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ABSTRACT: Vulcanization gives birth to the nonuniformity of rubber network, the identification of which is the basis of improvement

of performance of rubber products. We established a visco-hyperelastic constitutive equation to reveal the quantitative distribution of

the inhomogeneous network phases according to a three-phase model. The cross-linked network was assumed to be composed of the

cross-linking cluster, the low network chain density domain and the fluid-like mass. The incorporation of clay with high specific sur-

face area induced the effective uniformity of network structure by decreasing the content of the cross-linking cluster and increasing

that of the low network chain density domain. These structural variations were responsible for excellent mechanical properties and

strong strain-induced crystallization ability probed by the in situ synchrotron wide-angle X-ray diffraction. VC 2014 Wiley Periodicals, Inc.

J. Appl. Polym. Sci. 2014, 131, 40324.

KEYWORDS: clay; elastomers; crosslinking; crystallization

Received 17 September 2013; accepted 17 December 2013
DOI: 10.1002/app.40324

INTRODUCTION

Natural rubber (NR), one of the most traditional polymer

materials, can not be replaced even nowadays. Since the discov-

ery of vulcanization by sulfur in 1839 and reinforcement by car-

bon black (CB) in 1904,1 NR has been used to manufacture a

wide range of industrial products, such as automobile tires,

vibration isolators and surgical gloves. These far-ranging appli-

cations and the superior properties such as outstanding tensile

strength, good rebound elasticity, and excellent crack growth

resistance, originate from the cross-linking of long chains and

the strain-induced crystallization ability during deformation.2

Though the mechanism of vulcanization has not been fully elu-

cidated, it is accepted that curing reactions give birth to a heter-

ogeneous network structure of rubber, which largely influences

physical properties.3,4 However, it is a pity that the effect of the

network inhomogeneity on mechanical properties is still

unknown due to the difficulty of determining the quantitative

distribution of the heterogeneous phases. In addition, some spe-

cial phenomena in strain-induced crystallization were found

with the help of in-situ synchrotron wide angle X-ray diffraction

(WAXD).5–10 For example, it was probed that the majority of

rubber chains remained in isotropic coil state even at large

strains and only a few percent of chains were oriented or crys-

tallized during stretching.5–8 This was a proof that the highly

deformed and the unoriented amorphous chains coexisted. Toki

et al. attributed it to the nonhomogeneous distribution of

cross-linking points.5 Tosaka further proposed a new network

structure model for the thermodynamic description of strain-

induced crystallization.11 He assumed that the network chains

in cross-linked rubber were a combination of the elastically

effective and the fluid-like components.11

There were also some direct evidences about the nonuniformity

of NR network structure.4,12,13 Ikeda et al. detected the existence

of a dense network domain with a characteristic length scale of

10–100 nm by using small-angle neutron scattering.4 In the

meantime, they put forward a two-phase network structure

model, which can successfully explain some features of strain-

induced crystallization in sulfur-cured NR.4 Nevertheless, it

should be noted that there are some inconsistencies among the

three models mentioned above, which will be discussed in detail

in the third part of our article. Moreover, due to fast progress

in nanotechnology, the physical properties of NR can be

enhanced by the inclusion of a small amount of nanosized par-

ticles.14–18 Unfortunately, the reinforcement mechanism is still

poorly understood.19 Since structure determines property in

material science, the effect of fillers on the microstructure of

NR should be revealed before the full comprehension on the

reinforcement mechanism and the large-scale using of nano-

composites. Saalw€achter et al. have published many excellent
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works about rubber–filler interactions and network characteris-

tics by using NMR.12,13,20,21 It was found that even exfoliated

clay had obviously lower interactions with rubber matrix com-

pared with conventional fillers, such as carbon black. Thus, the

significantly enhanced mechanical properties were attributed to

the filler networks.20 The study of Carretero-Gonz�alez et al.

showed that the addition of clay could provide a more homoge-

neous network structure.19,22 Nevertheless, their results were

preliminary and did not show enough information about the

changes of the network structure. Thus, in the present article,

we try to propose a new three-phase model of network struc-

ture and use it to develop a visco-hyperelastic constitutive

model which can disclose the detailed distribution of the heter-

ogeneous phases and their evolutions caused by the inclusion of

different fillers. Because the mainly used measurement in the

article is the stress–strain method, which is one of the most

common measurements in rubber industry, our work could

provide a convenient way to control the microscopic network

structure and then improve the macroscopic mechanical proper-

ties of rubber in industrialized process.

