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ABSTRACT: The crystallization and the melting of vulcanized isoprene rubber under uniaxial deformation
have been studied by the measurements of the stress-strain-temperature relation. The melting
temperature increases approximately linearly with nominal stress for the rubbers crystallized at a fixed
temperature and stress condition. It has been shown that the main origin of the rise in melting temperature
with stress is the work of contraction upon melting rather than the entropy reduction on deformation in
the molten state. The crystallization rate monotonically increases with nominal stress above the melting
stress at a given temperature, while it shows a maximum against temperature at a given stress. The
relation between the temperature and the nominal stress at the onset of crystallization is satisfactorily
reproduced by the simplified kinetic model.

1. Introduction

In the study of the crystallization of polymeric ma-
terials, the investigations by introducing parameters
other than temperature provide valuable information
to understand the basic mechanism and useful methods
to control crystallization. In the present study, the
uniaxial deformation is adopted as a controlling param-
eter. Cross-linked rubbers are a suitable material in
making use of this variable, since they easily deform
up to several hundred percent and that they do not flow.
Nonfluidity makes less complicated the treatment of
creep under stress and allows us to determine the
thermodynamic properties in the oriented molten state
and the crystalline state, which are indispensable for
the kinetic analysis of crystallization. The crystallization
study on cross-linked rubbers conversely elucidates the
thermal equilibrium range of the rubber elasticity,
which is a fundamental problem in polymer physics.
Further, insight into the role of the macro-Brownian
movement in the polymer crystallization would be given
by comparing the nucleation rate and the growth rate
between the cross-linked and the un-cross-linked rub-
bers, though it is beyond the scope of the present paper.

The crystallization of vulcanized rubber has been
studied for years and recently reported are the observa-
tions of the crystallization and the melting on deforma-
tion by the stress1 and by the X-ray measurements.2-5

The rubbers exhibit the variations of mechanical prop-
erties characteristic of the polymeric substances, i.e., the
rubber elasticity, the viscoelasticity, and the glassy
properties with decreasing temperature. In the rubbery
state and the viscoelastic region, stretching induces
crystallization. The crystallization upon stretching leads
to the crystal and amorphous composite state from the
rubbery state through the supercooled liquid state, and

on retraction, the stress-strain curve shows the hys-
teresis loop and the thermal equilibrium rubbery state
is recovered after melting.2,5,6

The measurements on the crystallization and the
melting of rubbers under uniaxial deformation have
been mostly performed with the strain as a controlling
parameter, such as the growth of X-ray intensity and
the stress relaxation under the strain-controlled condi-
tion. Since the phase transitions are usually treated in
terms of the intensive variables, the stress-controlled
measurements also give fruitful information. In par-
ticular, the stress and hence the supersaturation con-
tinuously change as the crystallization proceeds at a
fixed strain. Then, the resulting rubbers are composed
of the crystallites crystallized under various conditions,
and the interpretation of the melting behavior of such
rubbers is not straightforward.

The main purpose of the present paper is to propose
a new and synthetic approach to measure and to analyze
the crystallization and the melting of rubber under
uniaxial deformation. In the first part of the present
experiments, the temperature dependence of the rela-
tion between stress and strain has been systematically
measured with the rate of deformation as a parameter
which changes the time scale of observation, and the
results are supplemented by X-ray measurements. In
the second part, the rubbers are crystallized under a
fixed temperature and stress condition, and the depen-
dence of their melting behavior on temperature and on
stress is investigated. We examine the implications of
the stress-strain relation on the crystallization and the
melting and of its temperature dependence. Then we
discuss the origin of the rise in melting temperature
with stress from the experimental result on the rubbers
crystallized under the fixed temperature and stress
condition. Finally, the crystallization behavior observed
in the stress-strain measurements as a function of
temperature and rate of deformation is discussed by the
kinetic analysis.

2. Experimental Section
The material used is vulcanized synthetic cis-1,4-polyiso-

prene kindly prepared by Toyo Tire & Rubber Co. Ltd. The
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composition of the rubber is zinc oxide, 1, stearic acid, 1,
n-cyclohexyl-2-benzothiazylsulfenamide, 1, and sulfur 1.5 parts
per hundred polyisoprene (IR2200, JSR). The curing condition
is 160 °C for 15 min. The degree of cross-linking is estimated
to be 3.8 × 10-5 mol/g from the Mooney-Rivlin elastic coef-
ficient.

The sample dimensions used for the measurements are
typically 25 mm, 5 mm, and 1 mm in the original length l0,
width w0, and thickness d0, respectively. The sample length l
is measured by a displacement sensor and the tension f by a
force gauge, and they are controlled by a pulse motor with a
feedback circuit. The nominal stress is given by σ ) f/d0w0 and
the strain in terms of the elongation ratio λ ) l/l0. Most of the
measurements are carried out in a temperature-controlled
ethanol or water bath in order to confirm the isothermal
condition, unless otherwise specified. The ranges of the tem-
perature, T, and the rate of deformation, λ̇, studied are from
-60 to +80 °C and from 0.0007 to 7 s-1, respectively. At low
temperatures and at high λ̇, the rubbers tend to break at large
elongations, while at high temperatures and at low λ̇ (pro-
longed measuring time), the effect of absorption of bath fluid
is not negligible, which is examined by the reproducibility of
the results: these effects limit the range of measurements.

X-ray diffraction patterns are taken by a flat camera on an
imaging plate with the Cu KR spectrum operated at 40 kV
and 300 mA (Rigaku RINT2000). The exposure time was 20
min.

