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Abstract

Molecular orientation and strain-induced crystallization of vulcanized natural rubbers (by sulfur and peroxide) and synthetic polyisoprene

rubber (by sulfur) during uniaxial deformation at 0 8C were studied by in situ synchrotron wide-angle X-ray diffraction. The high intensity of

synchrotron X-rays and new image analysis methods made it possible to estimate the mass fractions of strain-induced crystals and amorphous

chains in both oriented and unoriented states. Most of the polymer chains (,75%) were found to be in the random coil state even at large

strains (.5.0). Only about 5% the amorphous chains were oriented, whereas the rest of the chains (,20%) were in the crystalline phase.

Sulfur vulcanized and peroxide vulcanized natural rubbers did not exhibit notable differences in structure and property relationships. In

contrast, synthetic polyisoprene rubber showed a different behavior of deformation-induced structural changes, which can be attributed to the

difference in cross-link topology. Our results indicated that strain induces a network of microfibrillar crystals in both natural and synthetic

polyisoprene rubbers due to the inhomogeneity of cross-link distribution that is responsible for their elastic properties.

q 2003 Published by Elsevier Ltd.
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1. Introduction

Vulcanized rubber under deformation has been a subject

of intensive research interest since the 1940s. Several major

topics in polymer science, including rubber elasticity theory

and structure–property relationships in polymeric solids,

were initiated from this subject [1–9]. It has been well

demonstrated that the roles of both molecular orientation

and strain-induced crystallization are crucial for determin-

ing the final mechanical properties of rubber [3–5,9].

The phenomenon of strain-induced crystallization in

natural rubber has been extensively studied by X-ray

diffraction techniques using laboratory X-ray sources

[9–15]. In these studies, the stretched samples were always

held for a long period of time (several hours) to

accommodate the relatively weak X-ray intensity. Thus,

the structures detected were in the stretched but relaxed

state. Only recently, real time X-ray studies using

synchrotron radiation have been carried out during in situ

deformation of sulfur vulcanized natural rubber (NR-S) at

room temperature (25 8C) where structural development and

stress–strain relationship were measured simultaneously

[16,17]. The synchrotron studies revealed several new

insights into the behavior of molecular orientation and

strain-induced crystallization in natural rubber under

uniaxial deformation, which can be summarized as follows.

1. During deformation, up to 75% of polymer chains still

remain in the unoriented state even at large strains (up to

6.0). Only around 20% of the molecules are in the

crystalline state, and 5% of the molecules are in the

oriented amorphous state.

2. The strain-induced crystallites are highly oriented with

excellent alignment along the stretching direction.

3. The crystallization pathway and the melting pathway can

be distinguished from the cyclic stress–strain relation.
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The hysteresis behavior of the stress–strain relation is

directly related to the formation and the melting of strain-

induced crystallites.

4. The inhomogeneity of cross-link topology in vulcanized

natural rubber creates a microfibrillar structure com-

posed of crystalline segments between the cross-links

(vulcanized points) during stretching.

The purpose of this paper is to investigate if the above

behavior is universal for other similar systems such as

peroxide vulcanized natural rubber (NR-P) and sulfur

vulcanized synthetic polyisoprene rubber (IR) under tensile

stretching. Since the deformation-induced crystallization

process also depends on the experimental temperature, we

chose 0 8C to enhance the stability of the strain-induced

crystallites in rubber.

There are three major differences between natural rubber

(NR) and synthetic polyisoprene rubber (IR), which have

been described in detail recently [18,19]. (1) NR is

composed of 94% (by weight) polyisoprene, 2 – 3%

proteins, 1–1.5% fatty acids and 1–1.5% conjugated

phosphoid-lipid. In contrast, IR contains only polyisoprene

molecules (100%). (2) The polyisoprene component in NR

is composed of 100% cis-1,4 conformation, whereas the

polyisoprene component in IR contains only 98.5% cis-1,4

conformation. (3) The polyisoprene in NR contains

branched chains because their end functional groups can

react with each other after polyisoprene latex has been

extracted from the Hevea tree. As a result, the gel content of

NR can reach a level of 50–70%. Although the content of

the branched polyisoprene chains in IR is not known, it may

be below 20% because the gel content of IR is usually 10–

20%. In other words, the majority of the polyisoprene chains

in IR are linear.

