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The relationship between the network structure and strain-induced crystallization in un-vulcanized as
well as vulcanized natural rubbers (NR) and synthetic poly-isoprene rubbers (IR) was investigated via
synchrotron wide-angle X-ray diffraction (WAXD) technique. It was found that the presence of a natu-
rally occurring network structure formed by natural components in un-vulcanized NR significantly
facilitates strain-induced crystallization and enhances modulus and tensile strength. The stress–strain
relation in vulcanized NR is due to the combined effect of chemical and naturally occurring networks.
The weakness of naturally occurring network against stress and temperature suggests that vulcanized NR
has additional relaxation mechanism due to naturally occurring network. The superior mechanical
properties in NR compared with IR are mainly due to the existence of naturally occurring network
structure.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Vulcanized natural rubber (NR) has been studied quite exten-
sively because it is generally considered an ideal network material
composed of non-Gaussian chains. Its mechanical behavior appears
to obey the concept of rubber elasticity [1,2]. Even though the major
component of vulcanized NR is cross-linked cis-1,4 poly-isoprene,
vulcanized synthetic cis-1,4 poly-isoprene rubber (IR) can never
match the mechanical properties of vulcanized NR. (In this paper, IR
is IR-2200 that is synthetic analogue to NR). Vulcanized IR typically
exhibits 70–80% of elastic modulus, tensile strength and tearing
resistance of vulcanized NR, despite that raw NR contains 6 wt% of
natural ‘‘impurities’’. The inferior mechanical property in vulca-
nized IR has been attributed to the imperfect (98.5%) stereo-regu-
larity of cis-1,4 structure in poly-isoprene compared to the perfect
(100%) of cis-content in NR.

However, the above hypothesis is not correct because in many
ways un-vulcanized NR behaves very differently from un-vulcanized
IR, especially one considers that the tensile strength of un-vulcanized
x: þ1 631 632 6518.
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NR is almost 60 times higher than that of un-vulcanized IR [3]. (This
knowledge is well known in the rubber industry, since IR has been
used as an additive to NR to facilitate varying processing steps such as
mixing and extrusion.) It is also known that un-vulcanized IR behaves
as a polymer melt with typical viscoelastic properties at room
temperature because it has a low glass transition temperature (Tg) of
�65 �C, whereas un-vulcanized NR behaves more like an elastomer
with an stress up-turn characteristic while comprising the same Tg.

Raw (un-vulcanized) NR consists of 94 wt% poly-isoprene
molecules and 6 wt% natural components, including proteins
(2.2 wt%), phospholipids and neutral lipids (3.4 wt%), carbohy-
drates (0.4 wt%), metal salts and oxides (0.2 wt%) and others
(0.1 wt%) [4]. In contrast, synthetic IR consists of 100% poly-
isoprene molecules. It is well known that raw NR is composed of
both Gel phase (insoluble part in toluene) and Sol phase (soluble
part in toluene) [5]. The term ‘‘Gel’’ means a three-dimensional
network that is insoluble in solvents. Thus, the Gel phase in NR is
not a true Gel since it is soluble to certain solvents and also soluble
at high temperatures [3]. Although the amount of Gel depends on
the clones of Hevea tree, ages of tree, periods of storage, storage
conditions and processing conditions, the commercial raw NR
includes 10–30% of Gel in toluene at room temperature. IR also
contains the Gel phase that behaves more like a true gel [6]. The Gel
phase in IR is composed of insoluble polymer aggregates (about
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350 nm in domain size) that are by-products of synthetic poly-
merization. The increase in Gel content increases the viscosity and
modulus of IR. [6]. The commercial IR contains around 10% of Gel.

The stress relaxation behavior in un-vulcanized NR shows much
higher modulus and much slower decrease with time than that in
un-vulcanized IR [7–9]. In addition, the Gel phase in NR exhibits
higher modulus and slower decrease and the Sol phase exhibits
lower modulus and faster decrease at longer time than those in
original NR [8,9].