3. Results

3.1. Stretching and Retraction at Fixed Temper-
ature and Rate of Deformation. We first show the
stretching and retraction behavior of rubbers under a
given temperature and rate of deformation condition.
Figure 1 shows the maximum elongation ratio depen-
dence of the nominal stress vs elongation ratio curve
(hereafter called the stress-strain curve) at 29 °C at λ̇
) 0.07 s-1. The rubbers are stretched up to a predeter-
mined elongation ratio, λmax ) 5.6, 6.1, 6.5, 7.0, 7.4, and
7.9, and then retracted to the original length. Under the
condition of T ) 29 °C and λ̇ ) 0.07 s-1, the stretching
and the retraction curves are reversible for λmax < 5.7,
while when λmax g 6, they show the hysteresis, and the
retraction curve almost coincides with the stretching one
below λ = 3.1. On retraction from λmax g 7, the nominal
stress decreases little with decreasing elongation ratio
between λ = 6 and λ = 3, suggesting the coexistence of
the crystalline and the rubbery states. This result
indicates that the crystallization takes place at λ = 5.8,
and the melting completes at λ = 3.1. When the rubber
starts crystallizing at λ = 5.8, the nominal stress

decreases with increasing elongation ratio (strain soft-
ening) and steeply increases at λ g 7 (strain hardening),
which show that the rubber elongates on crystallization
and that the rubber stiffens when crystallized.

The above interpretation of the stress-strain curve
qualitatively agrees with the results of the in-situ X-ray
measurements.2,7 It is noted that in the cross-linked
natural rubbers the peak or shoulder in the stress-
strain curve on stretching seems less conspicuous, and
the crystallization occurs at a lower elongation under a
similar condition.2,7 The latter suggests that the crystal-
lization rate of the present synthetic rubber is smaller
than that of the natural rubbers. In fact, no crystalliza-
tion was observed by the X-ray measurement when the
sample is stored at -25 °C for a week in the quiescent
state. A brief remark concerning the stress-strain curve
in the rubbery state, in the present case λ e 3.1, is that
the stretching curve and the retraction one do not
rigorously coincide at a finite deformation rate, and the
small difference between them increases with decreas-
ing temperature. This difference can be therefore at-
tributed to the effect of viscosity of rubbers in the molten
state, and we disregard this difference in the following
discussion.

The dependence of stress-strain curve on rate of
deformation at 29 °C is shown in Figure 2a. The
elongation ratio at the onset of crystallization increases
with λ̇ (the inset), while that at the completion of
melting is less dependent on λ̇. The differential curves
of Figure 2a are shown in Figure 2b for λ̇ ) 0.0007, 0.07,
and 7 s-1. The elongation ratio λX and the nominal stress
σX at the onset of crystallization can be unequivocally
determined by a sudden decrease in dσ/dλ as shown by
the vertical arrows, and those at the completion of
melting can be also determined by the coincidence point
between the stretching and the retraction curves and
slightly increase with λ̇.

Figure 3 shows the temperature dependence of stress-
strain curve at λ̇ ) 0.07 s-1. The elongation ratio λf(T,
λ̇) and the nominal stress σf(T, λ̇) at the completion of

Figure 1. Maximum strain dependence of stress-strain
curves at 29 °C at a rate of deformation of 0.07 s-1.

Figure 2. (a) Dependence of stress-strain curve on rate of
deformation at 29 °C. The rates of deformation are (O) 0.0007,
(4) 0.007, (0) 0.07, (3) 0.7, and ()) 7 s-1. Inset: magnification
in the region of the onset of crystallization. (b) Differential
curves are shown for the results of λ̇ ) 0.0007 (O), 0.07 (0),
and 7 s-1 ()) in (a). The vertical arrows indicate the onset of
crystallization on stretching.
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melting increase with increasing temperature above 0
°C. Below -15 °C, the tension vanishes before the
sample length reaches its original length l0 on retrac-
tion, which indicates that the length of the crystallized
rubber is larger than l0 and the melting temperature
in the undeformed state is higher than -15 °C. Above
-10 °C, λX(T,λ̇) and σX(T,λ̇) at the onset of crystallization
increase with increasing temperature, while they in-
crease with decreasing temperature below -10 °C.

The relations among temperature, nominal stress,
and elongation ratio at the onset of crystallization and
at the completion of melting are shown in Figure 4a,b
with the rate of deformation as a parameter. As a
reference, the dependence of glass transition tempera-
ture Tg on nominal stress and elongation ratio8 is also
shown in the figure. For the broken and solid lines, see
Figures 8-10 and the Discussion, respectively. At a
given λ̇, i.e., following the same symbols, σf(T,λ̇) and λf-
(T,λ̇) at melting increase with temperature, and σX(T,λ̇)
and λX(T,λ̇) at crystallization increase with increasing
temperature at high temperatures while they increase
with decreasing temperature at low temperatures. At
a given temperature, all these four quantities increase
with λ̇.

3.2. X-ray Measurements. The melting of the vul-
canized isoprene rubber under strain is examined by
X-ray measurements. The rubber is stretched up to a
predetermined elongation ratio (λ ) 4.2, 4.5, and 4.65)
at room temperature in the air. Then the rubber is
mounted on a metal sample holder, transferred to a
refrigerator at -20 °C at the fixed length, and kept there
at least for 24 h. Judging from the results shown in
Figures 2 and 4, the crystallization is supposed to
proceed at -20 °C rather than during the stretching or
the cooling processes. X-ray diffraction patterns are
taken at 5 K intervals with stepwise heating under the
fixed length condition and shown in Figure 5a-c for λ
) 4.65. The X-ray patterns show that the chain axis is
highly oriented along the stretching direction, and the
amorphous part is much less oriented.2,5,9 The Bragg
diffraction intensities decrease with increasing temper-
ature and disappear completely at 60 °C. The variation
in 200 reflection intensity with temperature is shown
in Figure 5d. The intensity linearly decreases with
temperature, and the melting temperature Tf(λ) is

determined by the temperature at which the Bragg
intensity disappears, shown in Figure 4b (x). The
melting temperatures determined by the X-ray mea-

Figure 3. Temperature dependence of stress-strain curve
at a rate of deformation of 0.07 s-1.

