their finite concentrations in the systems.
Rg is a weighted average of the size of a structural en-
tity and provides information about the size of the
chain-folded lamellae or bundle-type, extended-chain
crystals at early stages of crystallization when periodic
structures are not yet formed. We can reasonably
assume that lamellar normals or the axes of the bun-
dles are parallel to the draw direction. Under the ex-
perimental conditions in which q is parallel to the
draw direction, I(q) is given by

IðqÞ / sin2

�
qD

2

�� ���
qD

2

�2

ffi exp

�
�D2

12
q2

�
(3b)

where qD � 1.
From eqs. (3a) and (3b), we can obtain

D ¼ 2Rg (4)

This formula can be used for evaluating D from the
Guinier plot.

The other characteristic that can be evaluated from
SAXS curves is Qr, which is proportional to the mean-
square of the electron density fluctuations in a sample:36

Qr ¼
Z

q2IðqÞdq / fcð1 � fcÞðrc � raÞ2 (5)

For two-phase systems, Qr is proportional to the elec-
tron density difference between scattering entities (rc)
and the matrix (ra) in which they are embedded [the
second line of eq. (5)]. It also depends on the volume
fraction of one of those entities (fc).

WAXS

WAXS provides information about the lattice struc-
ture of the crystal as well as the content of the crystal-
line part of the materials (Xc). The kinetics of crystalli-
zation can be studied by an analysis of the time
changes in WAXS. To determine the crystallinity, the
intensity profile is separated into two contributions: a
broad halo arising from the amorphous component
(Iam) and a set of narrow diffraction lines correspond-
ing to diffractions from individual crystallographic

Figure 4 Temperature enclosure and sample holder for
WAXS measurements. The temperature enclosure is made
of a copper block with holes for incident and scattered X-
rays as well as a sample holder, tubes for cooling the liquid,
and heaters. Separately, a sample holder is shown with a
sample and mounting clamp in the upper part of the figure.
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planes in the crystals (Icr). Xc in an oriented system is
determined as the ratio of azimuthally integrated
WAXS patterns for all diffraction profiles from crys-
tals ðhIcrðqÞiÞ to those for all diffraction profiles
including an amorphous halo ðhItotðqÞiÞ:

Xc ¼
R qmax

qmin
q2hIcrðqÞidqR qmax

qmin
q2hItotðqÞidq

(6)

The angular brackets denote the integration of the dif-
fraction intensity with respect to c:

hIi ¼
Zp

0

IðcÞ sinc dc (7)

qmin and qmax are the lower and upper bounds of q,
respectively. The total intensity (Itot) is given by Itot

¼ Icr þ Iam. In eqs. (6) and (7), we assume uniaxial
symmetry for the crystal and amorphous chain orien-

tation and WAXS intensity distribution along the elon-
gation axis. The assumption is quite legitimate in our
experimental systems.

The relative crystallinity (Xrel) can be estimated from
the WAXS intensity integrated with q only at one c
value, such as the equatorial direction (c ¼ 908) of the
X-ray pattern. This quantity is expressed as follows:

Xrel ¼
R qmax

qmin
q2Icrðq;cÞdqR qmax

qmin
q2Itotðq;cÞdq

(8)

Xrel can be estimated from quick measurements of the
intensity profile carried out by means of a one-dimen-
sional position-sensitive proportional counter. In most
cases in which the orientation of growing crystals
does not vary much during the course of oriented
crystallization at fixed values of l and Tc, Xrel is a
correct measure of the relative change in Xc with
time during the crystallization process. When the

Figure 5 Development of equatorial WAXS profiles (c ¼ 908) at various time during the crystallization of specimens (a) elon-
gated to l ¼ 3.0 and crystallized at Tc ¼ � 108C and (b) elongated to l ¼ 4.5 and crystallized at Tc ¼ 08C. The decomposition
of the scattering curves into components corresponding to an amorphous halo, individual diffraction lines from crystals, and
background scattering is also shown by the solid lines. The measured profile is shown by dots, whereas the sum of the decom-
posed scattering components is shown by the solid lines. PT is the counting time required to obtain each diffraction profile.

142 SAIJO ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



WAXS intensity changed very slowly with time or af-
ter the WAXS intensity reached a steady value with
time, we measured both Xc and Xrel and estimated
the correction factor (Xc/Xrel), which was used to con-
vert Xrel(t) to Xc(t), where t is the time spent for crys-
tallization.

RESULTS ANDDISCUSSION

Weak-to-intermediate orientations

We classified the oriented crystallization at fixed l val-
ues ranging from 2.0 to 3.5 and at Tc ¼ �30 to �108C
as crystallization under weak-to-intermediate orienta-
tions. To highlight the effects of l on the crystalliza-
tion, we will present our results on L(t), Qr(t), and the
half-time of crystallization (t1/2) as measured by SAXS
and WAXS separately and discuss how each structural
parameter depends on the crystallization conditions
specified by given sets of l and Tc. t1/2 will be defined
later.

The time evolution of SAXS at l ¼ 2.0 and Tc ¼
�308C is shown in Figure 3(c) as a typical example of
crystallization under weak-to-intermediate orienta-
tions. The SAXS profiles represent those at c ¼ 0, that
is, the meridional SAXS profiles parallel to the elonga-
tion direction collected at the given times during crys-
tallization. Two features characterizing the observed
changes in the two-point SAXS patterns can be distin-
guished; the first concerns variations of the integral in-
tensity, and the second concerns a shift of the position
of the maximum intensity toward higher y values. An
increase in the value of q (defined by qm) at the scatter-
ing maximum indicates that L ¼ 2p/qm decreases with
the crystallization time.

The time evolution of L during the crystallization at
Tc ¼ �108 to �308C for the samples elongated to l in
the range of 2.0 � l � 3.5 is summarized in Figure 8.
A decrease in L occurs faster at the beginning of the
process and more slowly later, and it reaches satura-
tion in the long time limit. The changes in L with time
t at a given Tc appear earlier for the samples elongated

Figure 6 One-dimensional correlation function [g1(x)] eval-
uated from meridional SAXS intensity distributions (c ¼ 08).
x is the distance along the elongation direction. D is deter-
mined from the intersection of the two tangents of g1(x) at
small values of x and at x values at which g1(x) reaches the
first constant value. L is determined from the value of x at
which g1(x) reaches a maximum value, if there is a maxi-
mum.