Recently, it has been proposed that NR is composed of linear
poly-isoprene with two terminal groups [3]. The typical molecular
weight of the linear segment between the terminal groups is
around 3�105 g/mol. This value is not as large as that previously
considered, and it is not much different from that of typical IR
[3,6,8]. In NR, both terminal groups are active and they can react
with natural impurities such as proteins and phospholipids [3].
These reactions can lead to extensions of two linear poly-isoprene
segments, connections of three or more linear segments (so-called
branches or star), forming a network of different chain connections.
As a result, raw NR has been considered as a mixture of connected
linear poly-isoprene segments with different connectivity in Fig. 1.
This connected mixture is named as the ‘‘naturally occurring
network’’ [3]. Therefore, the Gel phase in NR is composed of the
naturally occurring connected network, and the Sol phase is
composed of extensions and branches of linear chains [3]. The
naturally occurring network is thought to be responsible for the
elastomeric behavior of un-vulcanized NR.

The strain-induced crystallization in raw (un-vulcanized) NR
has been studied extensively [10–17]. For example, the behaviors of
strain-induced crystallization in Gel and Sol were first compared in
1937 [13]. Recently, strain-induced crystallization in raw NR, the
orientation of strain-induced crystals in raw NR at a deformed state
and the comparison of raw NR and de-proteinized (protein is
removed) NR (DPNR) have also been reported [14–17]. The results
from these studies confirmed the existence of naturally occurring
network structure, which is the crucial element responsible for the
sharp increase in molecular orientation and the subsequent strain-
induced crystallization.

Simultaneous strain-induced crystallization and stress–strain
relation in vulcanized NR and IR have been studied by conventional
X-ray [18] and by synchrotron X-ray [19–29]. Comparisons of
strain-induced crystallization in peroxide and sulfur vulcanized NR
A B

C

D

E

Fig. 1. Schematic models of naturally occurring network. B: Initiating terminal (u), C:
terminating terminal (a), : A :natural impurities, A: linear rubber chain unit, B:
extension of rubber chains, C: branch of rubber chains, D: star of rubber chains, E:
network of rubber chains.
and IR have been made [23,30]. Peroxide vulcanized NR showed
higher stress and higher crystal fraction than sulfur vulcanized NR
did [23]. The onset of crystallization depends on the network
density in peroxide vulcanized NR but independent in sulfur
vulcanized NR [30]. Peroxide vulcanization does not involve many
complex ingredients such as zinc oxide, sulfur and accelerators that
sulfur vulcanization requires. Furthermore, the network formed by
peroxide vulcanization is simpler than the network formed by
sulfur vulcanization since the sulfur bridges between poly-isoprene
can be composed of mono sulfur (–s–), di-sulfur (–s–s–) and poly-
sulfur (–s–sx–s–) linkages.

The objective of the present work is to understand the effects of
naturally occurring network and chemical network (through
vulcanization) on the mechanical properties in NR using synchro-
tron X-ray wide-angle X-ray diffraction (WAXD). The chosen base
samples (before vulcanization) included purified fresh latex NR
preserved in ammonia solution and synthetic IR compounds.
Several samples under different preparation were compared, which
included chemically treated un-vulcanized NR, the toluene-insol-
uble fraction of NR (Gel), the toluene-soluble fraction of NR (Sol)
and IR. The vulcanization process involved only the peroxide
crosslinking reaction. The chemically treated un-vulcanized NR and
peroxide vulcanized NR samples provide us a unique opportunity
to understand the role of naturally occurring network in the
superior mechanical behavior of NR.

2. Experimental

2.1. Samples and preparation

Raw NR sample used in this study was fresh field latex provided
by the Thai Rubber Latex Co, Thailand. The fresh NR latex was
preserved with 0.6 v/v% NH3 (NR latex 100 ml: NH3 solution 0.6 ml)
at room temperature for 3 months. The preserved NR latex was cast
on glass dishes and dried in an oven at 50 �C for 24 h. The solid NR
was then dissolved in toluene at a concentration of 1 w/v% for one
week. Further sample preparation procedures were also applied as
follows:

(1) Protein removed. De-proteinized NR (DPNR) was prepared by
incubation of the preserved NR latex with 0.04 w/v% proteo-
lytic enzyme (KAO KP-3939) and 1 w/v% Triton�X-100 for 12 h
at 37 �C, followed by centrifugation (13,000 rpm, 30 min
twice).