Figure 4. (a) Nominal stress and (b) elongation ratio depen-
dence of crystallization TX and melting Tf temperatures
determined by the stretching and retraction measurements
under the constant rate of deformation. The rates of deforma-
tion are (O) 0.0007, (4) 0.007, (0) 0.07, (3) 0.7, and ()) 7 s-1.
Open symbols show the melting temperatures, and closed ones
show the crystallization temperatures. The glass transition
temperature Tg is also shown.8 The broken lines indicate the
melting temperature of the rubbers crystallized under the fixed
temperature and nominal stress condition shown in Figure 10.
(a) X: The crystallization conditions of temperature and
nominal stress shown in Figure 6. (b) x: The melting tem-
perature determined by the X-ray measurements (Figure 5).
The solid lines in (a) show the contour lines of crystallization
rates corresponding to λ̇ from 0.0007 to 7 s-1 from left to right,
deduced from Figure 13 and eqs 7-9.

Figure 5. Change in X-ray pattern with increasing temper-
ature at an elongation ratio of 4.65: (a) 25, (b) 45, and (c) 60
°C. The stretching direction is vertical. (d) Temperature
dependence of the 200 reflection intensity on heating at
elongation ratios 4.2, 4.5, and 4.65.
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surements approximately agree with those determined
by the stress-strain curves.

3.3. Melting of Rubbers Crystallized at Fixed
Temperature and Stress. The dependence of TX on
the rate of deformation in Figure 4 indicates that the
crystallization is a kinetic process, while that of Tf may
be due to either the melting dynamics or the variation
in the melting point of the crystals crystallized under
different crystallization conditions. The stress at melting
σf(T,λ̇) is that of the crystal formed at σX(T,λ̇) on
stretching. At a given T, therefore, the rubber stretched
at a larger λ̇ crystallizes at a larger σ, i.e., at a larger
supersaturation. To clarify the above issue, the melting
behavior of the crystals crystallized under a fixed
temperature and nominal stress condition is examined.

In the supersaturated state, the stress relaxes if the
length of the rubber is fixed,1,10,11 and the rubber
elongates if the tension is fixed. The change in elonga-
tion ratio with time when the nominal stress is kept
constant at 26 °C is shown in Figure 6. The rubber is
stretched at λ̇ ) 7 s-1 up to a given nominal stress (e.g.,
along the solid line in Figure 7a up to σ ) 1.8 MPa),
and the elongation of rubber is measured during crys-
tallization at the fixed nominal stress. Figure 6 shows
that the rubbers elongate upon crystallization and that
the elongation ratio exhibits the sigmoidal curve typical
to crystallization, indicating that the primary crystal-
lization is completed within the crystallization time
elapsed, with further gradual elongation at prolonged
time. The half-time of crystallization is 660 s at 1.51
MPa, 44 s at 1.67 MPa, and 11 s at 1.79 MPa, and the
corresponding crystallization conditions are shown in
Figure 4a by crossed circles (X).

The melting behavior of the crystals crystallized at
the condition corresponding to the leftmost curve in
Figure 6 is studied. Crystallization is carried out before
each melting scan in a total of 30 times. In these 30
crystallizations, the crystallization condition is as fol-
lows: the temperature is TX ) 26 ( 1 °C, the nominal
stress, σX ) 1.80 ( 0.03 MPa, and the crystallization
time, 3100 ( 100 s. The elongation ratio changes upon
crystallization from 5.7 ( 0.1 to λfin ) 6.7 ( 0.1 as shown
by a thick arrow in Figure 7a, and the half-time of
crystallization is 10.0 ( 3.8 s. These crystallizations are
carried out in the air in order to transfer the rubbers
rapidly to the temperature and/or the nominal stress
for the subsequent melting measurements.

The dependence of the contraction curve on rate of
deformation at 26 °C after the crystallization and its
differential curve are shown in parts a and b of Figure
7, respectively. Since the results in Figure 7a,b clearly
show that the contraction curves are independent of λ̇,
it is concluded that the origin of the dependence of
melting on rate of deformation observed in Figures 2
and 4 is the difference in the crystallization conditions.

The relation between the temperature and the nomi-
nal stress at melting is measured by the following
complementary methods: the heating at constant nomi-
nal stress which gives the nominal stress dependence
of the melting temperature, Tf(σ), and the contraction
at constant temperature, σf(T).

The experimental procedure of the first method is as
follows. After the crystallization under the above condi-
tion, the rubbers are quenched to -20 °C at the fixed
length λfin, and a prescribed nominal stress is given.
They are further cooled to -50 °C, and then the change
in elongation ratio is measured upon heating at 1 K/min
under the fixed stress condition. In this procedure, the
choice of the quenching temperature of -20 °C is
arbitrary so far as it is well below the melting temper-
ature in the unstrained state (the quenching tempera-
ture was examined in the range between -20 and -40
°C) and did not affect the results shown below. The
change in nominal stress for T < TX on cooling and
heating at a fixed elongation ratio of λfin ) 6.7 is
reversible with the temperature coefficient larger than
the proportionality to the absolute temperature.

The heating curves under various fixed nominal
stresses are shown in Figure 8a. The shrinkage of the
rubber is observed in a narrow range of temperatures.
At the higher temperatures, the elongation ratio de-
creases approximately proportional to the reciprocal
absolute temperature, characteristic of the rubbery

Figure 6. Crystallization time dependence of elongation ratio
at σX ) 1.51 (O), 1.67 (4), and 1.79 MPa ()) at TX ) 26 °C. The
arrows indicate the time corresponding to (λ̇(TX,σX))-1 esti-
mated from the crystallization condition (X) in Figure 4.