Figure 7 Guinier plots of the meridional SAXS intensity
distribution (c ¼ 08) for early stages of crystallization at l
¼ 3.0 and Tc ¼ �108C.

Figure 8 Time dependence of L for a few values of l and Tc.
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to a larger extent. Reducing Tc at a given l value also
causes an earlier appearance of the change in L. The
level of saturation appears to be a function of Tc. The
lower Tc is, the smaller L is at a given time and at the
long time limit as well. The decrease in L was inter-
preted on the basis of ‘‘car parking problems in a fixed
parking area’’ as the simplest possible model.33

As mentioned earlier, Qr (SAXS) also varies with the
crystallization time, as shown in Figure 9. The results
are presented for a few l values as well as a few Tc

values. In all cases, after some initial period of a con-
stant and low value of Qr, an increase can be observed
to the point at which a leveling off of the intensity
change with time occurs. At all temperatures, time
changes in Qr for the samples elongated to l ¼ 3.0 and
l ¼ 3.5 occur earlier than those for the sample elon-
gated to l ¼ 2.0; The effect of increasing l on Qr ver-
sus t shows the shift of the sigmoidal curve toward a
shorter time (a decrease in the induction period), the
shape of the sigmoidal variation remaining essentially
unaltered. For a given value of l, the lower Tc is, the
earlier the changes occur in Qr. In the samples elon-
gated to a higher degree, the Tc dependence of Qr ver-

sus t is less evident, as can be more clearly discerned
in Figure 10, in which t1/2 as defined in the inset is
shown as a function of Tc.

Qr in the final stage of crystallization also shows
some differences, depending on Tc. In the samples
crystallized at �108C, the intensity reaches saturation
and remains constant, whereas in the samples crystal-
lized at lower temperatures, Qr exhibits a decrease af-
ter a maximum is reached, as typically shown in
Figure 9(c) for the case of Tc ¼ �308 at all l values.
The intriguing phenomenon, as pointed out previ-
ously, will be discussed later in detail in conjunction
with Figure 16. To characterize the kinetics of the crys-
tallization, we can approximately estimate t1/2 for the
crystallization from Qr versus t, as shown in the inset
of Figure 10. As shown in Figure 10, t1/2 at a given l
value decreases as Tc is lowered, and that at a given
Tc value decreases with l. The latter effect is more
pronounced at higher Tc values. In other words, the
effect of the orientation on the crystallization rate is
more pronounced at lower supercoolings.

Changes in the crystallinity with time, as evaluated
from the changes in the WAXS profiles with time as
demonstrated earlier in Figure 5, are, in turn, pre-
sented in Figure 11. Xc for a given l value of 2.0 [Fig.
11(a)] shows that crystallization occurs faster at lower

Figure 9 Time evolution of Qr for samples elongated to
various l values and crystallized at various Tc values.

Figure 10 t1/2 of isothermal crystallization measured from
Qr versus t (as shown in Fig. 9) as a function of Tc and l. The
inset shows the definition of t1/2 for cases i and ii, in which
Qr increases with time without and with overshooting,
respectively. Case ii underestimates the value t1/2, although
the error is not significant in the analyses given in the text.

144 SAIJO ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



Tc values, also reaching a higher degree of crystallin-
ity. A comparison of crystallizations occurring at the
same temperature (Tc ¼ �108C) but at various l val-
ues [Fig. 11(b)] implies that the larger l is, the faster
the crystallization rate is and the higher the crystallin-
ity is. Crystallization occurring in the sample having
low-to-intermediate orientations occurs more slowly
than that in the samples exhibiting higher orientation,
as later discussed in conjunction with Figures 13, 14,
and 18.

Figure 12 compares curves of the reduced stress
relaxation measured during the crystallization of sam-
ples at fixed elongations of l ¼ 2.0 and l ¼ 3.0 and at
various Tc values; s and s0 are the stress at a given
time t after the onset of crystallization and the stress at
t ¼ 0, respectively. In both cases, the more pronounced
and faster relaxation is observed at a lower value of
Tc. The data clearly indicate that stress relaxation
occurs as a result of the progress of the crystallization
with time.

High orientations

We classified the oriented crystallization at the fixed l
value of 4.5 and at Tc ¼ �30 to þ108C as crystallization
under high orientations.

In the previous section, we present and discuss the
effects of the crystallization conditions given by the
sets of l and Tc on each of the structural parameters
separately. Because a general trend concerning the
effects of l and Tc on each parameter has been more or
less clarified, we present here our results from a view-
point different from that in the previous section. That

is, we present the effects of isothermal crystallization
under high orientations from the viewpoint of how
the time evolutions of structural parameters L(t), Qr(t),
and Xc(t) as well as stress relaxation s(t) are correlated
to one another under given crystallization conditions
(l and Tc).

Typical SAXS profiles measured as a function of
time under a high draw ratio of l ¼ 4.5 have already
been demonstrated in Figure 3(a,b). The time depend-
ence of L and Qr has been determined from such data

Figure 11 Changes in the crystallinity determined from WAXS as functions of time for (a) the samples elongated to l ¼ 2.0
and crystallized at various Tc values and (b) the samples crystallized at Tc ¼ �108C and elongated to various l values.

Figure 12 Stress relaxation during isothermal crystalliza-
tion at various Tc values for the samples elongated to l val-
ues of (a) 2.0 and (b) 3.0.
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obtained for a number of Tc values. WAXS profiles
demonstrated earlier in Figure 5(b) show that Xc of the
sample elongated to l ¼ 4.5 and crystallized at Tc

¼ 08C develops gradually with time, starting from
approximately 200 s. Changes in the structural charac-
teristics observed during the crystallization of the
samples elongated to l ¼ 4.5 and crystallized at vari-
ous Tc values are summarized in Figure 13(a–c).
Before we go into a detailed discussion, the following
intriguing points are worth being noted: (1) the SAXS
maximum corresponding to L appears very early in
the crystallization process, as shown in Figure 13(c),
and (2) the decrease in L with time, as found in weak-
to-intermediate orientations, is less pronounced.

