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ABSTRACT: Blends of styrene–butadiene rubber (SBR) and natural rubber (NR) were
prepared and their morphology, transport behavior, and dynamic mechanical and
mechanical properties were studied. The transport behavior of SBR/NR blends was
examined in an atmosphere of n-alkanes in the temperature range of 25–60°C. Trans-
port parameters such as diffusivity, sorptivity, and permeability were estimated. Net-
work characterization was done using phantom and affine models. The effect of the
blend ratio on the dynamic mechanical properties of SBR/NR blends was investigated
at different temperatures. The storage modulus of the blend decreased with increase of
the temperature. Attempts were made to correlate the properties with the morphology
of the blend. To understand the stability of the membranes, mechanical testing was
carried out for unswollen, swollen, and deswollen samples. © 2000 John Wiley & Sons, Inc.
J Appl Polym Sci 78: 1280–1303, 2000
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INTRODUCTION

The scientific and commercial progress in the
area of polymer blends during the past decades
has been tremendous and was driven by the real-
ization that, by blending, new materials can be
developed and can be implemented more rapidly
and economically. The question of whether two
polymers are miscible is of paramount importance
as far as their various properties are considered.
The permeation properties of polymer blends de-

pend mainly on the miscibility between two poly-
mers. The blends may be heterogeneous or homo-
geneous. In homogeneous blends, the permeabil-
ity is affected by the interaction between the
component polymers,1–3 while for heterogeneous
blends, interfacial phenomena and the rubbery or
glassy nature of the phases are important.4

Cabasso et al.5 studied the diffusion of ben-
zene–cyclohexane mixtures through polymer
blends composed of polyphosphonates and acetyl
cellulose. The blends are found to selectively ab-
sorb benzene from benzene–cyclohexane mix-
tures. Schori and Jagur-Grodzinski6 described
the permselective properties of blends of poly(vi-
nyl pyrrolidone) (PVP) and a crown ether copoly-
mer. The eight-membered crown ether ring
strongly absorbs sodium salts from aqueous solu-
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tions. The introduction of hydrophilic PVP into
the blend structure significantly increased the
water permeability of the resulting blends. Amin-
abhavi and Phyde7 studied the transport proper-
ties of a polymer blend consisting of the ethylene–
propylene copolymer and isotactic polypropylene
in haloalkanes. Aminabhavi and Phyde8 investi-
gated the sorption of aliphatic esters through tet-
rafluoroethylene/propylene copolymeric mem-
branes. The results show that the diffusion coef-
ficients, permeation coefficients, and kinetic rate
constants decrease with increase in the size of the
esters. Recently, in this laboratory, a series of
transport studies were conducted based on natu-
ral rubber/epoxidized natural rubber,9 the nitrile
rubber/ethylene–vinyl acetate copolymer,10 natu-
ral rubber/polystyrene,11 and nitrile rubber/
polypropylene12 blends.

Styrene–butadience rubber (SBR) is a general-
purpose synthetic rubber which has many appli-
cations. The high filler-loading capacity, good flex
resistance, crack-initiation resistance, and abra-
sion resistance of SBR make it useful in several
engineering and industrial applications. Natural
rubber (NR) is a well-known polymer that has
been widely used in a variety of industrial and
engineering applications. The strain-induced
crystallization behavior makes NR unique among
elastomers as far as strength properties are con-
cerned. By blending SBR with NR, the mechani-
cal property of the former could be improved. To
the best of our knowledge, the transport behavior
of SBR/NR blend membranes has not yet been
examined. The important objective of the present
study is a detailed investigation of the morphol-
ogy, transport properties, and dynamic mechani-
cal and mechanical behavior of SBR/NR blend
membranes. Efforts have been made to correlate
the transport behavior with the miscibility of the
system and attempts have also been made to cor-
relate the permeation and mechanical behaviors
with the existing theoretical models.

EXPERIMENTAL

Materials

The SBR used was synaprene (1502) with a 25%
styrene content (made by the emulsion process)
supplied by Synthetic and Chemicals Ltd. (Ba-
reilly, U. P., India. The NR used in this study was
of ISNR-5 grade, supplied by the Rubber Re-
search Institute of India (Kottayam). The solvents
n-pentane, n-hexane, n-heptane, and n-octane

(Merck India Ltd., Mumbai, India) were distilled
twice before use. All other rubber ingredients
were of laboratory reagent grade, supplied by
Bayer India, Ltd. (Mumbai, India).