To evaluate the effect of network structures (or cross-link

topology) on the behavior of deformation-induced crystal-

lization and the corresponding mechanical properties, NR-S

and NR-P were also compared. The process of peroxide

vulcanization usually makes the cross-linking reaction more

heterogeneous because the free radical reaction in peroxide

is much faster than that in sulfur vulcanization. Since the

peroxide vulcanization creates (–C–C–) bonds that have

higher bond energy than that of the sulfur’s bonds, the

peroxide vulcanized rubber is stronger against heat and

mechanical deformation than the sulfur vulcanized rubber.

On the other hand, the sulfur vulcanized rubber has higher

tensile strength and tear strength. This is because the sulfur

bonds are composed of mono-sulfur (–S–), di-sulfur (–S–

S–) and multi-sulfur (–S–S–Sm–) molecules. Sulfur

vulcanized rubber is more flexible under high stress

concentration and exhibits higher tensile strength through

the rearrangement of three types of sulfur bonds. In this

work, the strain-induced crystallization behavior of sulfur

vulcanized synthetic polyisoprene rubber will also be

compared to those of the vulcanized nature rubbers (by

peroxide and sulfur).

2. Experimental

Synchrotron X-ray measurements were carried out at the

X27C beamline in the National Synchrotron Light Source

(NSLS), Brookhaven National Laboratory (BNL). The

wavelength of the X-ray used was 1.37 Å. Two-dimensional

wide-angle X-ray diffraction (WAXD) patterns were

recorded by the MAR-CCD X-ray detector (MAR USA)

for quantitative image analysis. The typical image acqui-

sition time for each scan was 30 s. All measured WAXD

images were corrected for beam fluctuations and sample

absorption for data analysis.

The tensile machines allowed the symmetric stretching

of the sample, which permitted the focused X-ray to

illuminate the same sample position during deformation.

The chosen deformation rate was 10 mm/min. The exper-

iments were carried out at 0 8C, which was controlled by an

environmental chamber. The instrument was developed by

modifying a tabletop stretching machine from Instron Inc.

Time-resolved WAXD patterns and simultaneous stress–

strain relation were recorded continuously without holding

the sample in still conditions during stretching and

retraction.

The recipes and cure conditions for preparation of the

rubber samples are listed in Table 1. The chosen recipe for

sulfur vulcanized rubber was similar to Treloar’s classic

compound [3], and one for peroxide vulcanized rubber was

similar to Mitchell’s scheme [14]. The apparent values of

the average molecular weight between the network points

(Mc) were estimated from the tensile elastic modulus using

the simple molecular theory of rubber elasticity [2],

assuming that the cross-links were distributed homoge-

neously. The values are also listed in Table 1.

3. Results and discussion

The stress–strain curve and selected WAXD patterns in

Table 1

The recipes and cure conditions of vulcanized rubber samples: sulfur

vulcanized NR (NR-S), sulfur vulcanized IR (IR-S), peroxide vulcanized

NR (NR-P)

NR-S IR-S NR-P

NR 100 100

IR 100

Stearic acid 2.0 2.0

Anti-oxidant 1.0 1.0

Active ZnO 1.0 1.0

Accelerator 1.0 1.0

Sulfur 1.5 1.5

Peroxide 2.0

Mc (g/mol) 5000 6100 4100

NR: SMR-L, Standard Malaysian Rubber light color. IR: IR2200, Good

Year. Antioxidant, (MBMTB); Accelerator, (TBBS); Peroxide, dicumyl

peroxide (DCP). Sulfur vulcanized rubber: cured at 160 8C for 60 min.

Peroxide vulcanized rubber: cured at 150 8C for 50 min.
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NR-S during stretching and retraction at 0 8C are shown in

Fig. 1. The arrow indicates the average strain value where

the image was taken. The high intensity of synchrotron X-

rays made it possible to collect the WAXD patterns during

deformation in real time without holding the sample still. In

Fig. 1, it is seen that highly oriented crystalline reflection

peaks begin to appear at a strain around 2.0. The strain-

induced crystal structure is consistent with a monoclinic unit

cell of polyisoprene with parameters: a ¼ 1:25 nm; b ¼

0:89 nm; c (chain axis) ¼ 0.81 nm, and b ¼ 928; which has

been reported by Bunn [12]. The intensities of these

reflections increase with strain during stretching and

decrease upon retraction. However, the crystalline diffrac-

tion pattern during retraction is much more apparent than

the one during stretching at the same strain. For example, at

the strain of 1.0, no crystalline pattern is observed during

stretching but clear crystalline reflections are seen during

retraction. The stress–strain curve shows a hysteresis,

typically found in pure vulcanized natural rubber. The stress

during retraction is much smaller than the stress during

stretching. This is especially the case at strains less than 3.0,

where the corresponding stress during retraction is almost

zero.