Figure 13(a) demonstrates structural changes at Tc

¼ þ108C. This temperature is higher than the nominal
Tm value of � �38C at l ¼ 1. The crystallization occurs
very slowly at this temperature, and practically only
changes in SAXS are observed; that is, WAXS hardly
shows diffraction peaks due to crystal formation.
Under such conditions, L appears to be constant dur-
ing the whole process since the initial instant of time
at which it can be observed. In contrast, Qr (SAXS)
gradually increases with time till a saturation level is

reached. It can be postulated therefore that the perio-
dicity of the structure (more rigorously a periodic elec-
tron density fluctuation) is formed much earlier before
the final Qr value is achieved. Also, it can be con-
cluded that crystallinity that develops during the pro-
cess is low or the crystals that form are imperfect,
although SAXS has revealed some ordering at a larger
length scale. This intriguing phenomenon is discussed
in detail later.

Figure 13(b), in turn, shows changes in the charac-
teristic parameters measured during crystallization at
Tc ¼ 08C again for the sample elongated to l ¼ 4.5. In
this case, changes in both WAXS and SAXS scattering
can be observed. The relaxation of the reduced stress
(s/s0) can be observed from the early stage of the
ordering process, whereas other characteristic param-
eters can be measured only after some time. Therefore,
the stress relaxation appears to occur as a result of
ordering, as revealed by an increase in Qr, which may
be called precrystallization ordering in the sense that
Qr increases but Xc does not yet clearly appear. At
this temperature, Qr (SAXS) appears earlier than Xc

(WAXS). This finding is discussed in detail later. Here
also, L is constant, starting from the early stage after

Figure 13 Time evolution of the structural parameters during isothermal crystallization for samples elongated to l ¼ 4.5 at
various Tc values: (a) þ10, (b) 0, and (c) �308C. Part d shows L1 and (s/s0)1 at the long time limit of the isothermal crystalli-
zation.
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the instant of time at which it can be measured. Qr

also behaves in a manner similar to that for the case of
Tc ¼ 108C, showing an increase at the beginning fol-
lowed by leveling off. In contrast to the case at 108C,
Qr at 08C shows a secondary increase. The secondary
increase of Qr appears to occur parallel to the second-
ary relaxation of the stress. The reduced integral
width of the (020) diffraction [w/w1, where w and w1
are the integral widths of the (020) diffraction at a
given time t and at the long time limit after the onset
of the crystallization, respectively] shows a remark-
able decrease almost concurrently with the increase in
Xc and a leveling off also when Xc (WAXS) tends to
level off.

Behavior similar to that shown in Figure 13(b) can
be observed at Tc ¼ �308C in Figure 13(c). Here again,
L hardly changes during the crystallization. Qr (SAXS)
clearly shows the same overshoot as shown in Figure
9(b,c), showing a decrease after reaching a maximum.
The time evolution of Xc (WAXS) shows a substantial
delay with respect to that of Qr (SAXS) and reaches
saturation when Qr starts to decrease. The crystalliza-
tion process, as revealed by changes in Xc and Qr ver-
sus t, is accompanied by stress relaxation, showing
rapid relaxation during precrystallization (ordering
process where Qr increases), followed by slow relaxa-
tion during the crystallization process in which Xc

increases and eventually by the final stage of rapid
relaxation after Qr and Xc reach saturation, which
may be interpreted as a result of the secondary crystal-
lization process. An initial increase in Xc (WAXS) is
also accompanied by a rapid decrease in w/w1.

Figure 13(d) shows both L and s/s0 at the long time
limit, which are defined as L1 and (s/s0)1, respec-
tively, as a function of Tc for the isothermal crystalliza-
tion process at l ¼ 4.5. As the degree of supercooling
is increased, L1 decreases, which is reasonable in
terms of an increase in the bulk free energy reduction
of crystallization against the interface free energy cost.
The decrease in (s/s0)1 with decreasing Tc is also
reasonable as Xc increases with decreasing Tc.

Comparison of the effects of oriented crystallization
under weak-to-intermediate orientations and high
orientations on the time evolution of the structures

We discuss here the effects of varying the degree of net-
work-chain orientations on the time evolutions of vari-
ous structural parameters [L(t), Qr(t), and Xc(t)] as well
as the reduced stress relaxation [s(t)/s0] in comparison
with the isothermal crystallization for the correspond-
ing unoriented system, which is used as a reference.

Weak-to-intermediate orientations

Although in an earlier section we discuss how the
time evolution of each structural parameter [L(t), D(t),

Qr(t), and Xc(t)] as well as s(t) depends on the various
crystallization conditions (l and Tc), we discuss here
how the time evolutions of various structural parame-
ters and that of s(t)/s0 correlate under each given
crystallization condition (l and Tc).

Figure 14 summarizes the changes in the various
characteristic parameters during crystallization at
low-to-intermediate orientations and at Tc values of
�10 and �308C. Figure 14(a) shows the parameters
determined for the sample elongated to l ¼ 2.0 and
crystallized at � 108C. D, determined from the Guinier

Figure 14 Time evolution of structural parameters L, D, Qr,
and Xc as well as s/s0 during isothermal crystallization: (a)
at Tc ¼ �108C and l ¼ 2.0, (b) at Tc ¼ �108C and l ¼ 3.0,
and (c) at Tc ¼ �308C and l ¼ 3.0.
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plot at the beginning of the crystallization process,
well coincides with that determined from the one-
dimensional correlation function at the later stage of
the crystallization process. Moreover, in the whole
range of the process, D essentially remains constant,
whereas L decreases with the crystallization time. It is
also evident that Qr (SAXS) increases much earlier
than Xc (WAXS). The relaxation of the stress in this
case [Fig. 14(a)] better correlates with the crystalliza-
tion process revealed by Xc (WAXS) and with changes
in L than with the changes in Qr (SAXS), the behavior
of which is different from the case of high orientations
[see Fig. 13(b,c)].