Figure 7. (a) Contraction curves at 26 °C at various contrac-
tion rates after crystallized at σX ) 1.8 MPa and TX ) 26 °C
and (b) their differential curves. The contraction rates are (O)
0.0007, (4) 0.007, (0) 0.07, (3) 0.7, and ()) 7 s-1. (a) The solid
and broken curve represents the stress-strain curve at 26 °C
at λ̇ ) 7 s-1. The rubbers are stretched along the solid curve
up to 1.8 MPa at 26 °C, and then the stress is maintained.
The thick arrow indicates the elongation of rubbers during
crystallization at σX ) 1.8 MPa. (b) Differential curve on
stretching at 26 °C at λ̇ ) 0.07 s-1 is shown by a solid line for
comparison.
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state, which reconfirms the sharp drop in elongation
ratio is due to melting. The differential curves of Figure
8a are shown in Figure 8b: the melting temperature
at a given nominal stress Tf(σ) can be clearly identified
from the sharp peak in the differential curves. Note that
the melting temperature thus determined is the one at
which the crystals melt most, while that determined
from Figures 2 and 3 and shown in Figure 4 is the
temperature at which the final trace of crystal disap-
pears. The temperature range of shrinkage increases
with increasing melting temperature, in particular, at
Tf(σ) > TX ) 26 °C.

In the second method, the rubbers crystallized at σX
) 1.8 MPa and TX ) 26 °C are transferred at the fixed
λfin = 6.7 to a temperature of the contraction curve
measurement, and the tension is measured on contrac-
tion at λ̇ ) 0.07 or 0.7 s-1. Figure 9a shows the stress-
strain curves on contraction from λfin = 6.7. Since the
stress-controlled measurements give almost the same
results and the measurements at constant λ̇ are experi-
mentally more stable and accurate, the stress on
contraction at constant λ̇ was measured in the second
method. Below -15 °C, the tension vanishes at λ > 1,
similar to Figure 3. At -12.5 °C < T < TX ) 26 °C, fairly
constant stress is observed during contraction, while at
higher temperatures (T > TX) the nominal stress
continuously decreases on contraction. In both cases, σ-
(λ,T) shows the values in the rubbery state when σ <
σf(T). The differential curves of elongation ratio with
respect to nominal stress, (dλ/dσ)(σ), is shown in Figure
9b. The nominal stress at melting at a given tempera-
ture σf(T) is determined by the peak position in Figure
9b.

The relation between the temperature and the nomi-
nal stress at melting, fcoexist(Tf,σf) ) 0, determined from
Figures 8b and 9b is shown in Figure 10. The results
obtained by the heating (closed circles) and by the
contraction measurements (open circles) agree well with
each other. The results are also shown in Figure 4 by
the broken lines. The melting temperature as a whole

linearly increases with nominal stress including Tf(σf)
> TX ) 26 °C and is expressed by Tf ) 259 + 45σf K (σf
in MPa). At small nominal stresses, the slope of the
curve slightly decreases, and a closer look reveals Tf-
(σff0) = -13 °C ) 260 K.

At the end of this section, a remark is made on the
homogeneity of deformation. The deformation of rubber
is macroscopically homogeneous in most measurements
of the present study. In some cases, however, the
deformation becomes macroscopically inhomogeneous,
in which the width and the thickness of rubber vary
along the specimen; that is, single or multiple thicker
parts and thinner parts coexist under the common
tension, suggesting that the thicker parts are in the
molten state and the thinner ones in the crystallized
state. The inhomogeneous deformation is observed at a
small strain at a slow ramping rate in the melting
process, for example, in the retraction in the stress-
strain curve measurements around -5 °C at λ̇ ) 0.0007

Figure 8. (a) Change in elongation ratio on heating at 1
K/min at various nominal stress after crystallized at σX ) 1.8
MPa and TX ) 26 °C and (b) the differential curves: (O) 0.036,
(4) 0.18, (0) 0.42, (3) 0.68, and ()) 1.11 MPa. (a) The solid
curves are the elongation ratios extrapolated from low (linear
in T) and high (proportional to T-1) temperature for σ ) 0.036
MPa.

Figure 9. (a) Contraction curves at various temperatures
after crystallized at σX ) 1.8 MPa and TX ) 26 °C. (b)
Differential curves of elongation ratio with respect to nominal
stress. (left-tilted 4) -20.5, (0) -10.2, (4) -0.5, (O) 9.7, (3)
19.6, ()) 39.3, and (right-tilted 4) 58.5 °C.

Figure 10. (a) Relation between the temperature and the
nominal stress at melting determined by the heating (O, Figure
8) and by the contraction measurements (b, Figure 9). The
broken line shows the nominal stress dependence of melting
temperature calculated by eq 3, and the solid line shows that
by eq 6 with ∆λf ) -8.9. The vertical and horizontal bars
indicate the range of melting determined by the half-width of
the peaks in Figures 8b and 9b, respectively.
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s-1, in the heating measurement at σ ) 0.036 MPa
around -10 °C (Figure 8), etc. Details are under
investigation.

4. Discussion

In the crystallization of polymer networks from the
stretched state, two types of mechanisms are proposed:
the stress-induced crystallization and the temperature-
induced crystallization.12 When the rubbers are stretched
at a temperature up to an elongation ratio at which the
melting temperature is higher than the ambient tem-
perature, the stress-induced crystallization occurs. After
the stress relaxation by crystallization, further crystal-
lization, i.e., the temperature-induced crystallization,
takes place when the temperature is lowered. If the
average strain in the molten rubbery region can be
assumed to be given by the stress at a given tempera-
ture, the stress relaxation by crystallization implies that
the strain in the rubbery region and hence the super-
saturation decrease as the crystallization proceeds. At
the end of stress relaxation, the crystallization rate
becomes small or may be even zero, and the primary
crystallization may not be completed in the stretched
state depending on the initial conditions of the temper-
ature and the elongation ratio. On cooling from this
state, the further primary crystallization may well take
place as well as the secondary crystallization. Here, the
primary crystallization refers to the space-filling process
of polycrystalline aggregates, and the secondary crystal-
lization refers to the crystallization and the reorganiza-
tion processes after the primary crystallization. When
the samples are brought into the state of a larger
supersaturation after the primary crystallization, less
stable crystallites are formed, which melt at lower
temperatures,14 and when heated, the annealing effect
involves the reorganization or the recrystallization
which leads to more stable crystallites with higher
melting temperatures.