EXPERIMENTAL

Materials

NR (ribbed smoked sheet, NO. 1) was purchased from Indone-

sia. NR latex (NR content was 60 wt %) was obtained from

Chinese Academy of Tropical Sciences (P.R.C.). CB (N330) was

purchased from China Rubber Group Carbon Black Research &

Design Institute (P.R.C.). Sodium montmorillonite with cation-

exchange capacity (CEC) of 90 mmol/100 g and an interlayer

spacing of 1.53 nm was kindly supplied by Zhejiang Fenghong

MMT Chemical Company (P.R.C.).

Preparation of NR Composites

Sodium montmorillonite (50 g) was dispersed in hot water

(1000 mL) under stirring. Octadecyl trimethyl ammonium chlo-

ride (25 g) was also dissolved in hot water (300 mL) and then

poured into the clay-water solution with stirring for 2 h at

80�C. The organoclay obtained was washed and filtered, and

subsequently dried under vacuum at 80�C for 12 h to remove

the residual solvent. The organoclay was swelled in distilled

water under stirring at 60�C for 1 h. Subsequently, NR latex

was added to the suspension, followed by ultrasonication for 20

min. The NR/clay emulsion was demulsified by freezing after-

ward. Then the product was washed and heated at 60�C under

vacuum overnight. The NR/clay compound was used as a mas-

terbatch for preparing NR/clay nanocomposites.

For the CB filled NR, N330 was added into a laboratory two-

roll mill after the plastication of NR without special treating.

The recipes of the rubber composites are shown in Table I. The

ingredients listed were mixed on the mill at room temperature.

The mixed compounds were cured at 155�C in an electrically

heated hydraulic press for their optimal cure time derived from

curing curves.

Measurements and Characterization

The curing process at 155�C was analyzed with a curemeter

produced by Beijing Youshen Electronic Apparatus Factory (Bei-

jing, People’s Republic of China).

Tensile tests of dumbbell shaped samples according to the Chi-

nese National Standard GB/T1040-92 were performed on an

Instron-5567 material tester at room temperature at a rate of 50

mm/min. Since the tensile behaviors of rubber samples at fast

strain rate (such as 500 mm/min) would deviate from the equi-

librium state, the authors chose low strain rate (50 mm/min) to

approach the quasi-equilibrium condition.

The method reported by Leblanc and Hardy23 was employed to

determine the amount of bound rubber. The amount of bound

rubber in wt % of initial rubber content of the compound is

given by the following equation:

Br %5½ðm02m1Þ=m0�3100 (1)

where m0 is the rubber content in the sample, m1 is the rubber

content extracted by toluene during 72 hours at room

temperature.

TEM experiments were carried out on JEM 2010 transmission

electron microscope (JEOL Co.) under an acceleration voltage

of 200kV. The specimens for TEM observations were prepared

using a Leica ultramicrotome under cryogenic conditions with a

diamond knife.

Synchrotron WAXD experiments were performed under room

temperature at U7B beam-line in the National Synchrotron

Radiation Laboratory (NSRL), University of Science and Tech-

nology of China, Hefei, China. The wavelength was 0.154 nm.