Similar changes, except for a shift in the timescale
toward a shorter timescale where L, s/s0, Qr, and Xc

change, are visible in the plot presented in Figure
14(b), which presents data for the sample elongated to
l ¼ 3.0 and crystallized at �108C. Here again, D
remains almost constant during the whole process,
whereas L decreases. The saturations of L and Qr

occur practically at the same time. The WAXS crystal-
linity increases much later than Qr, as in the case of
Figure 14(a). The relaxation of the stress also occurs in
parallel to the increase in Xc.

Slightly different behavior can be observed in the
sample elongated to l ¼ 3.0 and crystallized at �308C
[Fig. 14(c)] in the following points. First, both D and L
decrease with the crystallization time, although the
decrease in D is much less than that in L. The small
decrease in D may be due to internal ordering of crys-
tals, which involves densification and hence a thin-
ning of D. Second, Qr increases to a maximum value
and then decreases, whereas Xc increases with time,
reaches saturation, and remains constant. Third, the
relaxation of stress in this case is more pronounced
than that observed in the case shown in Figure 14(a,b).
The increase in Qr also contributes to the stress relaxa-
tion in this case. The delay of the time evolution
between Qr and Xc is found in this case, too. However,
the delay decreases with decreasing Tc from �10 to
�308C.

These results indicate that the time evolutions of the
characteristic parameters during the crystallization
process show qualitatively and quantitatively differ-
ent behaviors when l and Tc are changed within the
range of the weak-to-intermediate orientations.
Nevertheless, we can find some common trends in
this region when we compare the trends with those in
other ranges of deformations (i.e., under high orienta-
tions and no orientation, as detailed later). We sum-
marize below some universal features found in the
ordering process encountered in the weak-to-interme-
diate orientations in Figure 15. Figure 15(a) shows
schematically the kinetics of the crystallization, as
observed by time evolutions of L, D, Qr, Xc, and s, and
Figure 15(b) shows schematically the time evolutions
of the spatial electron density profile. Those trends are

well interpreted in the context of nucleation and
growth processes for the oriented crystallization of the
network chains.

The differences in the time evolution of Qr (SAXS)
and Xc (WAXS) are especially remarkable. The
observed changes in Qr and Xc with time suggest that
in a very early stage of crystallization (t0 to t1 in the
figure), lamellar crystallites of thickness D are
nucleated randomly in space, forming an irregularly
spaced, one-dimensional array along the elongation
direction [horizontal axis in Fig. 15(b)], as seemingly
evidenced by such a process leading to an increase in
the electron density fluctuations, as observed by an
increase in Qr. However, the number of lamellae is
still too small to give rise to the SAXS maximum,
which reflects L. D is kept constant with time,
although it depends on Tc and l. It is conceivable that
the electron density difference between more ordered
regions and the less ordered matrix (i.e., the height of
the box with width D) is increasing with time,
although the model ignores this for the sake of sim-
plicity. The perfection of crystal lattice in lamellae,
which is schematically illustrated by a number of lines
within the lamellae (the larger the number is, the more
perfect the lamellar crystals are), is at this stage so
poor that Xc (WAXS) cannot be measured.

As time elapses, the number of lamellae increases,
giving rise to a well-defined value of L, which
decreases with time (from t1 to t2). The increase in Qr

Figure 15 Schematic model describing the time evolution
of the structures for isothermal crystallization under weak-
to-intermediate orientations that could be responsible for
the observed behavior of SAXS (L, D, and Qr), WAXS (Xc),
and s. fc in part a corresponds to fc given by eq. (5) in the
text, which defines the local crystallinity given by D/L.
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accompanies the decrease in L and hence increase in
fc toward 1/2. The time dependence of Qr and L lev-
els off to some constant values defined by Qr,1 and
L1. Obviously, this time at which Qr,1 and L1 are
attained should correspond to the time (t2) at which
the number of lamellae also reaches a constant value.
The fact that Qr develops much earlier than Xc indi-
cates that the ordering on a larger scale, as evidenced
by the occurrence of periodic density fluctuations,
occurs earlier than the ordering on a local scale, as evi-
denced by the formation of a crystal lattice structure.
Lamellae in the early stage of the phase transition
(from t0 to t1) exhibit a higher density than the amor-
phous surroundings but do not have well-developed
crystal lattices. Stacks of such lamellae could contrib-
ute to Qr (SAXS) without a significant contribution to
Xc (WAXS). The perfection of the crystal lattice is
improved in the time domain from t2 to t3 through
local rearrangements of the molecules within the
defected lamellar crystals, which are already arranged
into periodic arrays responsible for L. Consequently,
the ordering process first fixes the large length-scale
periodic structures and then the local crystal-lattice
structure. This unique ordering process may be attrib-
uted to long-range interactions (or strong correlations)
of network chains along the elongation direction
enhanced by the stretching of the sample.

One of the intriguing observations made during
crystallization at � 308C for the sample elongated by l
¼ 3.0 is a decrease in Qr (SAXS) at a later stage of crys-
tallization (t > t1 in Fig. 15), even though that the over-
all WAXS crystallinity is low ( Xc � 30%). This can be
explained by the model presented in Figure 16. The
model assumes the occurrence of a number of crystal-
lizing grains comprising lamellar stacks in an amor-
phous matrix. The grains themselves separate from
one another by such a large distance that no intergrain
interference comes into play in the SAXS q range cov-
ered in the experiments. In such a case, only the sum
of independent scattering intensity from the individ-
ual grains is important. The crystallinity of such grains
might be higher than Xc averaged over the volume,
which is detected by WAXS. The crystallization may
occur by filling gaps between lamellae with newly
developed lamellae inside the grains, as schematically
illustrated by a change in the internal structure of the
grain from Figure 16(a) to Figure 16(b). If this is the
case, Qr depends on the local crystallinity in the grain
(Xc,g) rather than Xc averaged over the whole sample
volume. When Xc,g exceeds 0.5, the overshooting of Qr

should be observed, as Qr in this case is given by

Qr / Xc;gð1 � Xc;gÞðrc � raÞ2 (9)