On the other hand, when the nominal stress and the
temperature are maintained during crystallization, the
supersaturation remains approximately constant, apart
from the change in true stress. Figure 6 indicates that
the primary crystallization is completed with an effect
of the secondary crystallization at prolonged time under
the present crystallization condition. Then on quenching
the samples into a state of larger supersaturation of -20
°C at a fixed length, λfin, the temperature-induced
crystallization may take place as the further secondary
crystallization.

Since the relations σ(λ,T) for T > Tf in Figure 8a and
for σ < σf in Figure 9a correspond to that in the rubbery
state, the peaks observed in Figures 8b and 9b indicate
the melting of the crystallites into the rubbery state.

We discuss the effect of the secondary crystallization
at T < TX. Despite the possible existence of the tem-
perature-induced crystallites, the present measure-
ments can be considered to determine the melting point
of the stress-induced crystallites formed at σX and TX
for the following reasons. In other words, the present
method of measurement may be insensitive to the
melting of the temperature-induced crystallites formed
by the secondary crystallization. First, the crystalliza-
tion rate of the present material is much smaller than
the natural rubbers (NR) as noted in Results section,
suggesting the contribution of the temperature-induced
crystallites is accordingly small. Second, the melting
behavior observed by the first method of the heating

under the fixed stress does not depend on the quenching
temperature, which is arbitrarily chosen as -20 °C in
the present set of measurements. Third, the change in
σ(λfin,T) on cooling and heating after the crystallization
is reversible in the range T < TX. These results show
that the effect of the temperature-induced crystallites
is relatively small on the basic amorphous and crystal
composite structure formed under the present crystal-
lization conditions. At the same time, however, the
reversible change in σ(λfin,T) and its large temperature
dependence suggest that the cooling and heating affect,
though small, the composite structure in a reversible
manner for T < TX: these observations may be relevant
to the approximately reversible change in the lamellar
structure observed in NR.13

The effect of annealing can be seen for Tf(σf) > TX in
the increase in the temperature and the stress ranges
of shrinkage with increasing Tf, as shown in Figures 8
and 9, respectively, and also in Figure 10. Though the
melting temperature will increase and the melting
stress will decrease by the annealing effect, Figure 10
shows that the corrections for σf and Tf determined by
the peak positions are not important.

We have obtained from the above experiments (1) the
equation of state in the rubbery state, fstateR(T,σ,λR) )
0, where λR is the elongation ratio in the rubbery state
(e.g., Figure 3), (2) the relation at the onset of crystal-
lization, fonset(TX,σX, λ̇) ) 0 (Figure 4a), and (3) the
coexistence condition of the melt and the crystal of the
rubbers crystallized at 1.8 MPa and 26 °C, fcoexist(Tf,σf)
) 0 (Figure 10). In this section we will discuss the rise
in melting temperature with stress from the viewpoint
of the entropy reduction upon deformation and from the
thermodynamics under uniaxial extension and the
crystallization kinetics by a simplified treatment.

The crystallites grown under the above crystallization
condition should be of finite size, and hence the melting
temperature shown in Figure 10 is not the equilibrium
melting temperature. The crystallization rate strikingly
decreases with increasing cross-linking for NR and is
much faster in NR than in synthetic isoprene rubber
(IR).1,10,15,16 Also known is the large effect of fatty acids
on the nucleation process of NR.17,18 On the other hand,
the observed melting temperature for the rubbers
crystallized under similar conditions is little affected by
the cross-linking for NR and is similar between NR and
IR or somewhat higher for NR than IR.1,15 In the
unstrained state of an unvulcanized NR, the equilibrium
melting temperature is experimentally determined to
be 35.5 °C by extrapolating the observed melting tem-
perature to the infinite lamellar thickness.19 It is
therefore expected that the equilibrium melting tem-
perature in the unstrained state Tf

0(σf ) 0) of the
present material is similar to that of unvulcanized NR,
about 35.5 °C (or somewhat lower), higher by nearly 50
K than the observed Tf(σf ) 0) = -13 °C.

We proceed with the discussion on the melting tem-
perature rise with stress based on the observed fcoexist-
(Tf,σf) ) 0 because we are concerned with the change
in Tf(σf) with σf but not with the absolute value of
Tf

0(σf
0). We will take the difference between Tf and Tf

0

into account in estimating the supersaturation in the
subsequent discussion about crystallization. In addition,
the heat of fusion in the unstrained state, ∆hf(σ ) 0), is
assumed to be 64 MJ/m3 as a reference value, which is
the value for unvulcanized natural rubber.20,21 The
following discussions are qualitatively insensitive to the
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choice of the ∆hf(σ ) 0) value, but the numerical values
given below depend on them.

4.1. Melting. It is well-known that the melting
temperature increases when polymeric substances are
subjected under strain, and the rise in melting temper-
ature is in general attributed to the reduction of the
entropy in the molten state. In this case, it is implicitly
assumed that the change in enthalpy and entropy in
the crystalline state can be neglected. We first examine
whether the above idea is applicable to the present
experimental result.