During deformation two-dimensional (2D) WAXD patterns

were recorded in every 180 s by using Mar CCD 165 X-ray

detector system. A homemade tensile machine was used to

produce symmetric deformation at a drawing speed of

Table I. Formulations of the NR Composites

NR OMMT N330 Stearic acid ZnO Antioxidant 4020a Accelerator Mb Sulfur t90

Sample phrc phr Phr Phr Phr Phr Phr phr min

NR 100 – – 2 5 1 1 2 7.26

NR/CB 100 – 30 2 5 1 1 2 10.70

NR/clay 100 5 – 2 5 1 1 2 5.43

a N-(1,3-dimethylbutyl)-N’-phenyl-p-phenylene dianine.
b 2-Mercaptobenzothiazole.
c Parts by weight per hundred parts rubber (phr).
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4.2 mm/min, with the help of which the time-resolved WAXD

patterns could be recorded continuously without holding the

sample in still conditions. The strain e 5 (l2l0) / l0 was deter-

mined from the distance between the clamps during deforma-

tion, in which l0 is the initial length of the sample and l is the

length of the elongated one. In the same way, the extension

ratio (a) was defined as l/l0. The Fit2D software package was

used to analyze the 2D WAXD patterns. Air scattering was sub-

tracted from all the WAXD patterns before quantitative analysis.

The crystallinity index (Xc) was calculated from diffraction

intensity data by using the following equation

Xc5

X
AcX

Ac1
X

Aa

(2)

where
P

Ac and
P

Aa represent the corrected integrated inten-

sities of the crystalline and amorphous regions, respectively.

RESULTS AND DISCUSSION

Different Features of Strain-Induced Crystallization

As shown in Figure 1, in addition to the highly oriented crystal-

line reflection peaks indexed as the 200, 120, and 201 reflec-

tions, the WAXD patterns of NR at high strains still possess the

isotropic amorphous halo, indicating the coexistence of highly

oriented chains and randomly coiled ones even in the highly

stretched sample.5–8,11 Figure 2 shows the variation of crystallin-

ity as a function of strain for the three different rubbers. It can

be found that crystallinity of the clay filled rubber is largest at

same strain, while the unfilled NR has the lowest crystallinity.

Meanwhile, according to the evolution of crystallinity during

stretching, we can also obtain the onset strain of crystallization

(e0), as listed in Table II. The clay filled NR has the lowest value

of e0 (around 1) compared with the other two rubbers. The

values of e0 for the CB filled and the unfilled rubbers are about

2 and 3, respectively.

The onset of crystallization is affected mainly by strain amplifi-

cation.2 In the study of CB filled rubber, Poompradub et al.2

took into consideration that the effective strain of rubber matrix

was larger than the nominal macroscopic one, because filler par-

ticles did not deform during deformation. For filled rubbers, e,

appropriate to rubber matrix can be replaced by the intrinsic

strain of rubber portion in rubber composites, e0 as follows24

e05ev (3)

where the amplification factor v for describing the strain ampli-

fication effect of spherical fillers (CB) is expressed as25

v51 1 2:5u1 14:1u25G=G0 (4)

while that reflecting the effect of non-spherical filler (clay) is

given by26

v5110:67 f u11:62 f 2u25G=G0 (5)

where / is the effective volume fraction of filler, f is the shape

factor, and G and G0 are the initial moduli of the filled and

unfilled rubber, respectively.

As shown in Table II, the modified intrinsic onset strain of crys-

tallization of rubber portion in the clay filled rubber (e
0
0) is still

smaller than that of the pure NR, while that in the CB filled

NR is similar with that of the neat, indicating that different

mechanism of filler effect on the rubber network structure and

special strain amplification in clay filled rubber exist.

Figure 1. WAXD patterns of stretched pure NR at strain of 4. [Color

figure can be viewed in the online issue, which is available at wileyonline-

library.com.]

Figure 2. Evolution of crystallinity as a function of strain for different

rubbers. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Table II. Onset Strain of Crystallization for the Unfilled and Filled NR

NR NR/CB NR/clay

e0 3.0 2.0 1.0

e0
0 – 2.9 1.6
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The mechanical property testing also showed some interesting