When the strain returns to zero, the crystalline reflections

disappear completely. It suggests that the induced crystal-

lization is completely reversible even at 0 8C. The

amorphous halo is found to persist in WAXD during both

processes of stretching and retraction (even at the highest

applied strain of 5). Compared to our previous results from

the same sample at 25 8C, the observed starting strain for

crystallization is smaller and the strain due to melting is

smaller at 0 8C [17]. In general, the hysteresis of the stress–

strain curve and the effect of strain-induced crystallization

on the mechanical properties is much larger at 0 8C than at

25 8C.

Time-resolved WAXD patterns and the simultaneously

measured stress–strain curve of NR-P at 0 8C is shown in

Fig. 2. The behavior seems to be very similar to that of NR-

S. In general, the stress of NR-P shows a much higher value

than the corresponding stress of NR-S under the same strain

conditions. It is interesting to see that the stress during

retraction reaches almost zero at strains below 3.0, similar to

Fig. 1. The stress–strain curve and selected WAXD patterns collected during stretching and retraction of sulfur vulcanized natural rubber (NR-S) at 0 8C. Each

image was taken at the average strain indicated by the arrows.
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that of NR-S. When the strain returns to the zero value,

crystalline reflection peaks disappear completely. In the

past, NR-P was studied by Mitchell using an ordinary X-ray

source [14], in which the strain-induced crystallization

results seem to be identical to those observed in this study.

Time-resolved WAXD patterns and the simultaneously

measured stress–strain curve of sulfur vulcanized synthetic

polyisoprene (IR-S) are shown in Fig. 3. The strain-induced

crystallization behavior of IR-S also resembles that of

vulcanized NR (NR-S and NR-P). The attainable stress

level, however, is much lower than NR. In addition, the

hysteresis of the stress–strain curve in IR-S is much smaller

than the one in NR. It is interesting to note that the stress

during retraction in IR-S does not reach the near zero value

until the strain becomes zero. The strain at which the

crystallization pattern is first seen is larger, but the final

crystalline pattern is about the same as the one observed in

NR samples. During stretching, the stress value around

strain ¼ 3.4 in IR shows a small minimum. This phenom-

enon, which was attributed to the strain-induced crystal-

lization that decreases the stress by increasing the length of

the molecules along the stretching direction, has been

reported and discussed recently [15,20]. In other words, the

minimum stress value (around strain of 3.0) is the result of

competition between the increase in stress by strain and the

decrease in stress by strain-induced crystallization, which is

often not too apparent. This minimum stress value that

occurs before the stress upturn may represent the initiation

of strain-induced crystallization [15,20]. Thus, one should

pay special attention to finding the stress minimum in the

stress–strain curve in order to locate the exact location of

strain-induced crystallization. In the case of IR, the required

strain for crystallization is rather large compared to NR.

However, the final attainable degree of crystallinity is about

the same. Therefore, at strains above 3.0, the crystallization

rate in IR must be faster than that in NR. As a result, the

minimum value in the stress curve is observed.

Mass fractions of the crystal and amorphous (oriented

and unoriented) phases have been calculated by using a

novel 2D image analysis method. The details of the

procedures have been discussed elsewhere [17,21], and

the brief description is outlined as follows. The WAXD

Fig. 2. The stress–strain curve and selected WAXD patterns collected during stretching and retraction of peroxide vulcanized natural rubber (NR-P) at 0 8C.
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pattern taken from the unstretched sample exhibits an

isotropic amorphous halo with no preferred orientation.