The stress relaxation might be due to two mecha-
nisms. The first is slippage of those entangled macro-
molecules that are connected to different network

points of the crosslinked polymer. The second mecha-
nism is the relaxation of network chains due to crystal-
lization into extended-chain crystals or folded-chain
lamellar crystals. In the molten stretched network
chains, the former is the only mechanism for stress
relaxation before the system attains an equilibrium
stress. However, under the conditions in which crys-
tallization occurs in the stretched network, the crystal-
lization makes a dominant contribution to the stress
relaxation, as crystallization into chain-folded lamel-
lae13 or bundle-type, extended-chain crystals37,38

involves relaxation of stretched network chains.
The following remarks are worth being noted. In

the case of the oriented crystallization of network
chains into chain-folding lamellae, the crystallization
may involve first stress relaxation and then a stress
increase upon further crystallization13,22,37 because
keeping the process of intrachain folding of the net-
work chains into lamellae during crystallization may
involve stretching of the rest of the network chains
that are not yet incorporated into crystals. This
increase in the stress, however, may depend on crys-
tallization conditions l and Tc. We have never
observed an increase in the stress during crystalliza-
tion under our experimental conditions of weak-to-in-

Figure 16 Model describing an overshoot of Qr (SAXS)
during the isothermal crystallization of the samples. The
model assumes a superstructure consisting of a number of
crystallizing grains (Ng) in the amorphous matrix. The local
crystallinity (given by D/L) within the grains may increase
with time (from t1 to t2 in Fig. 15) and may exceed 1/2 at t >
t2, depending on the crystallization conditions.
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termediate orientations or high orientations. The lack
of an increase might have resulted from the crystalli-
zation of less stressed chains or free-end chains of the
networks into folded-chain crystals.

High orientations

Crystallization under high orientations exhibits char-
acteristics for spinodal-like crystallization. We clarify
these characteristics next.

During crystallization at high orientations [e.g., at l
¼ 4.5 and Tc ¼ �308C, as in the case of Fig. 13(c)], the
time lag between the evolution of Xc (WAXS) and that
of invariant Qr (SAXS) is generally much larger than
that observed at the smaller orientations [cf. Fig. 14(c)
at l ¼ 3.0 and Tc ¼ �308C]. During the time in which
Qr increases and reaches almost a constant value, Xc

still gradually increases. L reaches a constant value at
a very early time. This means that the large length-
scale density fluctuations (kinds of ordered struc-
tures), as observed by SAXS, are formed much earlier
than the local order (crystal lattice) detected by
changes in WAXS.

It can be generally concluded that in the highly ori-
ented systems crystallization occurs in such a manner
that (1) a large length-scale structural frame such as
density fluctuations with a fixed spacing L is first built
up and (2) this process is followed by a gradual shap-
ing-up of the internal fine structure. The former pro-
cess involves an increase in the amplitude of density
fluctuations, as revealed by an increase in Qr at a fixed
value of L. This is typically the case for the results
shown in Figure 13(a). The latter process involves the
perfection of the crystal lattice, as observed by an
increase in Xc and a decrease in w/w1, as typically
found in the results shown in Figure 13(b,c). This early
stage of the ordering process resembles the well-
known process of spinodal decomposition,39–41 in
which binary mixtures decompose to form periodic
composition fluctuations, with their amplitude gradu-
ally increasing with time. This system at Tc ¼ 108C
[Fig. 13(a)] is interpreted to involve spinodal decom-
position of noncrystallizable parts (crosslinked points)
and crystallizable parts (linear chains between the
crosslinks) of the molten, crosslinked network chains.
The instability of the molten network chains is driven
by a high degree of chain orientations and by orienta-
tion-induced crystallization of crystallizable linear
chains; the periodicity L of the density fluctuations
and saturations of the increasing amplitude of the
fluctuations as revealed by Qr vs t are expected to be
controlled by crosslinking.

When crystallization obviously occurs, as in the
cases shown in Figure 13(b,c), because of the larger
supercoolings, highly defected crystallites are first
formed in the regions rich in crystallizable parts, and
then defects gradually segregate, giving rise to the

growth of the amplitude of the density fluctuations
with time. Such a process is called spinodal crystalli-
zation.33,42,43 Here the pioneering works reported in
refs. 42 and 43 are concerned with spinodal crystalli-
zation for drawn linear polypropylene melts. Kaji and
coworkers44,45 extensively studied spinodal crystalli-
zation from polymer melts that were uncrosslinked
and unoriented. A theory presenting one of the possi-
ble mechanisms for such a process was recently devel-
oped by Olmstead et al.46 and Ryan et al.47 Earlier
works by Petermann and coworkers,42,43 subsequent
works by Kaji and coworkers,44,45 and the works by
Ryan et al.47 are all concerned with the spinodal crys-
tallization of uncrosslinked polymer melts. On the
contrary, this work and the preceding work33 are
unique, in that they deal with highly oriented, cross-
linked polymer melts. However, in normal cases of
spinodal decomposition for binary mixtures, a coars-
ening process occurs, causing further growth of com-
position fluctuations with respect to both the ampli-
tude of the fluctuations and the characteristic size.40,41

In this case, the existence of crosslinking points and/
or the occurrence of crystallization prevents further
growth of fluctuations, causing freezing-in of the
coarsening processes. This kind of freezing due to
crystallization has also been observed in other crystal-
lizable binary systems.48

The evolution of Qr exhibits an overshoot, that is, a
maximum even at a relatively low crystallinity (<0.5),
as measured by WAXS. This indicates that most likely
the crystalline superstructure having the grains sepa-
rated in the amorphous matrix is developed, as al-
ready discussed and shown in Figure 16. However,
the overshoot is much less remarkable in the case of
high orientations than in the case of weak-to-interme-
diate orientations.

