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ABSTRACT: There has been an implicit problem that, in the previous treatments, some behaviors of strain-
induced crystallization in cross-linked natural rubber (NR) and synthetic cis-1,4-polyisoprene (IR) were
inconsistent with the predictions on the basis of the statistical theory of rubber elasticity. This problem was
found to have come from disregard for the existence of the fluid-like network-chain component. In this study,
the rubber sample is assumed to be composed of the elastically effective as well as the fluid-like components
and their physical quantities are separately considered. The corresponding mechanical model can explain the
features of strain-induced crystallization successfully. The mechanical model is assessed using the tensile
stress-strain behavior of NR and IR samples at very fast deformation rate.

Introduction

The plant-derived natural rubber (NR) is an indispensable
material for many industrial and household applications, espe-
cially for heavy-duty use.1 The good performance of NR pro-
ducts has been thought to originate from the ability to crystallize
immediately by extension. Compared to the synthetic counter-
part (cis-1,4-polyisoprene rubber; IR), the enhancement of tensile
modulus along with the superior stress at break and tear strength
under fast deformation should be related to the formation of
strain-induced crystals.2-4 Thus strain-induced crystallization of
NR has been attracting the interest of many researchers.5

Although strain-induced crystallization of NR has been ex-
tensively studied even before the advent of macromolecular
physics,6 there are still some unsolved basic issues in this field,
which are summarized in a recent review article.5 From the
industrial viewpoint, we still do not know much how to improve
the mechanical properties of rubber materials through the use of
the strain-induced crystallization behavior. For example, in the
case of thermoplastic semicrystalline polymers such as polyethy-
lene or polypropylene, mechanical properties can be improved by
mixing with nucleating agents that enhance crystallization. On
the other hand, in the case of vulcanized NR and IR, stearic acid
(nucleating agent for NR7-11) does not enhance strain-induced
crystallization.12 Thus we still cannot develop a rubber material
that can perfectly substitute for NR.

The key issue is that we are still exploring a framework to deal
with strain-induced crystallization in cross-linked rubber using
thermodynamic formulations. Because such a framework has not
been established,we still cannot explain the experimental features
nor consider quantitatively the effects of extension ratio, tensile
stress, ambient temperature, etc., on strain-induced crystalliza-
tion. This has been an implicit disadvantage in the rubber
industry because the material design has to rely on experience
and instinct of experts.

As strain-induced crystallization is a phase transition, un-
doubtedly, thermodynamics on deformation of network polymer
concerns. In the thermodynamics, state variables are defined

under the equilibrium condition. If we assume the equilibrium
also under deformed state, the state variables are still defined. As
long as the degree of deformation is unchanged, the relationship
between the state variables, namely the state equations, should
hold. Even in the discussion of nonequilibrium dynamics, we can
extend the usage of the state variables and state equations to the
deformed state. In this way, we should be able to handle not only
strain-induced crystallization but also the rubber elasticity in
terms of thermodynamics. Indeed, we know that the statistical
theory of rubber elasticity13 has successfully established thermo-
dynamic formulations for deformation and swelling behavior of
amorphous network polymer. In the statistical theory, fluctua-
tion of the molecular network structure is statistically averaged
over the system, and the physical quantities are represented by the
average values. The advantage of the statistical theory is the
convenience that we can reasonably explain experimental results
using a small number of parameters. Thus usage of the statistical
theory is not limited to the field of network polymers but applied
also to rheology of linear chain polymers (e.g., to the calculation
of entanglement density in the polymer melt). As the statistical
theory is widely accepted in this way, it is a natural consequence
to apply thermodynamic descriptions in this theory to strain-
induced crystallization. The prediction in the past about the
occurrence of strain-induced crystallization on the basis of the
statistical theory was, however, inconsistent with the experimen-
tal results as shown shortly. Despite rubber elasticity and strain-
induced crystallization are both related to thermodynamics on
the deformation of network polymer, why the prediction for the
latter was not successful?

The author found that the recognition of the existence of a
fluid-like (elastically ineffective) component in the cross-linked
rubber leads to the construction of a framework for thermo-
dynamic description of strain-induced crystallization. In the
beginning of this article, we discuss peculiar experimental features
of strain-induced crystallization. Then we propose a route to deal
with strain-induced crystallization using the formulations in the
statistical theory.