Under deformation, the WAXD pattern shows the super-

position of oriented crystal diffraction pattern and a residual

amorphous halo. The isotropic and anisotropic contributions

in this pattern can be de-convoluted using an analytical

method as follows [21]. The isotropic contribution extracted

from the WAXD pattern at the deformed state exhibits a

near identical feature in the original WAXD pattern prior to

stretching. The de-convoluted anisotropic contribution of

the WAXD pattern is composed of oriented crystal

reflection peaks and a small amount of oriented amorphous

phase, which is conjugated on the equator between the

strong 120 and 200 diffraction peaks. The mass fraction of

the strain-induced crystals can be estimated by dividing the

integration of the crystal diffraction intensity by the total

scattered intensity. To acquire the total scattered intensity

volume, we first transformed the data from the 2D flat-plate

geometry (collected by CCD-Camera) to an undistorted

geometry in the reciprocal space using the procedure

described by Fraser et al. [22], and then extrapolated the

data in the missing meridional region using the expansion of

Legendre polynomials [23]:

Iðs;fÞ ¼
X

a2nP2nðcos fÞ ð1Þ

where s ¼ 2 sinðu=2Þ=l; f represents the azimuthal angle, Pn

is the Legendre polynomial of the first kind of order n and

a2n represents the fit coefficient. The fit functions extrap-

olate into the ‘missing region’, thereby reducing the cut-off

error of the integrations.

Based on the above procedures, one can estimate the

amounts of total isotropic and anisotropic mass fractions,

including the unoriented amorphous fraction ðfUAÞ;

oriented amorphous fraction ðfOAÞ and oriented crystalline

fraction ðfOCÞ: (We note that the unoriented crystalline

fraction was not observed in our study.) The relationship

Fig. 3. The stress–strain curve and selected WAXD patterns collected during stretching and retraction of sulfur vulcanized synthetic polyisoprene rubber (IR-

S) at 0 8C.
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among the above variables can be summarized as follows:

Total molecules at the deformed state

¼ isotropic fraction þ anisotropic fraction ð2Þ

Isotropic fraction

¼ unoriented amorphous fraction ðfUAÞ ð3Þ

Anisotropic fraction

¼ oriented crystalline fraction ðfOCÞ þ oriented

� amorphous fraction ðfOAÞ ð4Þ

The variations of the isotropic fraction of NR-S, NR-P

and IR-S at 0 8C during deformation are shown in Fig. 4. It

is seen that the isotropic fraction decreases during stretching

and increases during retraction, which exhibits a clear

hysteresis (the level of fraction during stretching is always

higher than that during retraction). This hysteresis, however,

is quite different from the stress–strain relations in Figs.

1–3 in several aspects. (1) In the stress–strain curve,

the stress during stretching has a higher value than the

stress during retraction; the corresponding isotropic fraction

during stretching is also higher than the isotropic fraction

during retraction. (2) During stretching, the stress increases

with strain, whereas the isotropic fraction decreases with

strain. (3) During stretching, the stress–strain curves show

notable differences in values and shapes, while the changes

of isotropic fractions in these three vulcanized polyisoprene

rubbers shows almost identical behavior (and they all reach

the same value of 75% at strain 5.0). Only small differences

in the recovered isotropic fraction are seen during retraction.

The value of 75% in isotropic fraction at the highest strain

(5.0) measured at 0 8C is the same as that measured in NR-S

at strain 6.0 at 25 8C [17]. The above observations confirm

that even at conditions that favor the crystallization of

polyisoprene (0 8C and high strains), the majority of the

molecules (75%) are still in the random coil state under

large deformation.

The corresponding variations of the crystalline fraction

of NR-S, NR-P and IR-S at 0 8C during deformation are

shown in Fig. 5. It is found that the crystalline fraction starts

to increase at strain around 2.0 in all three samples. NR-P

crystallizes first, followed by NR-S and then IR-S. During

retraction, the levels of crystalline fractions are significantly

higher than those during stretching. The maximum amount

of the crystalline fraction that can be induced by stretching

is less than 20%. The amount of strain-induced crystalline

fraction in NR-P is slightly larger than that in NR-S,

however, a similar trend is seen in both NR samples. In

other words, different vulcanization agents (sulfur versus

peroxide) do not change the crystallization behavior under

deformation at 0 8C. The behavior of IR under deformation

is very close to that of NR. However, the onset position for

crystallization and orientation in IR seems to be shifted to a

larger strain as compared with NR, even though the final

degree of crystallinity is about the same. This ‘delay and

catch up’ behavior may have resulted from the linear nature

of the polyisoprene chains in IR. Based on the literature [18,

19], most of the molecules in NR are branched and most of

the molecules in IR are linear. The branched points may

exhibit the same mechanical function as the vulcanized

points, where two processes can be induced by elongation.