Preparation of SBR/NR Blends

The SBR/NR blends are denoted by N0, N30, N50,
N70, and N100, where the subscripts denote the
weight percent of NR in them. The blends were
prepared by blending the respective master
batches on a two-roll mixing mill (friction ratio of
1:1.4), according to ASTM D15-627. The com-
pounding recipe is given in Table I. The cure
characteristics were studied in an elastograph
(MDR-2000). The compounds were then compres-
sion-molded (along the mill grain direction using
an electrically heated hydraulic press at 150°C for
an optimum cure time t90 (Table II).

Morphology

Samples for the SEM studies were cryogenically
fractured under liquid nitrogen. The NR phase
was preferentially extracted from the cryogeni-
cally fractured samples by keeping the broken
edge in petroleum ether for 72 h at room temper-
ature. The NR-extracted samples were dried in an
air oven. The samples were then sputter-coated
with gold and the photographs were taken on a
Phillip’s model scanning electron microscope.

Swelling Experiments

Circular samples of diameter 1.9 cm were
punched out from vulcanized sheets (dimen-
sion:15 3 15 3 2 cm3) and immersed in solvents
(15–20 mL) taken in test bottles kept at a con-
stant temperature in an air oven. The samples
were weighed at periodic intervals in an elec-

Table I Formulation of Mixes (in phr)

Ingredients NR SBR

Rubber 100 100
Zinc oxide 5 5
Stearic acid 1.5 2
MORa 0.6 —
CBSb — 1
TDQc 1 1
Sulfur 2.5 2.2

phr, parts per hundred rubber.
a MOR, morpholine benzothiazyl sulphenamide.
b CBS-N, cyclohexyl-2-benzothiazyl sulphenamide.
c TDQ, trimethyl dihydroquinoline.
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tronic balance (Sartorious, Italy) that measured
reproducibly within 60.001 g. The weighings
were continued until equilibrium swelling was
attained. A possible source of error in this method
arises during the weighing operation where the
sample has to be removed from the test bottle.
However, since the weighing was done within
3040 s, the error could be neglected.13 Similar meth-
odology was adopted by several researchers.14,15

Dynamic Mechanical Testing

The dynamic mechanical properties of the blends
were measured using a DMTA MKII (Polymer
Laboratories). Compression-molded samples of
dimensions 5 3 0.5 3 0.05 cm3 were used for
testing. The temperature range used was from

280 to 130°C and the frequencies ranged from
0.1 to 100 Hz.

Mechanical Testing

Mechanical testing was carried out using a uni-
versal testing machine (UTM) at 27°C with a
crosshead speed of 50 mm/min using dumbbell-
shaped tensile specimens according to ASTM
D0412-80. These experiments were carried out for
unswollen, swollen, and deswollen samples.

RESULTS AND DISCUSSION

Processing Characteristics

Elastographs of the mixes are given in Figure 1
and the processing characteristics are given in

Table II Processing Characteristics

Blend Ratio
ML

(dN m)
MH

(dN m)
ts1

(m : s)
ts2

(m : s)
t90

(m : s)
CRI

(min21)

N0 (SBR100) 1.13 7.13 7.48 8.48 17.02 11.71
N30 (SBR70/NR30) 0.79 7.23 5.59 6.53 13.09 15.24
N50 (SBR50/NR50) 0.65 6.72 4.59 5.54 11.40 17.06
N70 (SBR30/NR70) 0.53 6.09 4.06 5.05 10.23 19.30
N100 (NR100) 0.61 4.85 3.12 4.46 10.05 17.89

m : s, minute : second.