The basic thermodynamic relation for the rubber
under strain is given by du ) T ds - p dv + σ dλ, where
p is the hydrostatic pressure and u, s, and v are the
internal energy, the entropy, and the volume of the
system, respectively. The enthalpy ĥ is defined by ĥ ≡
u + pv, and the enthalpy under stress is defined by dh
≡ d(ĥ - σ(λ - 1)) ) T ds - (λ - 1) dσ, as the pressure
remains unchanged in the present study. The Helmholtz
free energy fj ≡ ĥj - Tsj and the Gibbs free energy gj ≡
hj - Tsj are defined in the ordinary way, where the
subscript j ) “R” stands for the rubbery state and j )
“c” for the crystalline state. Since the tensile force, or
the nominal stress, is common between the melt and
the crystal in the coexistence state, the melting tem-
perature Tf at the nominal stress σf is given by

where ∆xf signifies the difference in the quantity x
between the molten and the crystalline states at the
melting point (Tf,σf), for example, ∆sf(σf) ≡ sR(Tf,σf) -
sc(Tf,σf).

The change in entropy in the rubbery state on
deformation can be obtained from the equation of state,
fstateR(T,σ,λR) ) 0. Here we calculate the change in
Helmholtz free energy per unit volume according to the
Mooney’s method:6

where I1 and I2 are the strain invariants, and I1 ) λR
2

+ 2λR
-1 and I2 ) 2λR + λR

-2 in the case of uniaxial
extension. The coefficients C1 and C2 are determined
from the intercept and the slope in the Mooney plot,
σ/2(λR - λR

-2) vs λR
-1, respectively. In the Mooney plot

at a given temperature T, the experimental result σ-
(T,λR) on stretching and below σf(T) is employed. The
temperature dependence of C1 (closed symbols) and C2
(open symbols) is shown in Figure 11. In the figure, the
results at λ̇ smaller than 0.07 s-1 are shown, but those
for higher λ̇ are almost the same. The linear regressions
give C1 ) 0.77 × 10-4 + 3.1 × 10-4T MPa and C2 )
0.11 + 2.5 × 10-5T MPa and are shown in Figure 11 by
a solid line for C1 and a broken line for C2. The
coefficient C1 is approximately proportional to the
absolute temperature T, and the C2 term is independent
of T.22 When we assume that the temperature derivative
of σ is the change in entropy on extension and that the
temperature independent σ is the change in energy, the
results suggest that the C1 term is of the entropic origin
and C2 of the energetic origin, though the scatter of the
data prevents us from drawing the definite conclusion.23

If the increase in melting temperature from Tf(σf )
0) is assumed to arise only from the contributuion of

the rubber elasticity, the melting temperature at σf is
expressed by

where C1′ ) C1/T and λm(σf) ≡ λR(Tf,σf). The result
calculated by eq 3 is shown in Figure 10 by a broken
line, with the approximations C1′ ) C1/T ) 3.1 × 10-4

MPa/K, which gives the cross-link density of 3.8 × 10-5

mol/g, C2 ) 0.11 MPa, and Tf(σf ) 0) ) 260 K. The result
shows that the change in free energy in the rubbery
state by elongation accounts for at most one-sixth of the
observed increase in melting temperature with nominal
stress. Even when it is assumed that the stress at room
temperature is totally of the entropic origin,24 the
similar increase in Tf results as has been pointed
out.11,25 From these results, the contribution to the free
energy from the rubber elasticity is found to be not
enough to explain the observed rise in melting temper-
ature with stress.

The factor overlooked in the above discussion is the
work of contracting the length of the system in the
crystalline state to that in the molten state under the
external tensile force or, equivalently, that of elongation
upon crystallization, -σf∆λf, appeared in the numerator
in eq 1. Note that ∆λf ≡ λR(Tf,σf) - λc(Tf,σf) < 0 as the
rubber shrinks on melting and that λc is defined by the
ratio of the length of the system in the crystalline state
to the natural length in the rubbery state. The value of
∆λf can be estimated from the Clapeyron-Clausius
relation

When it is assumed that ∆ĥf is constant and given by
∆hf(0) ) 64 MJ/m3, disregarding the rubber elasticity
contribution, and that the relation is linear between Tf
and σf, then ∆sf and ∆λf are found to be both constant
and given by

leading to ∆sf ) 0.25 MJ/(m3 K) and ∆λf ) -11.

Tf(σf) )
∆hf(σf)

∆sf(σf)
)

∆ĥf - σf∆λf

∆sf
(1)

fR(T,λR) - fR(T,1) ) C1(I1 - 3) + C2(I2 - 3) (2)

Figure 11. Temperature dependence of the Mooney coef-
ficients: (O) λ̇ ) 0.0007, (4) 0.007, and (0) 0.07 s-1. The filled
symbols are for C1, and the open ones are for C2.

Tf(σf) )
∆hf(0) + C2(I2(λm(σf)) - 3)

∆sf(0) - C1′(I1(λm(σf)) - 3)
(3)

dTf

dσf
)

-∆λf(Tf,σf)

∆sf(Tf,σf)
)

-Tf∆λf

∆ĥf - σf∆λf
(4)

∆sf )
∆ĥf

Tf(0)
and ∆λf )

∆ĥf

Tf(0)

dTf

dσf
(5)
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When the work of contraction on melting is not
negligible and the contributions from the rubber elastic-
ity are taken into account, Tf(σf) is given by the following
equation from eq 1 instead of eq 3:

From the observed Tf(σf), ∆λf can be calculated by eq 6
(see Figure 12) and found to be about -9, approximately
independent of σf. In fact, eq 6 with ∆λf ) -8.9 gives
an excellent fit to the observed melting temperature as
shown in Figure 10 by a solid line. From this result,
the major factor controlling the rise in melting temper-
ature with stress can be attributed to the work of
contraction upon melting. It may be worth noting that
the elongation upon crystallization plays a role not only
in the crystallization of rubbers under strain but also
of polymeric substances in general, even in the quiescent
state. The above conclusion may be specific to a group
of polymers because fair agreement in the melting
temperature rise with strain is observed between the
measurements and the theory for cross-linked trans-
polychloroprene and trans-polyisoprene,26-29 where the
melting temperature rise is much smaller (ca. 15 and 5
K for λ ) 4) than the present result (ca. 50 K for λ ) 4).