Experimental Features of Strain-Induced Crystallization.
In a variety of papers, the following features (hereafter, they
are referred to as the first, second and third features) on strain-
induced crystallization of cross-linkedNRhave been reported.
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(1). Coexistence of ExtremelyDifferentNetworkChains. In
wide-angle X-ray diffraction (WAXD) patterns of a NR
sample during the tensile extension, highly oriented crystal-
line reflections appear without preceding localization of halo
intensity. On the other hand, isotropic amorphous halo
remains evenwhen the sample is highly stretched. As a result,
the oriented crystalline reflections and the isotropic halo are
observed simultaneously.14-20 This feature directly indicates
the coexistence of highly stretched molecular chains and
randomly coiled ones. Quantitative analysis of the WAXD
patterns has led to a conclusion that majority of chains
are in the state of isotropic coils even in the highly stretched
sample; only a few percent of the amorphous chains are
oriented.17,18 Computer simulation of deformed polymer
network21,22 also indicated that tensile stress is localized on
a small number of highly stretched paths, while the other
chains are considerably relaxed.

In another case, when the stretched sample was cooled or
stored for a long time, formation of two or more types of
morphologically different crystals was reported.23-25 The
morphological difference may be due to the coexistence of
strained and relaxed network chains. This view is further
supported by observation of internal structure of stretched
samples that revealed formation of fibrillar texture.26-30

These experimental results suggest dichotomization of
network chains into highly oriented and unoriented compo-
nents. The phase behavior of these extremely different net-
work chains should be apart from that of their statistical
average.

(2). Incipient Strain of Crystallization. There have been
several reports that the extension ratio at the onset of
crystallization, Ri, during the stretching process was al-
most independent of network-chain density.19,20,31-34 NR
samples filled with carbon black also presented the Ri values
which were independent of network-chain density, after
correction of the extension ratio to the effective one for the
deformable rubber portion.32

These experimental results have been inconsistent with the
predictions in the previous treatments on the basis of the
statistical theory. When uniaxial extension of cross-linked
rubber is considered, the nominal stress at an extension ratio
R, namely σ(R), is explained as,13,35

σðRÞ ¼ dWðRÞ
dR

ð1Þ

WðRÞ ¼UðRÞ-TSðRÞ ð2Þ
whereW(R) is so-called the strain-energy function, U(R) the
internal energy, T the absolute temperature, and S(R)
the entropy. Because the contribution of U(R) is very small
for the rubber elasticity, combination of eqs 1 and 2 yields

σðRÞ≈ -T dSðRÞ
dR

ð3Þ

Then the entropy change of deformation from R=1 to R=
R1, namely ΔSdef, is related to the tensile stress as,

ΔSdef ≈-
1

T

Z R1

1

σðRÞ dR ð4Þ

Equation 4 indicates that ΔSdef is larger for the “harder”
sample having the higher network-chain density. Now,
strain-induced crystallization is an entropy-driven phase
transition which should be related toΔSdef. Thus theoretical
works applying the statistical theory to strain-induced crys-
tallization36,37 have predicted that Ri should depend on net-
work-chain density. For example, the basic idea presented by
YamamotoandWhite36was as follows. “When theamorphous

sample is expanded, the network chains become oriented in the
stretching direction and their end-to-end distances are in-
creased. The orientation, stretching, and thus partial ordering
of the polymer chains decrease the configurational entropy of
the sample by an amount ΔSdef and thus decrease the entropy
change of fusion.” By applying thermodynamic formula for
equilibrium, they assumed that the melting temperature at an
extension ratio R, namely Tm(R), is given as,

TmðRÞ ¼ ΔHðRÞ
ΔSðRÞ ð5Þ

whereΔH(R) is the heat of fusion at the extension ratio R. Due
to the decreased entropy change of fusion, the melting tem-
perature at R=R1 will be elevated by an amount

TmðR1Þ-Tmð1Þ ¼ ΔHðR1Þ
ΔSðR1Þ -

ΔHð1Þ
ΔSð1Þ ð6Þ

As the heat of fusion is thought to be independent of the
deformation (ΔH(R)=ΔH(1)), eq 6 will be rewritten as

1

TmðR1Þ ¼ 1

Tmð1Þþ
ΔSdef

ΔHð1Þ ð7Þ

WhenTm(R1) exceeds the ambient temperature and attains
sufficient supercooling, strain-induced crystallization will
take place. As the above equations show, the tensile stress
due to rubber elasticity and occurrence of strain-induced
crystallization have the same origin, namely the entropy
change of deformation, ΔSdef. Analytical formulation of
ΔSdef (eq 4), and hence the explicit form of eq 7, depends
on the description of the strain-energy function. For exam-
ple, the simplest expression of ΔSdef assuming the Gaussian
chains is13

ΔSdef ¼-
1

2
νk R2þ 2

R
-3

� �
ð8Þ

where ν is network-chain density and k is the Boltzmann
constant. Combination of eqs 7 and 8 yields

1

TmðR1Þ ¼ 1

Tmð1Þ -
νk R1

2þ 2
R1

-3
� �
2ΔHð1Þ ð9Þ

This is a somewhat simplified expression for the conve-
nience of the readers. As a result of more rigorous treatment,
for example, Flory proposed the next formulation37

1

TmðR1Þ ¼
1

Tmð1Þ -
R

ΔHð1Þ

"
6m0ν

πF

� �1=2

R1 -
m0ν

F
R1

2

2
þ 1

R1

 !#

ð10Þ
where R is the gas constant, m0 the mass of statistical
segments, and F the specific gravity. Flory defined Tm(R1)
in eq 10 as “incipient crystallization temperature”, which
should be practically regarded as the melting temperature.