Figure 17 shows the time evolution of the scattering
parameters for unoriented crystallization for reference
for the oriented crystallization. The SAXS intensity
maximum corresponding to L during crystallization at
�308C is very weak and appears at � 700 s after the
sample is cooled to Tc, although the SAXS profile is
not shown here. The WAXS profiles also develop at
some time after the crystallization, although they are
not shown in this article. As shown in Figure 17(b), Qr

(SAXS) changes according to a well-defined sigmoidal
curve. Those changes are closely accompanied by
changes in Xc (WAXS). L, measured from the SAXS
maximum, decreases during the whole time of the
crystallization. Very similar behavior can be observed
at Tc ¼ �208C in Figure 17(a). An increase in Qr can
also be observed during crystallization at �508C [Fig.
17(c)]. This increase is followed by saturation at some
level. Simultaneously, L slightly decreases, whereas Qr

is increasing. It reaches a constant value when Qr does
so. Xc (WAXS) could not be measured, simply because
well-defined diffraction profiles could not be observed
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in the timescale covered in this experiment. This is
probably because the rate of formation of the crystal
lattice is very slow at Tc ¼ �508C.

A comparison of the t1/2 values for undeformed
samples (l ¼ 1) and for highly elongated samples (l
¼ 4.5) is shown in Figure 18. t1/2 was determined from
Xc(t) and defined in a manner similar to the case
shown in the inset of Figure 10. The figure also
includes the t1/2 values evaluated by SAXS and
WAXS at l ¼ 2 (typical for the case of weak-to-moder-
ate orientations) for reference. The orientation-in-
duced crystallization causes a very pronounced

increase in the crystallization rate (a decrease in t1/2

measured at the given Tc values). Tc itself also shows
a strong effect on the crystallization rate, which
increases with a decrease in Tc. In the case of unde-
formed samples, t1/2, measured by means of WAXS,
can be observed to coincide with t1/2 measured by
SAXS at Tc ‡ �308C, whereas in the highly oriented
samples with l ¼ 4.5, the coincidence is observed only
at Tc > �108C. A time lag between SAXS and WAXS
data is remarkably enhanced in highly oriented sam-
ples and can be observed at �308C � Tc < �108C. The
lower the temperature is, the more pronounced the
time lag is. The time lag between t1/2 as observed by
Qr (SAXS) and t1/2 as observed by Xc (WAXS) may be
interpreted as follows.

The SAXS t1/2 value reflects the large-scale periodic
structure associated with L, whereas the WAXS t1/2

value reflects the short-scale structure associated with
the formation of the crystallites and crystal lattice. At
low Tc values, at which the systems have large super-
coolings, the thermal fluctuation effects49 on the peri-
odic density fluctuations are small, so the systems
have a large correlation length inherent in the thermo-
dynamic state of the systems. In this situation, the
large-scale structure is first built up, and this is fol-
lowed by the buildup of the local-scale crystal struc-
ture and by the improvement of the lattice perfection.
On the other hand, at high Tc values, the effects of the
thermal fluctuations are enhanced, and they reduce
the correlation length of the large-scale density fluctu-
ations. This effect, in turn, causes an evolution of the
large-scale structures as a result of the evolution of the

Figure 18 t1/2 determined from the time changes in Qr

(SAXS) and Xc (WAXS) for the undeformed samples (l
¼ 1.0), weakly-to-intermediately oriented samples (l ¼ 2.0),
and highly oriented samples (l ¼ 4.5). The t1/2 values for
SAXS and WAXS are shown by solid and dotted lines,
respectively.

Figure 17 Time evolution of the structural parameters dur-
ing isothermal crystallization for undeformed samples crys-
tallized at various temperatures: (a) �20, (b) �30, and (c)
�508C.
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short-scale structures and hence causes the SAXS and
WAXS t1/2 values to be approximately equal. The
larger l is, the larger the effective supercooling is,
and hence the smaller the thermal fluctuation effects
are. This accounts for the experimental results show-
ing an increasing time lag with decreasing Tc for the
oriented crystallization, especially under high orien-
tations of l ¼ 4.5.

Crystal texture

Figure 19 presents typical WAXS patterns crystallized
at Tc ¼ �308C for the samples elongated to various
degrees before crystallization. The pattern from the
undeformed material (l ¼ 1) shows a diffraction inten-
sity independent of c, whereas anisotropic diffraction
patterns are obtained for the elongated samples (l
¼ 3.5 and 4.5). At l ¼ 3.5, the (020) reflection, arising
from the (010) crystallographic plane parallel to the c
axis of the unit cell, appears along the equator, and the
(110) diffraction is split with respect to the equator.
The orientation distribution functions of the (110) and
(020) reciprocal lattice vectors have been analyzed,34

and the results indicate that the observed distribution
functions can be explained on the basis of an orienta-
tion distribution of the lamellar crystals with the chain
axis (c axis) tilted to the lamellar normal.

This picture changes at the elongation of l ¼ 4.5, at
which both reflections, (020) and (110), are located on
the equator, and consequently, the c axis is really par-
allel to the direction of elongation. This phenomenon
might result from the change in the morphology of the
growing crystals. That is, at the low elongation, crys-

tallization occurs only in the form of lamellar crystals,
whereas at the high elongation, the bundle-type,
extended-chain crystals with the c axis oriented paral-
lel to the elongation direction appear and become
dominant over the chain-folded lamellae.

Figure 20(a–c) demonstrates the time evolution of
the WAXS patterns, showing the intensity distribution
along 2y at c ¼ 908 (along the equator) (part a) and
along c for the (020) diffraction (part b) and (110) dif-
fraction (part c) during crystallization at Tc ¼ �308C
for the sample elongated to l ¼ 4.0. Figure 20(c)
shows that the reflection from the (110) plane splits
into the two reflections with their maxima at some
angles with respect to the equator from the very ini-
tial moment of crystallization. Thus, the crystalline
texture formed at l ¼ 4.0 seems to be the same as that
at l ¼ 3.5. The angles of the maxima appear to
increase with time to a saturated value.