features. As shown in Table III, the clay filled rubber shows

more drastic improvements in tensile strength (26.7 MPa) com-

pared with the CB filled NR (21.8 MPa) without sacrificing its

extensibility. It implies that effects of those two fillers on the

morphology of rubber network are different. The work of

Saalw€achter et al. revealed that conventional fillers (carbon black

and silane-modified silica) and nanoclay had different reinforce-

ment mechanisms.20 The strong filler–rubber interactions played

an important role in the reinforcement of rubber filled with

conventional fillers, while the mechanical filler network was the

major origin of the reinforcement behavior in rubber filled with

nanoclay.20

A Three-Phase Model

In order to explain the peculiar experimental features of strain-

induced crystallization in sulfur-cured NR, Toki et al. assumed

that network was composed of molecules with a broad distribu-

tion of chain lengths between network points.5 Under stretch-

ing, the molecules of small chain length between the dense

network points can be oriented and form crystallites, while the

molecules of much longer chain length would remain in the

random coil state.5,6,8 This model can successfully interpret the

existence of the isotropic halo in the WAXD patterns even in

the high stretched sample, as shown in Figure 1. Furthermore,

Tosaka proposed a two-component model to describe network

structure and crystallization behavior of NR.11 He concretely

supposed that the network chains should be regarded as a com-

bination of the elastically effective and the fluid-like compo-

nents. However, on the basis of small-angle neutron scattering

analysis of vulcanized rubbers, Ikeda et al. put forward another

two-phase model to speculate the inhomogeneous network

structure,4 which had some differences from Toki’s and Tosaka’s

models. In Toki’s and Tosaka’s models, strain-induced crystalli-

zation was assumed to take place in the domain with high net-

work chain density, while the low network chain density

domain was treated as an incompressible fluid.11 However, Ike-

da’s model showed that crystallization occurred mostly in the

rubbery matrix with low network chain density, while the high

network chain density domains functioned like reinforcing

fillers.4

During curing, sulfur is inclined to be present near the surface

of zinc oxide particles.27,28 Meanwhile, a “chelate-type” complex

of Zn is generated on the surface and responsible for activation

of sulfur during vulcanization.28,29 Thus, the sulfur cross-linking

reaction is active on the surface and around zinc oxide, result-

ing in the cross-linking cluster (i.e., the high network chain

density domain near zinc oxide).30 The corresponding network

chain density in the domain is so high that mobility, orientation

and strain-induced crystallization of the rubber chains in the

domain should be hindered by the large numbers of the cross-

linking sites and the neighboring chains. Additionally, in the

domain slightly away from zinc oxide, the network chain density

is lower, and thus strain-induced crystallization can occur under

stretching. In addition, due to the nonuniformity of curing, there

are also some domains with the lowest network chain density far

from zinc oxide, within which the rubber chains act as an incom-

pressible fluid mass. According to the above analysis, we further

propose a three-phase model to reveal the inhomogeneous net-

work structure. As shown in Figure 3 (A,B) phases represent the

high and the low network chain density domains, respectively,

while C phase denotes the fluid-like component, which has very

low network chain density or no cross-linking points.

A Visco-Hyperelastic Constitutive Equation

According to the three-phase model proposed above, it can be

deduced that during external loading besides hyperelastic

responses resulting from A and B phases, there also exist contin-

uous variations and accumulations of viscoelastic stress caused

by C phase. Namely, the mechanical property of rubber is com-

posed of the quasi-static hyperelastic behavior and the visco-

elastic response.31–33 Therefore, a reasonable and exact

constitutive equation must contain both of these two contribu-

tions, which can be expressed as:11

r5/ere1/vrv (6)

where r is the total nominal stress, re is the hyperelastic stress

for unit mass of elastically effective phases (A and B phases),

rv is the viscoelastic stress for unit mass of C phase, /e and /v

are the mass fractions of the elastically effective and the fluid-

like parts, respectively. It should be noted that all of the stress

used in the article is the nominal stress.

Owing to the very high network chain density, A phase acts as

reinforcing filler for rubber.30 Therefore, the hyperelastic stress

mainly arises from B phase. In general, constitutive model for

describing the hyperelastic stress can be established based on

Table III. Mechanical Properties of NR Composites

Tensile
strength (MPa)

Elongation
at break (%)

Bound
rubber (%)