Equations 9 and 10 should be essentially correct, because
they can reasonably explain the difference between NR and
IR. IR samples required the larger Ri value than NR ones.19

According to eqs 9 and 10, this is a consequence of the lower
Tm(1) of IR. The lower melting temperature of IR, not only
in unstretched but also in stretched states, has been reported
by Gent et al.2 and Trabelsi et al.38 Because melting tem-
perature must be elevated above ambient temperature from
the lower Tm(1) for the onset of strain-induced crystalliza-
tion, the larger extension was required for IR. The lower
Tm(1) of IR is due to the lower regularity in the main-chain
structure.39,40
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On the other hand, both the eqs 9 and 10 predict that the
samples with the higher network-chain density can attain the
same incipient crystallization temperature at lower extension
ratio, leading to the smaller Ri. As has been already men-
tioned, however, the experimental works reported that Ri

was almost independent of network-chain density. More
detailed discussion on this issue has been presented before.5

(Recently, a case that Ri depended on network-chain density
was reported for a series of samples using a different cross-
linking agent.41,42Wewill discuss this exceptional case later.)

Additionally, we have obtained the following peculiar
experimental results.

(3). Stress Relaxation Due to Strain-Induced Crystalliza-
tion. When a sample is quickly extended and kept at a
relatively high constant strain, strain-induced crystallization
progresses with time. In our experiments, as shown in
Figure 1,4 the rate of strain-induced crystallization depended
on network-chain density; the sample with the higher
network-chain density crystallized the faster during the
initial stage. Figure 1 also indicates that NR crystallized
faster than IR.

In this type of experiment, strain-induced crystallization
induces stress relaxation because the molecular chains in the
crystals adopt the extended conformation aligned in the
stretching direction.20,37,38,43-47 Accordingly, the samples
exhibit the maximum stress at the moment when the exten-
sion is stopped. Here, the stress values normalized by the
maximum stress (hereafter, we refer to it as “normalized
stress”) were evaluated to compare the degree of stress
relaxation among the samples having different values of
modulus (Figure 2). The relaxation rates of the normalized
stress for NR samples were faster than those of IR ones,
reflecting the rate of strain-induced crystallization. How-
ever, the difference in network-chain density hardly affected
the relaxation rate of the normalized stress, regardless to the
different rate of strain-induced crystallization (Figure 1).4,48

This feature also leads to a contradictory situation. As
mentioned above, the molecular chains in the crystals stabi-
lize in the extended chain conformation and only the amor-
phous chains exhibit rubber elasticity. Then the tensile stress
should change from the initial value with the progress of
crystallization as illustrated in Figure 3. The sample with the
faster rate of strain-induced crystallization is expected to
show the faster relaxation in the normalized stress. This is
true if we compare the NR and IR samples. The solid and
broken lines in Figure 3b correspond to NR and IR, respec-
tively. However, if we compare the samples with different
network-chain densities, this expectation is inconsistent with
the experimental results (see Figure 2). In order to overcome
this problem, in the previous articles,5,48 stretched chains
responsible for strain-induced crystallizationwere separately
considered from the relaxed chins. In the following part of
this article, this idea is extended to explain the features of
strain-induced crystallization in the unified viewpoint.

Mechanical Model to Deal with Strain-Induced Crystal-
lization in Terms of Thermodynamics. As mentioned above,
application of the statistical theory was not successful for the
explanation of the second feature of strain-induced crystal-
lization. To find the origin of this problem, the author
focused attention on the first feature of strain-induced
crystallization.

According to the conservation of the isotropic halo re-
gardless of deformation, a considerable amount of amor-
phous chains should be relaxed immediately after (or during)
deformation, that is to say, they are acting like a fluid mass.
Consequently, these chains should be excluded from the
mass fraction that is responsible for rubber elasticity and

occurrence of strain-induced crystallization. Thus the author
supposed that the network chains in cross-linked rubber
should be regarded as a combination of the elastically
effective and the fluid-like components when strain-induced
crystallization is dealt with. Since these two components are
in quite different states, their physical quantities are con-
sidered separately.