The first process involves the induction of the chain

orientation between the network points, which leads to

crystallization (such as formation of crystal microfibrils).

The other process involves the termination of the growth of

strain-induced crystallites, since the network point cannot

be incorporated into the crystallites. Therefore, both

branched points and vulcanization points in NR can be

considered as network points. In contrast the linear chains in

polyisoprene do not contain the branched points. In Fig. 5,

IR-S shows the least hysteresis of strain-induced crystal-

lization. NR-P shows the highest level of strain-induced

crystalline fraction and the behavior of hysteresis. The

Fig. 4. The variations of the isotropic fraction of NR-S, NR-P and IR-S at

0 8C during deformation.

Fig. 5. The variations of the crystalline fraction of NR-S, NR-P and IR-S at

0 8C during deformation.
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trends of the changes in strain-induced crystallization

between the three kinds of rubbers correspond well to

their levels of stress in the stress–strain curves

The variation of the oriented amorphous fraction of NR-S,

NR-P and IR-S at 0 8C during deformation is shown in Fig. 6.

The oriented amorphous fractions of three rubbers are

significantly smaller than crystalline fraction; the average

value is about 5%. The oriented amorphous fractions of them

are found to increase only slightly. We thus can conclude that

the increase in total anisotropic fraction is mainly due to the

increase in the crystalline fraction rather than the change of the

oriented amorphous fraction. It is apparent that the behavior of

strain-induced crystallization dominates the total molecular

orientation. We believe the oriented amorphous phase is a

precursor to strain-induced crystallization in polyisoprene

rubber. According to the report by Mitchell and Meier [24], the

time scale needed to induce crystallites in rubber at high strain

is very fast, which is in the range of 60 ms.

The above argument is also consistent with the

birefringence data ðDnÞ of rubber under deformation [17],

which is discussed as follows. Since the birefringence Dn

can be expressed as [17]

Dn ¼ fOCDnc þ fOADna þ Dnf ð5Þ

where Dnc and Dna represent the intrinsic birefringence of

the crystalline and amorphous phases, respectively, and Dnf

is the form birefringence arising from the interphase

between the crystalline and amorphous phases. The values

of intrinsic birefringence of polyisoprene crystal and

amorphous phase are reported to be 0.13 and 0.2,

respectively [14,25]. Although the value of Dnf depends

on the applied strain because the interphase usually

increases with crystallinity, we assume Dnf to be small

compared to the first and second terms (Dnc and Dna). Eq.

(5) thus can be simplified as:

Dn , fOCDnc þ fOADna ð6Þ

The stress-optical coefficient Co can be defined as:

Co ¼ Dn=s , ðfOCDnc þ fOADnaÞ=s ð7Þ

where s is stress. The relationships between the stress and

calculated birefringence of NR-S, NR-P and IR-S during

stretching at 0 8C are shown in Fig. 7. All relationships are

about linear, which suggests that Co is constant for all three

samples. The constant stress-optical coefficient has been

considered as the justification for the rubber elasticity

theory; however, this may not be completely true. Our result

indicates that the strain-induced crystallization also occurs,

but this does not change the linear relationship between the

stress and birefringence. In our previous study, a constant

stress-optical coefficient was also observed by time-

resolved birefringence measurement in natural rubber

under deformation [25]. Therefore, we suggest that the

increase of the strain-induced crystallinity and oriented

amorphous fraction may be responsible for the increase in

the birefringence of vulcanized polyisoprene rubbers under

deformation, in spite of the large amount of unoriented

amorphous fraction. The maximum value of birefringence

of vulcanized natural rubber thus coincides with the

reported experimental values that are from 0.005 to 0.035

[2,25–27]. Also, we found clear differences in stress-optical

coefficients among NR-S, NR-P and IR-S. The stress-optical

of IR-S is the highest, which means that molecular

orientation and crystallization of IR-S contribute to its

stress response much less than their counterparts of NR-S

and NR-P do. This difference may come from their different

network structure composed of linear (IR) and branched

(NR) polyisoprene chains.