(2) Protein and free fatty acid removed. Acetone-extracted DPNR
(AEDPNR) was prepared by the extraction of DPNR with
acetone at 70 �C for 24 h.

(3) Protein, fatty acids and phospholipids removed by trans-
esterification of DPNR (TEDPNR). This process was carried out
in toluene solution with freshly prepared sodium methoxide at
room temperature for 3 h followed by precipitation with excess
amount of methanol. This process removed all naturally
occurring network [3].

(4) The separation of Sol and Gel. The toluene solution of NR was
separated into heavy part and light part by centrifugation
(10,000 rpm, 30 min). The lighter part was the Sol phase that
was composed of toluene-soluble rubber fractions and soluble
natural components. The heavier part was the Gel phase that
contained insoluble connected rubber fractions and insoluble
natural impurities.

(5) Synthetic cis-1,4 poly-isoprene (IR) used in this study was
IR-2200 manufactured by JSR.

(6) DPNRþP, i.e., DPNR with the extracted proteins added back to
the sample. Proteins were extracted from fresh NR latex by
washing with surfactant and precipitating with cold acetone.
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Fig. 2. Stress–strain relations during extension of un-vulcanized poly-isoprene at
25 �C, A: NR, B: Gel, C: Sol, D: TEDPNR, E: IR.
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The extracted proteins were dissolved in the DPNR latex and
kept for one month.

All of the above samples were dissolved in toluene as 3 w/v%
solution. These solutions were cast onto glass dishes, after solvent
evaporation leading to the as-cast films (about 1 mm thick). The
recovered films were characterized by SAXS, WAXD and optical
microscopy techniques.

The vulcanization conditions (by peroxide reaction) were as
follows. Un-vulcanized rubber samples were first masticated by
a two-roll mill at 50 �C for 2 min. Subsequently, 1 phr (per hundred
rubber) peroxide (DCP: dicumyl peroxide) was added in these
samples and thoroughly mixed for 3 min. The rubber compounds
were vulcanized at 155 �C for 30 min in the 1 mm depth mold by
compression.

2.2. Sample characterization

Synchrotron X-ray measurements were carried out at the X27C
beam line in the National Synchrotron Light Source (NSLS), Broo-
khaven National Laboratory (BNL). The wavelength of the X-rays
used was 1.371 Å. Two-dimensional WAXD patterns were recorded
by an MAR-CCD detector (MAR USA). The image acquisition time for
each frame was 30 s. The diffraction angle in WAXD was calibrated
by the Al2O3 standard. All measured images were corrected for
beam fluctuations and sample absorption. The data analysis soft-
ware POLAR (Stonybrook Technology and Applied Research, New
York) was used to analyze the WAXD images.

A tensile stretching device, allowing the symmetric deformation
of the sample, was used in this study. The device permitted the
illumination of X-ray to monitor the structure change on the same
sample position during deformation. This instrument was devel-
oped by modifying a tabletop stretching machine from the Instron
Inc. The chosen deformation rate was 10 mm/min. The original
sample length was 25 mm. The initial rate of deformation was
0.007 s�1. The nominal stress was given by s¼ F/(d0�w0), with F
being the force measured by a load cell, d0 being the original
thickness and w0 being the original width. The nominal strain, in
terms of the deformation ratio, was given by 3¼ (l� l0)/l0 with l0
being the original clamp-clamp distance.

The stress–strain relation measurements during extension and
retraction in uniaxial deformation were carried out at 25 �C. In the
case of stress relaxation, and temperature variation experiments,
the stretching processes were carried out at 30 �C for the former
and the rate of increasing temperature were þ2 �C/min., respec-
tively. These studies were carried out in an environmental chamber.
Time-resolved WAXD patterns and simultaneous stress–strain
curve were recorded continuously during stretching, retraction,
stress relaxation at 30 �C, and upon heating.