Figure 21 shows the changes in the X-ray diffraction
pattern during the heating of the sample, which was
first crystallized at Tc ¼ �308C, under a constant elon-
gation of l ¼ 4.0 toward 508C at a rate of 18C/min
under the same fixed l value of 4.0. An increase in the
temperature causes a gradual melting of the crystal-
line texture that developed under the oriented crystal-
lization. The melting process results in a decrease in
the intensity of the equatorial reflection of (020), as
shown in Figure 21(a–c). A decreased intensity of the
split (110) reflections can be simultaneously observed,
as shown in Figure 21(d,e). However, at þ208C, only a
weak equatorial maximum corresponding to the (110)
reflection remains, as shown in Figure 21(f). This
means that some unmelted crystals with almost per-

Figure 19 Photographic WAXS patterns for samples at (a) l ¼ 1.0, (b) l ¼ 3.5, and (c) l ¼ 4.5. All were crystallized at �308C.
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fect orientation for both (020) and (110) crystallo-
graphic planes still exist at this temperature, which is
above the nominal Tm value of the specimen at l ¼ 1
(�38C). Those crystals are anticipated to be most likely
the bundle-type, extended-chain crystals developed
under oriented crystallization, which will melt at
higher temperatures than the folded-chain ones. The
existence of the bundle-type, extended-chain crystals
giving rise to the (110) diffraction maximum at the
equator, as shown in Figure 21(f), is not clearly evi-
denced in Figure 20(c) during the isothermal crystalli-
zation process at l ¼ 4.0 and Tc ¼ �308C. At least the
following two possibilities may be suggested to
explain this effect: (1) the signature of the extended-
chain crystals might be hidden by the strong, split
(110) diffractions and (2) the bundle-type, extended-
chain crystals are formed only during the heating pro-
cess under a constant l value of 4.0 via molecular rear-
rangements through partial melting and recrystalliza-
tion. At this moment, we cannot predict which case is
more probable, and hence we shall leave this problem
for future works.

The temperature at which the X-ray diffraction pat-
tern disappears can be used as a method to determine

Tm of the crystalline phase. This method applied to the
determination of Tm gave the results presented in
Figure 22. Tm is strongly affected by l. Tm sharply
increases with l across the boundary between weak-
to-intermediate orientations and high orientations,
that is, around l % 3.5. The characteristic curve well
corresponds to the data obtained for the crosslinked
rubbers with other methods of evaluation.50,51

An increase in the temperature of the sample, al-
ready crystallized at a given value of Tc and at a con-
stant l value of 4.5, with the same constant value of l
being kept, also causes variations of the stress, as it
causes changes in the WAXS pattern, as shown in Fig-
ure 21. Figure 23 presents changes in s with the tem-
perature for various samples at a constant value of l
¼ 4.5, which are first crystallized at l ¼ 4.5 and at vari-
ous Tc values. When the temperature is raised above
Tc, the stress increases, and this is obviously a process
opposite of the stress relaxation observed during crys-
tallization; the melting of crystals gives rise to an
increase in the stress borne by crosslinked, molten net-
work chains. Because changes in the stress may be pri-
marily attributed to the orientation of network chains
in the amorphous part, this behavior should be well

Figure 20 Time evolution of (a) equatorial WAXS (c ¼ 908) and (b,c) the c dependence of the (020) diffraction and (110) dif-
fraction, respectively, during isothermal crystallization at Tc ¼ �308C for a sample elongated to l ¼ 4.0.
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interpreted, at least qualitatively, on the basis of rub-
ber elasticity theory,52 which gives the following for-
mula for the temperature dependence of stress in
deformed, molten, crosslinked polymer chains:

s / nkT l� 1

l2

� �
(10)

where n is the number density of the crosslinked,
amorphous chains effective for the stress and l is the
effective elongation ratio of the crosslinked chains in
the presence of crystals, k is the Boltzmann Constant
and T is the absolute temperature.

Figure 23 shows discontinuous changes in the slope
at some inflection temperature (Tf; marked by the
arrow), slightly depending on Tc. The trend shown in
Figure 23 does not change at all, even when s/kT is
plotted as a function of the temperature; this suggests
that the trend reflects a change in n(l � 1/l2) with the
temperature due to the melting of the crystals in the
context of the theory given by eq. (10). The slope of the
stress versus the temperature at temperatures lower
than Tf is higher than that at temperatures higher than
Tf. The difference is more pronounced for the samples
crystallized at higher Tc values. The inflection point
well coincides with changes in the X-ray diffraction
pattern with the temperature, as already discussed in
conjunction with Figure 21. It can, therefore, be postu-
lated that the increase in s up to Tf may be primarily
due to the melting of folded-chain lamellar crystals.
This can happen because the different molecules
belonging to the same folded-chain crystal become

free after a partial melting of the crystals. Most likely,
the lower Tc is, the higher the content is of the folded-
chain crystals with a smaller D1, and consequently
the smaller the slope is of the stress–temperature
curve. Above the inflection point, the bundle-type,
extended-chain crystals may play a dominant role in
s versus the temperature. The bundle-type, extended-
chain crystals melt at much higher temperatures at
which the last trace of X-ray diffraction disappears, as
shown by the arrow labeled Tm at the right edge of the
figure.