NR 8.70 570 0

NR/clay 26.7 590 19.5

NR/CB 21.8 450 0

Figure 3. The inhomogeneous network structure of natural rubber.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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the phenomenological theory and the statistic mechanics

method.34,35 Compared with the phenomenological approach,

the statistic mechanics theory emphasizes much more on rubber

chain conformation and network structure characteristic, which

combines microstructural characteristic with macroscopic prop-

erties successfully.35 In the statistic mechanics theory, there are

two main approaches available in the description of the tensile

stress–strain dependence in the low-elongation region: the

Gaussian chain statistics theory and the tube model proposed

by Edwards and his coworkers.32–40 The former primarily pays

attention to the impact of cross-linking points on network

chain conformation and neglects the presence of a great deal of

chain entanglements in rubber matrix. Actually, many experi-

ments detected that the contribution of these topological entan-

glements to stress was significant and could not be ignored

inconsiderately.41,42 Hereby, in order to uncover real network

structure more accurately, we choose the tube model as a reflec-

tion of hyperelasticity, which can properly separate the contri-

butions of cross-linking and entanglement to the stress–strain

behavior and determine the effect of entanglement on rubber

elasticity.43 The tube model takes into account the fact that top-

ological constraints act along the whole chain, apply topological

potential to every segments of the chain, and effectively restrict

chain fluctuations to a virtual tube.43,44 According to the ideas

of Edwards et al., Heinrich et al. deduced the following stress–

strain relations at uniaxial deformation, which consist of two

contributions:45,46

rM 5r= a – a22
� �

5Gc1Gef að Þ (7)

f ðaÞ5 2

b
ab=22a2b

a22a21
; f ða51Þ51 (8)

where rM is the reduced stress, r denotes the nominal stress, Gc

is the elastic modulus resulting from the contribution of chemi-

cal cross-linking, Ge is related to the topological tube-like con-

straints, b is an empirical parameter describing the relation

between the deformed tube in the stretched state and an unde-

formed tube corresponding to the equilibrium state. In general,

b is taken as 1.45,46

For the sake of keeping constitutive model simple and decreas-

ing the amount of constants, we adopted a linear viscoelastic

model to describe the viscoelastic behavior at small strains,

which can be expressed as follows according to the Boltzmann

superposition principle47

rv5
rvt

a
5

1

a

ðt

0

mðt2sÞ _eds (9)

where rvt is the true stress, e is strain, s is time, e 5 @e / @s is

strain rate, and m(t) is the relaxation function

mðtÞ5
X

i512N

Evi exp ð2t=hiÞ (10)

Where hi is the relaxation time, N is the number of viscoelastic

elements, and Evi is the modulus for unit mass of the elastically

effective phases (A and B phases).

The mechanical response of many polymeric materials deformed

at a wide range of strain rates generated by the Split Hopkinson

Pressure Bar device could be adequately described by a single

relaxation time.31 In addition, a good model would not need a

redundant number of parameters to describe the intrinsic fea-

tures of the associated experimental phenomena. Accordingly,

only one relaxation time is used herein, i.e., N 5 1 in eq. (10).

Then, the following expression can be obtained

rv5_eEvh½12exp ð2e=_ehÞ�=a (11)

In our visco-hyperelastic constitutive model, there are two kinds

of elastically effective phases (A and B phases). Thus, Ev should

contain both contributions from the two phases

Ev5/AGA1/BðGc1Gef ðaÞÞ (12)

where /A and /B are the mass fractions of A and B phases,

respectively, [Gc 1 Ge f(a)] is the changing modulus of B phase

depending on the strain due to the slippage of entanglements,

and GA denotes the modulus of A phase. Finally, we attained

the visco-hyperelastic constitutive equation

r5/BðGc1Gef ðaÞÞ ða2a22Þ 1 /Cð/AGA1/B

ðGc1Gef ðaÞÞÞh _e 12exp
2e
_eh

� �� �
=a

(13)

where /C is the mass fraction of C phase. For filled NR, due to

the strain amplification induced by filler, a according with rub-

ber matrix should be replaced by the intrinsic extension ratio of

rubber portion in rubber composites, a0 as follows24

a0 5 a–1ð Þv1 1 (14)