3. Results and discussion

3.1. Un-vulcanized NR and un-vulcanized IR

The latex sample preserved in ammonia for three months was
chosen because this specimen possessed almost the same amount
of Gel content and the same level of tensile strength as the
commercial raw NR sample (i.e., technically standard rubber, TSR,
or ribbed smoked sheet, RSS)3. The preservation of fresh latex in the
presence of ammonia creates a naturally occurring network and
increases tensile strength and gel content [3]. Such sample selec-
tion also avoided potential adverse effects from abrasive processing
steps, such as milling, fracturing, drying and smoking that are
commonly adopted to manufacture commercial raw NR. The
stress–strain curves of raw NR, Gel, Sol, TEDPNR (transesterificated
and de-proteinized NR) and raw IR samples at 25 �C are shown in
Fig. 2. The Gel sample exhibits a large up-turn and higher stress
than NR, the Sol sample shows relatively lower stress, and TEDPNR
shows the lowest stress since TEDPNR has no naturally occurring
network [3]. IR shows the lower stress than NR samples except
TEDPNR. It is found that TEDPNR and raw IR sample cannot be
extended more than the strain of 2.0 because the width of the
center part of the sample becomes too narrow to bear the load. The
NR, Gel and Sol samples have no such a problem, but they show
clear hysteresis with a permanent set at a strain about 1.6. It is
interesting to note that that the Sol sample exhibited a distinct
elastic rubbery behavior. However, the naturally occurring network
seems to be weak against the stress. This is because the permanent
sets of NR, Gel and Sol are much larger than the one of vulcanized
NR (almost zero).

Un-vulcanized NR, Gel and Sol samples all exhibit the behavior
of strain-induced crystallization. Fig. 3 shows the stress–strain
relation and strain-induced crystallization of un-vulcanized NR
during extension and retraction. Although the diffracted intensity
in un-vulcanized NR is relatively low, WAXD patterns clearly show
the occurrence of strain-induced crystallization at strains above 4.0.
The behavior of strain-induced crystallization in un-vulcanized NR
is very similar to vulcanized NR.

In order to measure the small amount of strain-induced crys-
tallinity due to the weak intensity of the WAXD pattern in the
deformed sample, only the equator diffraction peaks were
analyzed. In specific, the diffraction intensity near the equator from
265� to 275� was integrated and termed as the total intensity
(I(s)total), whereas the intensity near the meridian from �5� to þ5
was also integrated and termed as the amorphous intensity
(I(s)amorphous). It has been assumed that the intensity around the
meridian is mainly due to the scattering of un-oriented amorphous
molecules. Fig. 4 illustrates the above analytical procedure, where
the chosen WAXD pattern was from the deformed un-vulcanized
NR sample at a strain of 6.0. In Fig. 4, the image indicated an
oriented fiber pattern consisting of arc-like crystal diffraction peaks
from the polymer as well as spot-like diffraction peaks of very high
intensity (these diffraction spots are related to the discrete nano-
crystals of natural impurities in NR, where details were reported
elsewhere [31]).

The equatorial integration from 265� to 275� allowed us to avoid
the contribution of these high intensity spots in the analysis of
integrated intensity. The crystalline intensity (I(s)crystal) can be
given as:
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IðsÞcrystal¼ IðsÞtotal�IðsÞamorphous (1)

The subtracted crystalline intensities of un-vulcanized NR at
different strain are shown in Fig. 5. It is found that the diffraction
intensities at 200 and 120 planes increase with strain significantly.

The intensity at the 200 plane (s¼ 1.58 nm�1) was chosen to
estimate the change of the crystallinity index, which was defined as
the ratio of the crystalline intensity from (200) reflection and the
total intensity at sc¼ 1.58 nm�1.