During retraction, the induced crystallinity remains high

in spite of the fact that the stress decreases significantly.

This can be understood by the different mechanisms in the

stress and crystallization relationship during stretching and

retraction. During stretching, molecules are elongated and

lose freedom of movement [20]. As a result, the chains can

fall into a super-cooled condition and can crystallize under

the low entropy barrier. The critical strain for inducing the

Fig. 6. The variations of the oriented amorphous fraction of NR-S, NR-P

and IR-S at 0 8C during deformation.

Fig. 7. The calculated birefringence and stress relationship of NR-S, NR-P

and IR-S during stretching at 0 8C.
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crystallization will depend on the stretching speed [28]. In

other words, there is a competition between the rate of

crystallization and the rate of stretching. When the rate of

stretching is larger than the rate of crystallization, no strain-

induced crystallinity can be obtained. However, once the

crystallinity is formed, these crystallites could acquire

certain thermal stability. This is seen in the process of

retraction, where the strain-induced crystallites do not melt

immediately. Furthermore, we noticed that the stress–strain

curve during retraction does not noticeably depend on the

rate of stretching [28]. The relationship seems to depend on

strain and temperature only.

Based on the above results from three different types of

vulcanized rubber samples, our previously proposed con-

cept for strain-induced crystallization in natural rubber [17]

is still correct and applicable to all the samples studied. The

schematic diagram of strain-induced crystallization in

nature or synthetic rubber is illustrated in Fig. 8. To contrast

the difference between the ‘ideal’ rubber and the ‘real’

rubber, a homogeneous cross-link network and its deformed

state is also illustrated. The ideal network model consists of

the same length of molecules between the network points. It

is generally assumed that all of the molecules between the

network points deform similarly under an affine defor-

mation assumption. This model, however, is not consistent

with the observation of the persistently large amorphous

fraction at high strains. The real network in vulcanized

rubber is composed of molecules with lengths of broad

distribution between the network points. Under stretching,

only the molecules of smaller length between the network

points are deformed and the molecules of much longer

lengths remain in the random coil state. This model is

consistent with the observation of a large fraction of

amorphous phase at high strains in this study.

The heterogeneity of the cross-link distribution in

vulcanized polyisoprene rubber results in inhomogeneous

arrangements of phases in stretched rubber [29,30]. The

resultant structures under deformation include highly

oriented crystallites between the network points, oriented

amorphous phase and random coil amorphous chains as the

major matrix. The crystallites between the network points

contain a microfibrillar structure, which has also been

verified by small-angle X-ray scattering (SAXS, results to

be discussed elsewhere). This microfibrillar structure should

function as a stronger network point than the multiple

chemical bonds in the pure chemical network structure. This

may be the reason why polyisoprene rubber is stronger than

other vulcanized rubbers that cannot be crystallized under

stretching. Although strain-induced crystallization itself

does not increase the stress (it actually decreases the stress

slightly), the crystallization creates the microfibrillar net-

work structure that is able to increase the elongation at break

since the stronger network points endure the high strain. As

a result, the tensile strength is increased.

4. Conclusions

An in situ synchrotron X-ray diffraction study of three

kinds of vulcanized polyisoprene rubber samples during

uniaxial deformation at 0 8C revealed that the majority of

molecules (up to 75% of the mass) remain unoriented

amorphous polymers even at large strains. The fraction of

the strain-induced crystallites at high strains is about 20%,

where the corresponding fraction of the oriented amorphous

phase is about 5%. The behavior is an intrinsic property of

vulcanized polyisoprene since different vulcanization

agents, different modulus levels and different stereo-

regularity of polyisoprene chains do not affect the behavior

of molecular orientation and induced crystallization signifi-

cantly. Synthetic polyisoprene shows a delay and catch up

behavior in strain-induced crystallization compared to

natural rubber. The constant stress-optical coefficient, is

not due to the affine deformation of ideal network, but can

be explained by the contributions of strain-induced crystal-

line structures and oriented amorphous fractions. The strain-

induced crystallites with a microfibrillar structure between

the network points are responsible for the high tensile

strength of polyisoprene rubbers.
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