It is noteworthy that the similar idea assuming the two
types of components in the network polymer has been
proposed by James and Guth35 when their rubber elasticity
theory was constructed. On the basis of rigorous mathema-
tical treatment, they presented that the complicated network
structure of inhomogeneous rubber can be replaced by
equivalent linear chains responsible for the rubber elasticity
and elastically ineffective chains acting like an incompressi-
ble fluid. Then the average elastic response of this model was
calculated. In the case of Gaussian chain statics, even with-
out assuming the uniformity of the network-chain length and
the affine deformation, they derived essentially the same
formulations for rubber elasticity as the ones based on the
affine deformation of a uniform network structure. Accord-
ingly, their work has been regarded as a rigorous proof of the

Figure 1. Time-dependent change of integrated intensity around the
200 reflection in the WAXD patterns of the NR and IR samples. The
larger intensity indicates the more development of strain-induced
crystallization. The solid lines are guides for eyes. The samples were
quickly extended up to 6 times the original length and kept at the length.
The elapsed time indicates the length from the completion of the
extension. The characteristics of NR and IR samples are shown in
Table 1. The horizontal axis is indicated by the logarithmic scale. The
original data and the details of the experimental procedures have been
reported in ref 4.

Figure 2. Time-dependent change of normalized tensile stress. The
tensile data were collected simultaneously with the WAXD patterns
used in Figure 1. The difference in network-chain density did not
appreciably affect the rate of relaxation, while the difference between
NR and IR samples was apparent. The characteristics of NR and IR
samples are shown in Table 1. The horizontal axis is indicated by the
logarithmic scale. The original data and the detail of experimental
procedure have been reported in ref 4.
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validity of some statistical assumptions in the theory of
rubber elasticity.13 Now, in dealing with rubber elasticity
or swelling behavior, only the averaged physical quantities of
the two components were sufficient, because they are macro-
scopic phenomena. For the description of strain-induced
crystallization of cross-linked NR, on the other hand, we
must reconsider the primitive network model by James and
Guth. As crystallization is a phenomenon in the nanoscopic
scale, its behavior may be influenced by the local environ-
ment around the elastically effective chains. In order to
consider the response of the two types of network chains
separately, a mechanical model as in Figure 4 is proposed.

In Figure 4, component A represents the elastically effec-
tive network chains. This component itself is dealt with by
the conventional formulations in the statistical theory.13 A
hypothetical network-chain density value, ν0, is attributed to
this component. On the other hand, component B represents
the elastically ineffective chains, acting like a fluid. Tenta-
tively, a negligibly small network-chain density value, ν1, is
attributed to this component, because there should be a finite
number of chains in the unit mass. The mass fractions of
components A and B are defined to be φ and (1 - φ),
respectively. The apparent values of network-chain density
(e.g., in Table 1) and crystallinity measured by the experi-
ments are regarded to reflect the averages over the compo-
nents A and B. For example, the average (apparent)
network-chain density is written as,

ν ¼ φν0 þð1-φÞν1 ≈ φν0 ð11Þ
In this equation and the following discussion, we assume

that additivity relationship holds for this system. This rela-
tionship was also implicitly assumed in the work by James
and Guth.35

Let us apply the model in Figure 4 to the interpretation of
the experimental features of strain-induced crystallization.
We remember that eqs 9 and 10 predict that the incipient
extension ratio of crystallization,Ri, will depend on network-
chain density. In the present model, we consider only com-
ponent A as the crystallizing entity, and accordingly, the
network-chain density value substituted in these equations
should be ν0, instead of the apparent value, ν. The common
Ri value in the experiment (the second feature of strain-
induced crystallization) implies, in the reverse way, that the
series of samples happened to have had almost the same ν0
values. (A recent study49 gave a structural basis for this
interpretation, as discussed later.) When we adopt this
interpretation, the second feature of strain-induced crystal-
lization and formulations of the statistical theory such as eqs
9 and 10 can be compatible.

Under the assumption that the series of samples have a
common ν0 value, eq 11 implies that the apparent ν values
reflect the volume fraction, φ, of component A in Figure 4.
Then the third feature of strain-induced crystallization is also
successfully explained as follows. In the experimental con-
dition in question (for Figures 1 and 2),4,48 the rubber sample
is quickly extended to a sufficiently high extension ratio and
kept at the constant length. Crystallinity in this sample
increases with elapsed time, t. As component A is the crystal-
lizing entity, its crystallinity should change as a function of
t and ν0 in the similar way as in Figure 3a. That is to say, the
crystallinity of component A is expressed asC0R(t, ν0). Then,
the crystallinity of the entire sample (namely, apparent

Table 1. Recipes and Cure Conditions of Vulcanized Rubber Samples

sample
code

rubbera

(part)

stearic
acid
(part)

active
ZnO
(part)

CBSb

(part)
sulfur
(part)

curing
time
(min)

network chain
density, ν � 104

(mol/cm3)

NR1 100 2 1 3 4.5 10 2.12
NR2 100 2 1 2 3 12 1.78
NR3 100 2 1 1.5 2.25 12 1.46
NR4 100 2 1 1 1.5 14 1.31
NR5 100 2 1 0.75 1.125 17 1.01
IR1 100 2 1 3 4.5 17 1.99
IR2 100 2 1 2 3 17 1.66
IR3 100 2 1 1.5 2.25 21 1.36
IR4 100 2 1 1 1.5 25 1.29
IR5 100 2 1 0.75 1.125 30 1.03

aNR is RSS No. 1 from Malaysia and IR is IR2200 from JSR. bN-
Cyclohexyl-2-benzothiazole sulfenamide, curing temperature with sul-
fur 140 �C.