Crystallinity Index ð200Þ ¼ IðscÞcrystal=IðscÞtotal�100 (2)

Fig. 6 shows the Crystallinity Index (200) in NR, Gel, Sol, TEDPNR
and IR at different strains during extension. NR and Gel samples
275°

265°

-5°+5°

200 120

Spot

Fig. 4. The WAXD pattern of un-vulcanized NR at strain 6.0. The arrows 265� and 275�

suggest the integral angle for I(s)total and the arrows �5 and þ5 suggest the integral
angle for I(s)amorphous. High intensity spots are shown by arrows.
exhibit clear behavior of strain-induced crystallization. TENR and IR
samples do not show any strain-induced crystallization. The Sol
sample only shows a small amount of strain-induced crystallization
at higher strains. The results confirm that the naturally occurring
network is mainly responsible for the behavior of strain-induced
crystallization in un-vulcanized NR. The observation in the Sol
sample is probably indicative that Sol has a smaller amount of
network points than NR and Gel samples.

The above finding is rather surprising because the Sol phase is
often considered to contain mainly low molecular weight species.
However, this hypothesis may not be correct. Recently, Tanaka has
carefully compared the molecular weight distribution of the Sol
s/nm
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Fig. 5. Crystalline intensities at equator in un-vulcanized NR at different strains.
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fraction and the transesterified Gel fraction (TE-Gel) in un-vulca-
nized NR [3]. He reported that the weight average molecular weight
(Mw) of the Sol fraction was 2.52�106 g/mol in one large pop-
ulation, whereas the Mw of TE-Gel was 1.25�106 g/mol in two
populations. Therefore, the Sol fraction in un-vulcanized NR does
not necessarily consist of only the low molecular species, it may
also contain extensions, branches, permanent entanglements, or/
and a low density network of linear molecular species with both
terminal functional groups capable of reacting with proteins and
phospholipids as those in the Gel sample. In Fig. 2, the stress–strain
curve in the Sol sample exhibits the appearance of a yield point and
constant stress after yielding (i.e., the plastic flow behavior). This
behavior is similar to that of an entangled polymer melt. Since the
entanglement molecular weight (Me) in cis-1,4 poly-isoprene is
about 3000 g/mol at 25 �C [32], each chain may statistically contain
around 100 entanglement points and the overall entanglement
structure may contribute to the mechanical behavior of un-vulca-
nized NR. Based on the WAXD results, one may conclude that the
behavior of strain-induced crystallization in the Sol sample is not
induced by stress but by strain, since the corresponding stress at
the onset of crystallization is very low. This is the main reason that
we have persistently used the term ‘‘strain-induced crystallization’’
instead of ‘‘stress-induced crystallization’’ to describe the
phenomenon.
3.2. Peroxide vulcanized NR and IR

Stress–strain relations in peroxide vulcanized NR (V-NR),
vulcanized Gel (V-Gel), vulcanized Sol (V-Sol), vulcanized TEDPNR
(V-TEDPNR) and vulcanized IR (V-IR) are shown in Fig. 7. The
different stress–strain relations can be attributed to the different
amount of the naturally occurring network since the chemical
network density should be the same in these samples due to the
same amount of peroxide used. V-Gel and V-NR samples show
much higher values of stress at small strains than V-Sol, V-TEDPNR
and V-IR samples. At large strains, the stress levels of V-Sol, V-
TEDPNR and V-IR catch up those of V-NR and V-Gel. Since V-Sol, V-
TEDPNR and V-IR increase their stresses steeply around the strain
of 6.0, these samples all exhibit the same strain at break (6.0). The
inset figure in Fig. 7 shows the steep increase of the stresses of
these samples from the strain 5.0–6.0 as normalized stress.
(Normalized stress¼ stress/stress at strain 5.0). V-Sol, V-TEDPNR
and V-IR increase much larger than V-NR and V-Gel.
According to the theory of rubber elasticity, the strain at break
depends on the molecular weight between the network points due
to the limited extensibility [1,2,34,35]. Both non-Gaussian chain
models [1,2,33] and non-Gaussian tube models [34,35] elucidate
that the steep increase of stress is induced close to the strain at
break. The steep increase of stress has been expressed as the
divergence of inverse Langevin equations in the non-Gaussian
chain model and as the singularity in the non-Gaussian tube model.
The molecular weight between the network points (Mc) is
proportional to the inverse of the number (Nc) of chains per unit
volume that is determined by the amount of peroxide used.