where v for describing the strain amplification effect of spherical

fillers (CB) could be obtained according to eq. (4),25 while that

revealing the effect of non-spherical filler (clay) is given by

eq. (5).26

Effect of Fillers on Network Heterogeneity

As shown in Table III, the inclusion of clay remarkably

improves the tensile strength of NR without the sacrifice of its

extensibility, while CB brings together the enhancement in the

ultimate strength and the reduction in the extensibility. These

phenomena imply that the effect of the two fillers on the rubber

network structure should be different. In order to quantitatively

elucidate the distribution of the network inhomogeneity and its

evolution after the addition of fillers, the three-phase visco-

hyperelastic constitutive equation was used to fit the stress–

strain curves in the region of low elongation according to the

least square fitting method by using origin 7.5 software, as dis-

played in Figure 4. The network structure parameters listed in

Table IV can be obtained. Some heart-stirring results can be

found. The uniformity of network structure could be related to

changes in the structural parameters. The reduction of the con-

tent of A and C phases and the increasing of B phase would

bring in more uniform network.

Firstly, the changes of distribution of the inhomogeneous net-

work phases show different trends after the inclusion of the dif-

ferent fillers. The content of A phase decreases due to the

presence of clay, while that in the CB filled NR increases
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compared with the neat NR. The content of B phase in the

both filled rubbers increases in contrast with the neat rubber,

but the incremental extent in the clay filled rubber is larger.

Additionally, the content of C phase in the two filled rubbers

drops after the inclusion of the two fillers. Secondly, the local

network molecular parameters (Gc and Ge) of B phase also dis-

play some interesting variations. Gc increases by the inclusion

of the two fillers, while Ge for the clay filled NR increases, pre-

senting contrary trend compared with that for the CB filled NR.

According to the evolutions of the parameters, it can be con-

cluded that the addition of clay can induce the uniformity of

network structure more effectively.19 A schematic representation

of the network structure evolutions by the addition of clay is

shown in Figure 5.

For the clay filled rubber, there are two reasons for the uniform

changes of the network structure. On the one hand, filler–rub-

ber interactions were weak. As shown in Table III, no bound

rubber was found in the clay filled rubber. The weak interac-

tions between clay and rubber were detected recently by

Saalw€achter et al. by using NMR and equilibrium swelling

measurements.20 They found that even exfoliated clay particles

did not significantly interact with the rubber matrix, and the

reinforcement of clay filled rubber was attributed to the filler

network.20 The bound rubber caused by strong filler–rubber

interactions would induced the heterogeneity of rubber network.

In other words, the weak filler–rubber interactions and the

absence of bound rubber contributed to the homogenization of

rubber network. On the other hand, in the surface of clay, there

exist the ammonium groups of organic cations resulting from

organo-modification, which would behave as effective accelerant

agents for NR vulcanization.15,48 Due to the high specific sur-

face area of 700 m2/g, the ammonium groups in the surface of

exfoliated clay layers (Figure 6) have more chance to contact

with rubber chains and sulfur. To validate the acceleration effect

of the ammonium groups on NR vulcanization, curing curves

for different rubbers were shown in Figure 7. It can be seen that

the clay filled rubber had the fastest curing rate, as also revealed

by the shortest optimum curing time (t90) in Table I. Thus, the

sulfur cross-linking reaction, which was formerly active on the

surface and around zinc oxide,29 can occur in the large-scale

neighboring regions of clay and the cross-linking points would

Figure 4. Fit results of stress–strain curves in the low-elongation region

with the three-phase visco-hyperelastic constitutive equation. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

Table IV. Network Structure Parameters of the Unfilled and Filled

Rubbers

/A /B /C GA Gc Ge h

NR 0.262 0.336 0.402 60.6 0.864 0.182 1.27

NR/clay 0.067 0.588 0.345 79.4 1.01 0.278 0.80

NR/CB 0.320 0.482 0.198 95.3 1.27 0.113 1.54

Figure 5. A schematic representation of the network structure evolu-

tions by the addition of clay. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 6. TEM micrographs of NR/clay nanocomposites.
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distribute more homogeneously, leading to the evident reduc-

tion of /A and /C, and the increment of /B.