4.2. Crystallization. Next, the structure developing
during the crystallization is discussed. The elongation
ratio in the crystalline state at melting point, λc(Tf,σf),
which corresponds to the equilibrium value of the fully
crystalline state, is obtained by λc ) λm - ∆λf by the
use of eq 5 or 6. Figure 12 shows the stress dependence
of λm and λc. In the figure also shown are the elongation
ratio just after crystallization (σf ) 1.8 MPa and λfin )
6.7) and that before melting at melting point, λA(Tf,σf),
determined by the elongation ratio of the crystallized
state extrapolated to the melting temperature in the
heating experiment (Figure 8). The intermediate value
of λA between λm and λc indicates that the crystallized
rubber has limited crystallinity. This result and the
sigmoidal crystallization curve in Figure 6 suggest that
the aggregates composed of nearly constant amorphous
and crystal structure increase their fraction with crys-
tallization time, presumably by the nucleation and

growth, analogous to the spherulitic growth in the
quiescent state. The stress relaxation and the elongation
in the rubbers on crystallization imply that the crys-
tallites and the amorphous region are primarily ar-
ranged in series in the aggregate, and the crystallites
are supposed to be the lamellar crystals with the chain
axis parallel to the stretching direction.13 The formation
of a fiberlike crystal will hardly lead to the elongation
of the rubber under a given stress nor to the relaxation
of stress at a given strain; the present method of
measurement is insensitive to the formation of the
fiberlike crystal or of the “shish”.

The simple series model is, however, quite unsatisfac-
tory for explaining the experimental results quantita-
tively. The simple series model would give a constant
value for a measure of the crystallinity (λfin - λm)/∆λf )
(λA - λm)/∆λf, while in Figure 12, (λfin - λm)/∆λf is about
0.1 just after the crystallization, but (λA - λm)/∆λf
increases up to about 0.5 with decreasing σf (or Tf). We
should construct models including the aspects of trans-
versal interaction among the hard domains mediated
by the elasticity of soft domains.

The σf dependence of λc in Figure 12 is puzzling as
well. Since Young’s modulus in the crystalline state (∼1
GPa) should be much larger than that in the rubbery
state ( =1 MPa), and that the linear thermal expansion
coefficient of the former would be of the same order and
smaller than that of the latter (∼10-4 K-1), the σf
dependence of λc is expected to be much smaller than
that of λm, in contrast to the result shown in Figure 12.
Further investigations will be necessary in regard to the
elastic and thermal properties of the crystallized rub-
bers and the σf (or Tf) dependence of ∆λf. The assump-
tion that λc ) constant is another possibility instead of
that ∆ĥf ) ∆hf(0) ) constant. In this case, however, the
thermodynamic arguments result in a marked decrease
in both ∆ĥf and ∆hf with σf (or Tf), which is considered
unlikely.

Finally, we will examine the relation at the onset of
crystallization, fonset(TX,σX,λ̇) ) 0 in Figure 4a. This
relation signifies the condition (TX,σX) under which the
crystallization is observable at the time scale of the
order of reciprocal of λ̇. In other words, when the
crystallization rate at the onset, Ẋonset, is expressed as
a function of temperature and nominal stress, the
condition (TX,σX) at a given λ̇ corresponds a contour line
of Ẋonset(TX,σX). Therefore, Figure 4a shows that at a
fixed σ the crystallization rate increases with increasing
supercooling (decreasing temperature), passes through
a maximum, and then decreases with supercooling on
approaching to the glass transition temperature; that
is, the observed fonset(TX,σX,λ̇) ) 0 shows a bell-shaped
temperature dependence of the crystallization rate as
often observed in polymeric materials.

Since λ̇(TX,σX), which is another way of writing the
relation fonset(TX,σX, λ̇) ) 0, and Ẋonset(TX,σX) should be
proportional to each other with a proportionality coef-
ficient of the order of unity, these quantities are equated
in the following analysis. From the crystallization
conditions at fixed (TX,σX) of Figure 6, shown in Figure
4a by crossed circles (X), the corresponding λ̇(TX,σX) can
be estimated by the interpolation in Figure 4a. The
reciprocal of the estimated λ̇(TX,σX) is shown in Figure
6 by the vertical arrows. This result indicates σX(TX,λ̇)
in fact shows the condition at the onset of crystallization
at the time scale of λ̇-1.

Figure 12. Relation between the nominal stress and the
elongation ratio along the coexistence line shown in Figure
10. The elongation ratio of the melt determined by the
contraction (O, Figure 9) and the heating measurements (X,
Figure 8) and that of the crystal calculated by eq 5 ()) and
from eq 6 (0) with λc ) λm - ∆λf. The elongation ratio of the
rubbers crystallized at σX ) 1.8 MPa and TX ) 26 °C just after
crystallization (λfin: 3) and at melting in Figure 8 (λA: 4).

Tf(σf) )
∆hf(0) + C2(I2(λm) - 3) - σf∆λf

∆sf(0) - C1′(I1(λm)) - 3)
(6)
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The crystallization rate Ẋ at (TX,σX) is determined by
the transport factor φ(TX,σX) and the kinetic factor κ-
(TX,σX). The kinetic factor depends on the nucleation
rate and the growth rate of crystal. In the case of
polymeric materials, the growth rate is expressed, even
at large supercoolings, by the “nucleation type” tem-
perature dependence30-32 rather than by the Wilson
formula,33 and the transport factor is expressed by the
Vogel-Fulcher (VF) equation or the Williams-Landel-
Ferry (WLF) equation.34 In the present analyses, it is
assumed that the supersaturation dependence of crys-
tallization rate at the onset of crystallization is domi-
nated either by the nucleation rate or by the growth
rate:

where Ẋ0
(i) is a constant and

where K(i) are constants and ∆g(TX,σX) is the Gibbs free
energy of crystallization.11,27,30,35 The number i ) 2, if
the initial crystallization rate is controlled by the
nucleation, and i ) 1, if by the growth. We use here the
WLF equation in order to reduce the number of fitting
parameters

where the “universal” constants C1
WLF ) 8.86 ln 10 and

C2
WLF ) 101.6 K, and a reference temperature Ts ) Tg

+ 50 K34 with the stress dependence of Tg shown in
Figure 4a.