Figure 4. Mechanical model representing the coexistence of two types
of network components. Component A is responsible for rubber
elasticity, while component B is elastically ineffective, acting like a fluid
mass. In this figure, the former is illustrated as a rubber band, and the
latter as a flexible bag filled with a viscoelastic liquid.

Figure 3. Schematic representation of stress relaxation due to strain-
induced crystallization. The left side of part (a) illustrates the amor-
phous rubber sample just after the quick extension. The stress at this
moment is σ(0). With the elapsed time t, strain-induced crystallization
progresses. Parts of molecular chains in the crystals occupying C(t)
of fraction stabilize in the extended chain conformation. As a
result, strain in the other parts of molecular chains in the amorphous
phase is reduced. This process is indicated as “relaxation” in part a.
At the same time, the fractionof amorphous chainsdecreases to 1-C(t).
Thus the tensile stress σ(t) changes from the initial value, σ(0), as a
function of the amorphous fraction. That is to say, σ(t)=σ(0)f(1-C(t)),
and accordingly, σ(t)/σ(0) = f(1 - C(t)); the plot σ(t)/σ(0) against
elapsed time as in part b should be related to the fraction of amorphous
phase, 1-C(t).
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crystallinity), CR(t, ν), is obtained by multiplying C0R(t, ν0)
with the volume fraction of the component A:

CRðt, νÞ ¼ φC0Rðt, νÞ ð12Þ
At a certain elapsed time, the apparent crystallinity (and the
intensity of crystalline reflection) shall be higher for the
sample with the higher ν because of the larger φ (eq 11). This
prediction is consistent with the feature in Figure 1 when we
compare NR2 and NR4 (or IR2 and IR4). The difference
between NR and IR samples (Figure 1) is attributed to
difference in C0R(t, ν0) (or in the rate of crystallization,
(∂/∂t)C0R(t, ν0)).

With the progress of strain-induced crystallization, tensile
stress, σ, to hold the sample at the fixed extension ratio also
changes, as mentioned above. For the unit cross-sectional
area of component A, the tensile stress is assumed as a
function of crystallinity, and accordingly, of t and ν0. In
the same way as above, we can express the tensile stress for
component A as σ0R(t, ν0). Considering the volume fraction
of component A, the tensile stress for the entire sample is

σRðt, νÞ ¼ φσ0Rðt, ν0Þ ð13Þ
In Figure 2,4,48 the stress value normalized by the initial one
(at t= 0), namely σR(t, ν)/σR(0, ν), was examined. Using eq
13, this value is rewritten as,

σRðt, νÞ
σRð0, νÞ ¼ φσ0Rðt, ν0Þ

φσ0Rð0, ν0Þ ¼ σ0Rðt, ν0Þ
σ0Rð0, ν0Þ ð14Þ

Because ν0 is assumed to be common for the series of
samples, the right side of eq 14 is also common among them.
Then the plots of σR(t, ν)/σR(0, ν) vs t should be common for
the series of samples, that is to say, the plots should overlap
with each other as in Figure 2. The third feature of strain-
induced crystallization for each series of NR and IR sam-
ples with different ν can be thus reproduced. (Note that
σ0R(t, ν0)’s for NR and IR are different, reflecting the
different rate of strain-induced crystallization.)

In this way, simply by assuming the coexistence of the
fluid-like component with the elastically effective one that
can be dealt with by the conventional formulations in the
statistical theory, the behavior of strain-induced crystalliza-
tion in cross-linked NR can be explained consistently with
the expectedly correct theories.36,37 The advantage of the
above treatment is that the existing thermodynamic descrip-
tions of the statistical theory can be applied to strain-induced
crystallization with minimum modification. The increase in
the number of parameters is minimized, compared to com-
plicated treatment in the earlier works, e.g., by considering
the distribution of network-chain lengths.28

Assessment of the Two-Component Model. In the above
discussion, the series of samples were assumed to have had
the common ν0 value. This assumption appeared to be, at
first, questionable even for the author. In order to access the
validity of this assumption along with the two-component
model, the stress-strain behaviors of the series of samples
were examined. Since Figure 4 is a mechanical model, the
stress-strain relationship may be used for the assessment.