Mc ¼ rNa=Nc (3)

In the above equation, r is the polymer density and Na is Avogadro’s
constant. Since the number of the chemical network in V-IR and in
V-TEDPNR is the same, a similar strain at break value should be
observed. On the other hand, V-NR and V-Gel should exhibit
prominent mechanical enhancement (i.e., large strain at break
values) due to the presence of naturally occurring network. These
behaviors have all been confirmed experimentally (Fig. 7). The
amount of the naturally occurring network in V-Sol seems to be too
low to effectively enhance the stress–strain curve. In the above
consideration, the effect of entanglements on the mechanical
properties has been neglected in spite of that many entanglements
must be permanently imprinted into the structure after vulcani-
zation (this is because the entanglement molecular weight Me

(3000 g/mol) is much lower than the Mn value (3�105 g/mol) of
the linear unit chain of NR).

The behavior of steep stress increase in V-Sol, V-TEDPNR and
V-IR indicates that these vulcanized NR samples probably reach the
limit of chain extensibility between the network points at such high
strains. The presence of naturally occurring network in V-Gel and
V-NR seems to increase the limit of chain extensibility. This may be
because the naturally occurring network can relax the effective
stress on the final network structure as the much weaker naturally
occurring network (compared to the chemical network) can be
destroyed at high strains. The maximum value of strain at break
3b,max has been routinely used as an effective way to determine the
failure envelop in rubber [36,37]. The failure envelope is well
correlated with the degree of crosslinking. Based on the theory of
rubber elasticity, the maximum value of strain at break 3b,max can be
correlated with the molecular weight between two adjacent cross-
links (Mc) [36]:
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Fig. 9. Normalized stresses at restrained heating in peroxide vulcanized samples. A:
V-NR, B: V-Gel, C: V-Sol, D: V-TEDPNR, E: V-IR.
In Fig. 7, V-Sol, V-TEDPNR and V-IR show the same value of
strain at break that can be attributed to the same amount of the
chemical network in the samples. On the other hand, V-NR and
V-Gel show larger values of stress than those in V-Sol, V-TEDPNR
and V-IR. Although the presence of the naturally occurring
network should lead to a slight decrease in strain at break, both
V-NR and V-Gel samples indicate that they have the same value
of (or slightly larger) strain at break as the other samples (V-Sol,
V-TEDPNR and V-IR).

Peroxide vulcanized NR show smaller value of strain at break or
higher value of stress at affixed strain than those of sulfur vulca-
nized NR. This is because peroxide vulcanization does not have the
same stress relaxation mechanism as sulfur vulcanization, where
the transformations of sulfur bridges from multi-sulfur to mono or
di-sulfur bridges often occur [39]. The naturally occurring network
in V-NR and V-Gel seem to relax the stress and extend the value of
strain at break as the naturally occurring network is significantly
weaker than chemical network.