To properly estimate ∆g, the difference between the
equilibrium melting temperature Tf

0(σf
0) and the ob-

served melting one Tf(σf) must be taken into account
because Tf

0(σf
0 ) 0) - Tf(0) is expected to amount to

about 50 K and much larger than the apparent super-
cooling Tf - T = 20 K at high TX (Figure 4a). We adopt
the value of unvulcanized natural rubber, 35.5 °C, as
Tf

0(0) and assume the stress dependence of Tf
0 is the

same as the present result: Tf
0(σf

0) ) 308.7 + 45σf
0

K (σf
0 in MPa). If Tf(λ) shown by the broken line in

Figure 4b is shifted upward so that Tf
0(λm ) 1) ) 35.5

°C, Tf
0(λm) is lower by about 8 K than the equilibrium

melting temperature of natural rubber determined by
the Hoffman-Weeks plot in the range from λ ) 2 to λ
) 4.28,36 Further assumption ∆ĥf ) constant ) 64 MJ/
m3 leads to ∆sf ) 0.21 MJ/(m3 K) and ∆λf ) 9.3 by eq 5.
The driving force for crystallization ∆g(TX,σX) is given
either by ∆g ) ∆sf∆T with ∆T ) Tf

0(σX) - TX or by ∆g
) ∆λf∆σ with ∆σ ) σf

0(TX) - σX, neglecting the varia-
tion in ∆sf and ∆λf with temperature and stress. In parts
a and b of Figure 13, log λ̇(TX,σX) - log φ(TX,σX) is plotted
against (TX(∆g)2)-1 and (TX∆g)-1, respectively.

The nucleation-controlled case (i ) 2, Figure 13a)
shows a better linear relation between log λ̇ - log φ and
(TX(∆g)2)-1 with the intercept X0

(2) ) 1800 s-1 and the
slope K(2) ) 1.6 × 1018 J2 K/m6. With these values, the
contour lines of Ẋonset(TX,σX) are calculated by eqs 7-9
and shown in Figure 4a by the solid lines. Reproduc-
ibility of the experimental result is satisfactory. Accord-

ing to the classical nucleation theory,35 the factor K(2)

is given by 2Cσs
2σe/kB, where C is a numerical factor

determined by the shape of the nucleus, σs the surface
tension of the lateral surface (the surface parallel to the
chain axis) of the crystallite, σe the corresponding value
for the end surface of the crystallite, and kB Boltzmann’s
constant. We tentatively employ the values for the
unvulcanized natural rubber determined by the melting
and the crystallization analyses in the quiescent state:
σe ) 2.4 × 10-2 J m-2 19,37,38 and σs ) 1.0 or 1.4 × 10-2

J m-2.37,38 Then we obtain K(2) ) 1.2 × 1018 or 2.4 ×
1018 J2 K/m6 with C ) 2xπ for the cylindrical nucleus,
corresponding to σs ) 1.0 × 10-2 or 1.4 × 10-2 J m-2,
respectively. A fair coincidence is obtained between the
observed and the calculated values.

The reproduction of the experimental results fonset-
(TX,σX,λ̇) ) 0 in Figure 4a apparently without any
arbitrary parameter shows that reasonable are the
present interpretation of the crystallization and the
melting from the stress-strain-temperature measure-
ments and the method of analysis. It may not be safe
to conclude that the onset of crystallization observed in
this study is controlled by the nucleation, when consid-
ering the assumptions and the approximations em-
ployed. However, the linear relation seen in Figure 13a
and the agreement of its slope with the calculated value
of K(2) suggest that the nucleation-controlled onset of
crystallization is the case and that the thermodynamic
quantities of polyisoprene are little affected by vulca-
nization and between natural and synthetic rubbers,
since all the values used for Tf

0(σf
0 ) 0), ∆hf(0), σe, and

σs are borrowed from those of the unvulcanized natural
rubber. The remarkable difference in crystallization rate
among natural and synthetic rubbers with various
vulcanization conditions1,2,7,10,15 and with various con-
tents of fatty acids and esters17,18 may be attributable
to the difference in the segmental mobility and in the

Figure 13. Examination of the kinetic factor for the results
TX(σX,λ̇) shown in Figure 4 in the case that the initial
crystallization rate is controlled (a) by the nucleation rate (i
) 2) and (b) by the crystal growth rate (i ) 1). The rates of
deformation are (O) 0.0007, (4) 0.007, (0) 0.07, (3) 0.7, and
()) 7 s-1.

Ẋonset(TX,σX) ) Ẋ0
(i)

φ(TX,σX) κ
(i)(TX,σX) (7)

κ
(i)(TX,σX) ) exp(- K(i)

TX(∆g(TX,σX))i) (8)

φ(T,σ) ) exp( C1
WLF(T - Ts)

T - Ts + C2
WLF) (9)
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number of nucleation sites. For further investigation on
the crystallization kinetics, awaited are the morphologi-
cal studies on the crystallite and the measurement of
the growth rate of the cross-linked rubbers.

In summary, the melting and the crystallization of
isoprene rubber were studied by the measurements of
the stress-strain-temperature relation under uniaxial
deformation. The rise in melting temperature with
stress is mainly attributed to the work of contraction
upon melting. The simplified kinetic model can repro-
duce the relation between the temperature and the
nominal stress at the onset of crystallization. The
experimental method and the procedure of the analysis
are presented to extract the information on the crystal-
lization and the melting of rubber under strain from the
thermoelastic measurements.
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