We tentatively describe the nonequilibrium tensile stress
for unitmass of componentA as a function of extension ratio
and network-chain density, namely σ0(R, ν0). By assuming
the mechanical model in Figure 4, the nonequilibrium tensile
stress for the entire rubber sample is expressed as

σðR, νÞ¼ φσ0ðR, ν0Þþð1-φÞσν ð15-1Þ

≈ φσ0ðR, ν0Þ ð15-2Þ

where σv represents viscoelastic force which is introduced to
consider the contribution of component B; σv is practically
the force for the deformation of the liquid-like polymer.
When the last term in eq 15-1 is comparatively small, the
approximation in eq 15-2 would hold. In the reverse way, the
approximation to eq 15-2 requires the first term in the right
side of eq 15-1 to be large enough for all the samples. Such a
situation will be achieved at a sufficiently high strain. If the
strain is too high, however, formation of strain-induced
crystals can modify the network structure itself. Therefore,
we assume an extension ratio value Rn which is large enough
but still below the incipient extension ratio of crystallization,
Ri. At this extension ratio Rn, according to eq 15-2,

φ≈ σðRn, νÞ
σ0ðRn, ν0Þ ð16Þ

and substitution of eq 16 into eq 15-2 yields,

σðR, νÞ
σðRn, νÞ≈

σ0ðR, ν0Þ
σ0ðRn, ν0Þ ð17Þ

The left side of eq 17 corresponds to the observed stress
after normalization by the stress value at extension ratio Rn,
while the right side should be common for the series of
samples. This equation suggests that the stress-strain curves
for the series of samples become identical after the normal-
ization by σ(Rn, ν). If this feature appears, the assumption
and the two-component model should be reasonable.

Before proceeding to the Experimental Section, the experi-
mental condition for the above assessment method must be
noted. The tensile stress at temperature T is expressed as;13

σ ¼ νkT R-
1

R2

� �
ð18Þ

when we assume the equilibrium Gaussian chain statistics.
This equation predicts that the stress-strain curves will be
identical after the normalization of eq 17, regardless to the
validity of the current treatment. In order to avoid this
problem, we stretch the rubber sample at a very fast defor-
mation rate so that the tensile behavior departs from the
equilibrium Gaussian one.33

Hereafter, we examine our stress-strain relationship on
the basis of the above discussion.

Experimental Section

The experimental procedurewas essentially the same as the one
in our previous paper.4 Vulcanized NR (RSS No. 1) and IR
(IR2200, JSR) samples were prepared according to the recipes
and cure conditions in Table 1. The preparation and character-
ization procedures of the vulcanized rubber sheets (1 mm thick)
have been reported in the earlier works.19,20 Ring-shaped speci-
mens4 were die-cut from the sheets. The inner and outer dia-
meters of the specimens were 11.7 and 13.7 mm, respectively (ca.
40 mm circumference). The ambient temperature was controlled
to be 25 �C. The specimen was stretched up to 7 times the original
length. The maximum speed of the custom-made tensile tester
(500mm/min) was used. Because initial length of the ring-shaped
specimen corresponds to the half of its circumference, the defor-
mation rate was 25 min-1 when the entire specimen defor-
med uniformly. By analyzing the WAXD data in our previous
studies,4,48 we confirmed that Ri values of NR and IR samples
have been estimated to be ca. 4.5 and 6, respectively, in this
experimental condition. (The higher stretching speed compared
to the experiments in refs 19 and 20 was employed, and accord-
ingly, the Ri values were shifted.)
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Results and Discussion

Figure 5 shows a part of the stress-strain curves ofNR and IR
samples. The sample with the higher ν value exhibited the higher
stress at the same extension ratio. Furthermore, ifwe compare the
samples having the similar ν values (e.g.,NR3and IR2), the stress
values of NR samples aremostly higher than those of the IR ones
(though the NR3 has a slightly lower ν value than IR2). This is
not due to the higher crystallinity of NR for the region presented
in this figure. Even before the occurrence of strain-induced
crystallization at a smaller strain, NR samples showed the higher
stress. It is noted that the ν values were estimated from the initial
slopes of σ vs (R - R-2) plots in other tensile experiments13,20

adopting a slower deformation rate. The larger ν value implies
that the tensile modulus was higher for, e.g., IR2 thanNR3when
the slower deformation rate was adopted. The inversion of the
tensile stress between IR2 and NR3 is obviously brought about
by the faster deformation rate.

Figure 6 shows theMooney-Rivlin plot13 of the stress-strain
data for the NR and IR samples. It is known that the equilibrium
behavior of the Gaussian chains presents linear lines in this type
of plot. In the classic studies on cross-linked NR, the experi-
mental datawere indeed linearwhen 1/R is relatively high, though
they deviated from the linearity due to finite extensibility of
network-chains as 1/R becomes small.13 In Figure 6, on the other
hand, the plots are nonlinear even when 1/R is relatively large.
These results indicate that the tensile behaviors of the samples at
the fast deformation rate deviated from the equilibriumone. That
is to say, the approximation of eq 18 is not applicable to the
stress-strain data in Figure 5.