For the CB filled rubber, the existence of strong interactions

between CB and rubber20 can also induce limited uniform

changes of network structure, as reflected by the increment of

/B and the decreasing of /C. Compared with clay, CB was

inclined to fuse into large agglomerates in elastomer, and dis-

perse on the microscale. Therefore, it has comparatively low

specific surface area. Additionally, bound rubber can form

around its particle surface,45,49,50 resulting in the formation of

both tightly and loosely absorbed rubber layers around the CB

particles.45 As listed in Table III, the fraction of bound rubber

in the CB filled rubber was about 19.5%. The bound rubber

could act as agglomerates of cross-linking domain, namely,

giant cross-linking cluster. Thus, more A phase would come

into being in or around the bound rubber. That is, the content

of A phase in the CB filled rubber increases. This means that

the increase of /B in the CB filled rubber derives from the

decreasing of /C, while that in the clay filled rubber mostly

comes from the decreasing of /A. The phenomenon can be also

attributed to the existence of bound rubber. The dispersion of

the bound rubber in the C phase can give birth to some effec-

tive cross-linking points, and thus changes some regions of C

phase into B phase.

Relationship Between Network Heterogeneity and

Crystallization

According to the three-phase model, the mechanical properties

are mainly determined by the microstructure in B phase, in

which strain-induced crystallization takes place during deforma-

tion. In order to understand the structure-property relationship

of NR, the tube model theory was applied further. Based on the

model, Gc can be obtained by the expressions51–53

Gc5Ac vc kBT 5
Ac vsl

2
s kBT

hR2
0i

(15)

Mc5qPNA=vc (16)

where q 5 0.92 g/cm3 is the rubber density, vc is the network

chain density, vs is the density of statistical segments, NA is

Avogadro’s number, Mc is molecular mass of network chains,

and Ac is a microstructure factor that depends on the fluctua-

tions of effective cross-linking junctions. According to the work

of Kl€uppel, Ac is equal to 0.67 in the case of moderately cross-

linked network independent of cross-linking density.53 hR2
0i5N

ls
2 is the root-mean-square end-to-end distance between two

successive junctions, N 5 Mc/Ms is the mean number of statisti-

cal segments between successive junctions, ls is the average

length of the Kuhn’s statistical segment (0.76 nm for NR), and

Ms 5 105 g/mol is the molar mass of the statistical seg-

ments.45,54 Ge is correlated with the lateral dimension of the

tube within the bulk rubber by the expression45

Ge5
1

4ð6Þ1=2
kTns

ls

d0

� �2

(17)

where d0 is the fluctuation range of a chain segment (tube

radius), ns5qNA=Ms is the polymer segment number density

taken as 5.46 nm23 in the article.28 d0 has a relationship with

the mean number of statistical segments between successive

entanglements (ne) by the equation

d05lsne
1=2 (18)

Therefore, more local network molecular parameters disclosing

the microstructure characteristics of B phase can be calculated.

As listed in Table V, values of d0 and ne decrease after the addi-

tion of clay, presenting different trends in comparison with the

CB filled rubber. The reduction of tube dimension due to the

presence of clay implies that the rubber chain movement has

been restricted into a lower volume and the corresponding con-

formational entropy decreases.16,55

Some intriguing results were found in the strain-induced crys-

tallization behaviors in the clay filled NR,16,19,20 that is, the

incorporation of clay brings on more remarkable promotion of

strain-induced crystallization compared with the CB filled NR;

the onset strain of strain-induced crystallization after modified

by strain amplification is still smaller than that of crystallization

in the neat NR,16 differing from the phenomenon in the CB

filled NR, whose onset strain of crystallization after modified by

strain amplification is similar with that of the neat.2,9 The

underlying mechanism for these abnormal phenomena can be

interpreted by the network structure evolution in B phase due

to the incorporation of nanofiller. As shown in Table IV, /B in

the clay filled NR is largest among the three kinds of rubbers,

so the clay filled NR has the maximum content of the network

chains which can crystallize under stretching, that is, it has

strongest ability of strain-induced crystallization. This is also

Figure 7. Curing curves for different rubbers. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table V. Local Network Molecular Parameters of B Phase