Similar plots are presented in Figure 24, showing the
stress that builds up upon the heating of the samples at
constant lengths of l ¼ 2.0–4.5. Before the heating, the
samples are crystallized at Tc ¼ �308C and at fixed l
values (2.0, 3.0, 4.0, and 4.5). In this case, the parts of the
plots occurring directly below the inflection point, as
discussed earlier, are parallel to one another. This might
indicate similar contributions of melting of the folded-
chain lamellar crystals for the samples crystallized at Tc

¼ �308C at the given l values. Tf again coincides with
the change in the X-ray diffraction pattern, as discussed
earlier in conjunction with Figure 21 [a change from the
set of diffraction profiles of Fig. 21(b,e) to the set of those
of Fig. 21(c,f)], in the case of l ¼ 4.0 and l ¼ 4.5. How-
ever, Tf in the case of l ¼ 2.0 and l ¼ 3.0 is simply due
to melting of the folded-chain lamellar crystals
[reflecting the disappearance of the split (110) diffrac-
tion]. Therefore, the inflection points are marked with
arrows labeled Tm. The inflection point generally
increases with an increase in the elongation up to l ¼ 3,

Figure 21 c dependence of (a–c) the (020) diffraction and (d–f) the (110) diffraction plus the (021) diffraction for the samples
first subjected to isothermal crystallization at �308C at a fixed l value of 4.0 followed by an increase in the temperature to
(a,d) �20, (b,e) �2, and (c,f) þ208C while l is held constant at 4.0.
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and this is followed by a decrease upon a further
increase in l. At high elongations of l ¼ 4.0 and l¼ 4.5,
the X-ray diffraction pattern finally disappears at a
much higher temperature than Tf, as shown by the
arrows labeled Tm, because of the melting of the bun-
dle-type, extended-chain crystals.

Avrami analysis

The conclusion concerning the occurrence of the bun-
dle-type, extended-chain crystals in the samples crys-
tallized at high elongations can be supported also by
the kinetics of the crystallization process, which are
analyzed by Avrami’s theory:

xðtÞ ¼ exp � t

t1=2

� �n

ln 2

� �
(11)

n denotes Avrami’s exponent:

n ¼ m þ i (12)

m denotes the space dimension in which the crystals
grow. i is assumed to be 1 for sporadic nucleation or 0
when nucleation is predetermined. x(t) ¼ 1 � Xc(t) is
the weight fraction of the amorphous component.

The plots presented in Figure 25(a,b) show that n is
close to 2 for the sample crystallized at a high elonga-
tion of l ¼ 4.5, whereas for an undeformed sample, n
is 3. When homogeneous nucleation is assumed for
both cases (i.e., i ¼ 1), those values of n correspond to
m ¼ 1 for one-dimensional growth (the bundle-type,
extended crystals) for the case of l ¼ 4.5 and to m ¼ 2
for two-dimensional growth (chain-folded lamellar
crystals) for the undeformed polymer. In a previous
section, we have pointed out that the crystallization
behavior at l ¼ 4.5 and Tc ¼ 08C can be described on
the basis of spinodal-like crystallization. At first sight,
this appears to contradict the application of Avrami
analysis to such a system. However, it may be still pos-

Figure 23 Stress recovery (s) as a function of the tempera-
ture during the heating of samples at a constant length indi-
cated by l ¼ 4.5. Before the heating, the samples were first
subjected to isothermal crystallization at l ¼ 4.5 and at vari-
ous Tc values. The arrows indicate the inflection points of
the plot of s versus the temperature.

Figure 24 Stress recovery (s) as a function of the tempera-
ture during the heating of samples at given constant lengths
indicated by l. Before the heating, the samples were first
subjected to isothermal crystallization at Tc ¼ �308C and at
various l values.

Figure 22 Tm versus l as measured from the disappearance
of the wide-angle X-ray diffraction pattern (as shown in
Fig. 21).
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sible that the local crystallization in the region rich in
the crystallizable component may proceed via the
nucleation growth process.

CONCLUSIONS

SAXS and WAXS studies of the structural changes
occurring during the oriented crystallization of cross-
linked PB have been conducted in real time and
accompanied by simultaneous measurements of the
stress relaxation. The results reveal several peculiar-
ities of the process. Photographic X-ray diffraction
patterns (both WAXS and SAXS) demonstrate that
even at low l values, the final crystalline structure
exhibits orientation of the crystal with respect to the
elongation axis. From WAXS patterns, it can be con-
cluded that the molecular axes in the crystal tend to
orient along the elongation axis. The two-point SAXS
patterns indicate the existence of regularly stacked la-
mellar crystals, with their lamellar normal oriented
parallel to the stretching direction, although these
points have not been explicitly emphasized in this
work as the phenomena are well expected.

A gradual evolution of the wide-angle X-ray diffrac-
tion pattern can be used to evaluate the kinetics of
crystallization in the system. Figure 18 shows that, in
the range of �508C � Tc � 108C, the crystallization
rate (proportional to the inverse of t1/2) at a given l
value in the range of 2.0 � l � 4.5 increases with a
decrease in Tc. At constant Tc values, the crystalliza-
tion rate increases with an increase in l. The values of
t1/2 obtained from SAXS are shorter than those meas-
ured by WAXS, as also shown in Figure 18 for l ¼ 2.0
and l ¼ 4.5 at low Tc values ( Tc < �108C), in contrast
to the case of l ¼ 1.0, which tends to show no obvious
difference down to Tc ¼ � 308C. This means that

ordering occurs first on the large length scale revealed
by SAXS before the well-developed crystal structure,
revealed by WAXS, is formed on the local scale. The
time lag is greater for the larger supercoolings, a pos-
sible interpretation of which is proposed in conjunc-
tion with Figure 18.

In the weak-to-intermediate orientations, D remains
practically constant during the course of crystalliza-
tion, whereas L decreases with time (such an effect
was also reported by Schultz at al.2); this occurs
almost simultaneously with an increase in Qr (Fig. 14).
Crystallization under high orientations involves
ordering induced by the instability of melts consisting
of highly oriented amorphous chains, giving rise to
periodic density fluctuations with almost time-inde-
pendent periodicity (L) and a gradual evolution of the
amplitude of the density fluctuations that is accompa-
nied by subsequent crystallization. The increase in the
amplitude of the fluctuations is believed to be a result
of the segregation of noncrystallizable components
(crosslinked points) from crystallizable components
(chains between the crosslinked points) and sub-
sequent crystallization in the regions rich in crystalliz-
able chains. This crystallization behavior has the char-
acteristics of spinodal crystallization, as discussed
previously, which is for the first time elucidated for
the oriented crystallization of crosslinked chains in
this work.
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