The stress-strain data were normalized by the stress values at
Rn= 3. This Rn value was selected because it was sufficiently
smaller than Ri, even when the deformation rate was much
slower.19,20 Figure 7 shows the normalized stress-strain curves
and Figure 8 is the enlargement of Figure 7 in the range of R<3.
In these figures, NR and IR samples show different feature when
the extension ratio is lower than 3. As expected from eq 17, the
stress-strain curves of all IR samples almost overlap with each
other up to R ≈ 3 (Figure 8b). Above this extension ratio, the
stress for the sample with the higher ν tends to upturn the more.
On the other hand, in the case ofNR, the sampleswith the lower ν

show the higher normalized stress evenwhen the extension ratio is
lower than 3 (Figure 8a). The results for the IR samples in the
lower range of extension ratio are directly consistent with the
assumption that these samples had the common ν0 value.
Accordingly, the treatment using the two-component model in
Figure 4 should be reasonable in dealing with strain-induced

Figure 5. Part of the stress-strain curves for the NR (a) and IR (b)
samples.

Figure 6. Mooney-Rivlin plot of the stress-strain data for theNR (a)
and IR (b) samples.

Figure 7. Normalized stress-strain curves for the NR (a) and IR (b)
samples.
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crystallization in terms of thermodynamics. For the further
justification of the current treatment, the other features in
Figures 7 and 8 should be discussed.

In the case of NR samples, even in the range of the low
extension ratio, the normalized stress-strain curves were some-
what different from each other (Figure 8a). This is seemingly
inconsistent with the expectation from eq 17. However, the
discrepancy is attributed to the viscoelastic contribution of the
fluid-like component (see eq 15-1). It is known that the nonrubber
contents inNRhave significant effects on the physical properties.
For example, temporal aggregate structures of proteins or
phospholipids greatly enhance the green strength (namely,
the tensile strength of unvulcanized rubber) of NR compared
to IR.40,50-53 That is to say, the effects of nonrubber contents on
mechanical properties are more apparent in the states of low- or
noncross-linking. As a result of the existence of the nonrubber
contents, the viscoelastic contribution of the fluid-like compo-
nent B may have been enhanced only for NR samples. The trend
that the NR samples with the smaller ν show the larger normal-
ized stress (Figure 8a) is related to the larger fraction of the fluid-
like component. The larger stress of NR compared to IR even
before the onset of strain-induced crystallization (Figure 5) is also
explained by considering the effect of the nonrubber contents;
inclusion of the nonrubber contents should tend to increase the
modulus under the condition of the fast deformation rate.

The other point to be considered is the tensile behavior in the
high strain region (R>3). Even after the normalization, the
stress-strain curves were different from sample to sample in this
region (Figure 7). However, the discrepancy in this region is not
due to a problem of the two-component model. In the first place,
σ(R, ν) is an oversimplified expression for the tensile behavior of

cross-linked rubber. For the exact expression of the tensile
behavior up to the high extension ratio, we have to apply alter-
native form of the strain-energy function (see eq 1) using an
increased number of parameters.54,55 That is to say, the tensile
behavior in the high strain region is out of the applicability of the
simple expressions in eqs 15 to 17, and accordingly, has nothing
to do with the assessment in our treatment.

In thisway, for the cross-linked samples, the simplemechanical
model in Figure 4 could explain not only the features of strain-
induced crystallization but also the difference in tensile behaviors
between NR and IR in the region of low extension ratio with the
minimum increase in the number of parameters.

A recent study49 disclosed that the Ri values for the vulcanized
NR samples were related to the composition of the stearic acid
and/or active zinc oxide. When cross-linked rubber samples were
swollen, the inhomogeneity was represented by the combination
of swollen gel and solid-like domains. The sample that showed
the same Ri value had the same mesh size for the swollen gel,
which was determined by the composition of these ingredients.
The fixed composition of these ingredients in the series of samples
indicated in Table 1 should have led to the same Ri value, and
hence to the common ν0 value. In another case, Ri depended on
the ν values,41,42 that is to say, the ν0 values were different from
sample to sample, due to the absence of stearic acid and active
zinc oxide; the samples were cross-linked using dicumyl peroxide.
As shown in these studies, certain features of the inhomogeneous
network structure determine the ν0 value for the description of
strain-induced crystallization behavior. The different Ri values
reported by other groups33,34 should result from the different
recipes. It is noted that the mesh size of the swollen gel is not
directly converted to the ν0 value because these values are
attributed to totally different models. Finding the connection
between these two parameters is our future task.