v*c 3104

(mol cm23) Mc (g/mol) R0 (nm) N d0 (nm) ne

NR 3.19 1768 3.11 17 2.67 12

NR/clay 3.73 1485 2.84 14 2.16 8

NR/CB 4.69 1181 2.52 11 3.39 20
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one of the basic reasons for the dramatic reinforcing effect of clay

on the mechanical property of NR. The network structure evolu-

tions are also the reasons for maintenance of good extensibility

after the addition of clay. In comparison with the neat NR, the

clay filled NR has higher network chain density, which induces

the reduction of extensibility. But in the meantime, it also has

lower content of A phase, and thus reduces stress concentration

regions, which is benefit for the improvement of extensibility.

Thereby, the incorporation of clay does not lead to the decrease of

extensibility. Contrarily, the inclusion of CB brings the rise of net-

work chain density without the reduction of the content of A

phase, so the maximum elongation decreases.

The onset of strain-induced crystallization is dominated by the

entropy reduction (DS), which is the entropy difference between

the onset of crystallization and the unstretched (amorphous)

states.8,56,57 In general, DS is as a function of strain under the

condition of uniaxial stretching according to the classical rubber

elasticity theory30

DS052 1=2ð ÞvBkða0
212=a023Þ (19)

where a0 is the extension ratio when onset of crystallization

occurs. In our previous article,16 it was proposed that the

entropy change of the clay filled rubber between the unde-

formed state and the onset of crystallization is composed of the

entropy reduction caused by the addition of clay (DS01) and

deformation (DS02), while that of the unfilled rubber is only

caused by deformation (DS0). As demonstrated by the drop of

the tube radius, the inclusion of clay with high specific surface

area results in the emergence of a mass of rubber–filler interac-

tions, leading to the enhancement of topology entanglements

and packing effect, namely, the restriction of movement of rub-

ber chains to a lower volume and the reduction of conforma-

tional entropy even without stretching (DS01). In conclusion,

the special decrease of the onset strain of crystallization in the

nanofiller filled NR should be attributed to DS01.

The analysis and results in the article reveal the quantitative dis-

tribution of the heterogeneous network structure, interpret the

filler reinforcement mechanism from a new angle of view, and

provide a new and convenient method to control and improve

the physical properties of rubber materials.

CONCLUSION

The heterogeneity of network structure in the cross-linked rub-

ber can be estimated by the three-phase model, which assumes

that the network is composed of the cross-linking cluster (A

phase), the low network chain density domain (B phase), and

the fluid-like mass (C phase). A phase acts as reinforcing filler

in the rubber matrix, while B phase is responsible for the hyper-

elasticity, in which strain-induced crystallization can occur. In

addition, C phase acts as a fluid mass, which provides the visco-

elastic contribution. Based on the model, a visco-hyperelastic

constitutive equation was established, which could quantitatively

reveal the distribution of the inhomogeneous network phases.

We used the constitutive equation to study the network hetero-

geneity of NR and the evolutions after the inclusion of different

fillers. The incorporation of clay induced the effective uniform-

ity of network structure. Namely, /A decreased significantly,

accompanied with the evident increase of /B and the reduction

of /C. The variations can be attributed to two reasons. Firstly,

clay–rubber interactions were weak, and thus no bound rubber

was formed in the clay filled rubber. Secondly, the ammonium

groups in the surface of clay would behave as an accelerant

agent for vulcanization, resulting in more uniform and much

larger region for sulfur cross-linking reaction.

For the CB filled NR, /A increased due to the formation of

bound rubber absorbed by the CB particles. Since the dispersion

of the bound rubber in the C phase gave birth to some effective

cross-linking points, /B increased with the reduction of /C.

The structure-property relations can also be explained. The larg-

est /B in the clay filled NR means that it has the maximum

content of the network chains which can crystallize under defor-

mation, that is, it has the best tensile strength. The maintenance

of good extensibility can be attributed to the reduction of /A.

The special decrease of the onset strain of crystallization in the

clay filled NR was due to DS01, which can be demonstrated by

the decrease of the tube radius after the addition of clay. In a

word, our work provides a new idea on the reinforcement of

rubber.
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