The crystallinity index based on the (200) reflection of the
vulcanized samples is shown in Fig. 8. It is seen that the values of V-
NR, V-Gel and V-Sol are twice of that of un-vulcanized NR in Fig. 6.
The presence of chemical network increases the behavior of strain-
induced crystallization significantly. Although un-vulcanized
TEDPNR and IR sample did not exhibit the sign of strain-induced
crystallization in Fig. 6, vulcanized samples (V-TEDPNR, V-IR) show
higher crystallization than those of V-NR and V-Gel in Fig. 8. This
indicates that the naturally occurring network in un-vulcanized NR
and Gel does not increase the strain-induced crystallization in V-NR
and V-Gel necessarily. V-Sol, V-TEDPNR and V-IR samples show
almost the same level of crystalline fraction and the maximum value
at strain 5.0. Therefore, the strain-induced crystallization in vulca-
nized NR appears to saturate at a critical strain that is significantly
less than the strain at break. The saturation of strain-induced crys-
tallization in vulcanized NR has been observed in the literature before
[23,38], although this behavior has never been discussed. The
divergence behaviors of the sharp stress up-turn and the saturation
of strain-induced crystallization at large strains constitute two
essential mechanisms in strain-induced crystallization. This can be
further explained as follows. During extension, both molecules and
network points shifted to a more stable state to accommodate the
stress. As a result, orientation and crystallization of chains take place
simultaneously. This mechanism would reduce the stress as
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discussed earlier [18,29,40–42] on theoretical analysis by Flory [40]
and experimentally by Gent [41] because the length of crystallized
chains along the stretching direction is longer than the one of
oriented amorphous chains. However, beyond a certain strain,
molecules cannot find room to crystallize, the degree of strain-
induced crystallization reached the certain limit. At higher strain, the
remained amorphous molecules look for room to orient itself, finally
amorphous molecules reach the limit of extensibility. At such a strain
level (near the limit of extensibility), the stress would diverge
following the theories of non-Gaussian chain model and tube model.
Therefore, strain-induced crystallization does not contribute to
increase the tensile strength but increase the strain at break since the
strain-induced crystalline molecule is longer than oriented amor-
phous chain along the stretched direction. This mechanism has been
discussed in vulcanized IR [42] and in filled vulcanized NR [43]. In the
case of V-NR and V-IR samples, the maximum strain-induced crys-
tallinity seems to be around 30% [19,21,22,24,41]. It thus suggests that
the poly-isoprene molecules cannot crystallize beyond a certain level
of crystallization since both network points and chain entanglements
are obstacles to the occurrence of strain-induced crystallization at
higher strains. In the case of cold crystallization (under static
condition at �25 �C), un-vulcanized NR shows the saturation of
crystallization below 40% [44,45].

After stretched to the strain of 4.0 at 30 �C, all samples were
subjected to the treatment of constrained heating (at the strain of
4.0) at a rate of 2 �C/min. The normalized stress (¼stress at certain
temperature/stress at 40 �C) during constrained heating is shown in
Fig. 9. It is found that the stress increases with temperature in V-Sol,
V-TEDPNR and V-IR samples, whereas the stress decreases signifi-
cantly in V-NR and V-Gel. This clearly suggests that the naturally
occurring network affects the temperature dependency of vulca-
nized NR. Since the naturally occurring network is relatively weak
against solvents [3], temperature and stress, V-NR and V-Gel show
the same trend under these conditions. Recently, we have reported
the restrained heating of sulfur vulcanized IR at different strains
using synchrotron WAXD [29]. It was found that the strain-induced
crystal fraction decreases and the stress increases by temperature.
This tendency is enhanced in sulfur vulcanized IR. In Fig. 9, peroxide
vulcanized IR shows the same behavior as sulfur vulcanized IR [29].
4. Conclusions

The natural impurities and linear rubber chains with functional
end groups in NR create naturally occurring network structure that
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significantly affects the mechanical properties of both un-vulca-
nized and vulcanized NR. The superior mechanical performance in
NR (as compared to IR) can be summarized as follows.

1. Strain-induced crystallization is introduced by the naturally
occurring network in un-vulcanized NR and the combined
network structure (chemical and naturally occurring
networks) in vulcanized NR. The final network structure is
the vital element for strain-induced crystallization as the
network points that are able to align the chains under tensile
deformation.

2. The maximum strain at break due to the maximum extensi-
bility of chains between the network points is determined by
combined effects of the network structure and strain-induced
crystallization. Generally, strain-induced crystallization
decreases the stress and increases the strain at break. But the
degree of strain-induced crystallization saturates below the
strain at break as the molecules may have no room to move to
the minimum energy position at high strains.

3. The naturally occurring network decreases the stress at high
temperatures since such a network is relatively weak against
temperature and stress. This may be one of the reasons why the
stress and tensile strength in vulcanized NR decrease with
temperature. In addition, the naturally occurring network
contributes to the increase in stress at small and medium
strains. At large strains, the naturally occurring network relax
the stress concentration and increase the strain at break. The
above mechanisms may elucidate why the mechanical perfor-
mance of NR is superior to IR.
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