Tangible values of φ and ν0 would be of interest to the readers.
There are some ways to estimate them. For example, James and
Guth35 have suggested the formulation to estimate the fraction,
φ, of elastically effective component from the stress-strain data.
Unfortunately, their formulation did not give reliable values for
the samples in this study. Alternatively, the author roughly
estimated the ν0 value from the effective melting temperature
(namely, melting temperature of polymer crystals of finite size) of
the unstretched NR samples and the extension ratio at which the
strain-induced crystals disappear, namely Re, during the retrac-
tion process. In general, the effective melting temperature of
polymer depends on the corresponding crystallization tempera-
ture. In the case of strain-induced crystallization, however, direct
measurement of the effectivemelting temperature is very difficult.
The effective melting temperature for the estimation of the ν0
value was, therefore, assumed by considering lamellar crystals
grown rapidly. According to the former studies,2,56,57 measured
melting temperature of NR distributes from ca. -2 to þ18 �C.
(Melting temperature of NR does not depend on network-chain
density.56) When crystallization temperature between-25 and-
10 �C, at which NR crystallizes relatively fast, was selected, then
the measured melting temperature was 0( 2 �C. This value is
consistent with the one expected from the polymer crystallization
theory.58 Melting temperature, Tm, of polymer crystals with
lamellar thickness l is

Tm < Tm
0 1-

2σe

lΔH

� �
ð19Þ

where Tm
0 is the equilibrium melting temperature and σe is the

fold-surface free energy of the polymer under consideration. Tm
0

of cis-1,4-polyisoprene is reported to be 35 �C and ΔH has been
estimated to be 61 J/cm3.59,60 Two values of σe have been repor-
ted for morphologically different crystals of NR as a result of
different direction of chain folding: For the R crystal, σe=0.0239

Figure 8. Enlargement of the normalized stress-strain curves for the
NR (a) and IR (b) samples in the range of small strain.
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J/m2 and for the β crystal, σe=0.0503 J/m2.61 Because the strain-
induced crystals may have irregular chain folding, the averaged
Tm value for theR andβ crystalswas adopted. If we assume l=10
to12 nm, inwhich range the lamellar thickness is a typical value of
lamellar polymer crystals, Tm was estimated to be 0 ( 3 �C from
eq 19. Thus the effective melting temperature of unstretched
sample was tentatively assumed to be 0 �C. The value of Re was
assumed to be 2.2 on the basis of the experimental data in the
previous study.20 Finally, eq 9 was assumed to hold also for the
nonequilibriummelting behavior because it describes the increase
in melting temperature due to the stretching. Then, from eq 9, we
obtain

ν ¼ 2ΔH

k R2þ 2
R -3

� � 1

Tmð1Þ -
1

TmðRÞ
� �

ð20Þ

By assuming R=2.2 (=Re), Tm(1) = 273K and Tm(R) = 298 K,
the value of ν0 was estimated to be 1.6 � 10-3 mol/cm3 for NR
from eq 20. According to eq 11, the value of φ is calculated to be

ν/ν0, which distributes between 0.063 and 0.13 for theNR samples
inTable 1. Because the assumptions for the above estimation of ν0
andφ values are still not fully justified, wemay have to find amore
rigorous method for the future study.

It is noted that James and Guth35 did not mention the
viscoelastic contribution of the fluid-like component. Because
their primary concern was the equilibrium behavior of rubber
elasticity, the time-dependent response was excluded from their
theory. They considered that the major effect of the fluid-like
component was the internal pressure in bulk rubber.35 However,
the different behaviors between NR and IR samples in Figure 8
indicate that the fluid-like component also affects the time-
dependent mechanical response of the rubber material. This kind
of viscoelastic behavior will influence, for example, the grip
performance or the energy consumptionof pneumatic tires. Thus,
analysis of the rubbermaterial considering the compositionof the
elastically effective and the fluid-like components could open a
new window for further development of high-performance pro-
ducts not only through the use of strain-induced crystallization
behavior but also by controlling the viscoelastic behavior.

Conclusion

By assuming the cross-linked rubber to be composed of the
elastically effective component and the fluid-like one, we could
explain the features of strain-induced crystallization in the con-
sistentmanner with the formulations on the basis of the statistical
theory. The experimental results for the series of cross-linkedNR
samples suggested that they happened to have a common ν0 value
for the elastically effective component, though their apparent
network-chain densities were different from each other. As the
model has suggested, the normalized stress-strain curves of the
IR samples overlapped well with each other, as long as the
extension ratio was low. The discrepancy observed for the NR
samples was interpreted as the viscoelastic contribution of the
fluid-like component containing the nonrubber contents. In this
way, a route to understand the features of strain-induced crystal-
lization along with the tensile properties of cross-linked NR and
IR samples was presented through minimum increases in the
number of parameters. This treatment should be valid mostly
before the onset of strain-induced crystallization; we still have to
explore a proper model to describe the tensile and strain-induced
crystallization behavior of the crystallized rubber.
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