Figure 1 Elastographs of the mixes.
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Table II. The minimum torque in the elastograph
is presented as a minimum viscosity value (ML)
and is a measure of the extent of mastication.
Minimum torque (ML) values indicate that low
viscosity is expected for the blend with the high
NR content. The slight change in the ML value in
N100 might be due to the changes in the mixing
time. The maximum torque in the elastograph
(MH) is an index of the crosslinking density and
these values indicate that the maximum
crosslinking density is possessed by N0, and the
minimum, by N100. The blends possess interme-
diate values. The induction time (ts1) is the time
taken to start the vulcanization process. The ts1
values decrease with increase in the NR content
in the SBR/NR blend. N100 and N70 take the min-
imum time to initiate vulcanization among all the
blend compositions. The scorch time (ts2) is the
time taken for the minimum torque value to in-
crease by two units. It is a measure of the prema-
ture vulcanization of the material. The scorch
time values in Table II indicate that pure SBR
and SBR/NR blends with high SBR content ex-
hibit better scorch safety. With increasing NR
content in the blend, the scorch safety decreases.
This behavior is associated with the high unsat-
uration of NR. The optimum cure time (t90) is the
vulcanization time to obtain optimum physical
properties and is calculated using the equation

T90 5 ~MH 2 ML!0.9 1 ML (1)

where T90 denotes 90% of the maximum torque.
The time corresponding to T90 is the optimum
cure time. The pure SBR compound shows a max-
imum optimum cure time. The t90 decreased with
increase of the NR content in the blend. The cure
rate index (CRI) is a direct measure of the fast
curing nature of the rubber compounds and is
calculated using the relation

CRI 5 100/t90 2 ts2 (2)

The CRI values are also given in Table II. SBR
has the lowest CRI value and it increases with
increase of the NR content in the blend composi-
tion. This trend is also associated with the high
unsaturation of NR.

Morphology of Blends

The morphology of heterogeneous polymer blends
depends on the blend composition, viscosity of the
individual components, and processing history.
Danesi and Porter16 showed that for the same

processing history the composition ratio and the
melt viscosity differences for the components de-
termine the morphology. Generally, for many
blend systems, the least viscous phase was ob-
served to form the continuous phase over a large
composition range. The SEM photographs pre-
sented in Figure 2 show the morphology of the
SBR/NR blends. Figure 2(a) shows the morphol-
ogy of the N30 blend, in which NR is dispersed as
domains in the continuous SBR matrix. The av-
erage domain size of the dispersed particles is 3.2
mm. The two-phase morphology significantly in-
fluences the permeation properties. Figure 2(b,c)
represents the morphology of the N50 and N70
blends. In Figure 2(b,c), NR becomes continuous
and the system exhibits a cocontinuous morphol-
ogy. Morphology studies revealed that SBR/NR
blends are heterogeneous in nature.

Dynamic Mechanical Analysis

The dynamic mechanical properties such as stor-
age modulus (E9), loss modulus (E0), and damping
(tan d) of SBR, NR, and their blends were evalu-
ated from 280 to 30°C. A dynamic mechanical
investigation was used to predict the miscibility
of the system by various researchers. Generally,
for an incompatible blend, the tan d versus tem-
perature curve shows the presence of two tan d or
damping peaks corresponding to the glass transi-
tion temperatures of individual polymers. For a
highly compatible blend, the curve shows only a
single peak in between the transition tempera-
tures of the component polymers, whereas broad-
ening of the transition occurs in the case of a
partially compatible system. In the case of com-
patible and partially compatible blends, the Tg’s
are shifted to higher or lower temperatures as a
function of the composition. The variation of tan d
with temperatures of the SBR, NR, and SBR/NR
blends is shown in Figure 3. The tan d curve of NR
shows a peak at 251°C due to the a-transition
arising from the segmental motion. This corre-
sponds to the glass transaction temperature (Tg)
of NR. SBR shows the glass transition tempera-
ture at 39°C in the tan d versus temperature
curve. NR has higher damping than that of SBR.
The blends show two tan d peaks around 254 and
235°C, which correspond to the Tg’s of NR and
SBR, respectively. The two separate peaks corre-
sponding to the Tg’s of NR and SBR indicate that
the blends are not compatible.

The variation of tan dmax as a function of the
NR content is shown in Figure 4. It can be seen
that the tan dmax value due to the NR phase
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increases as the SBR content decreases, that is,
the damping increases as the NR content in-
creases. The damping due to the SBR phase de-
creases because of the lower concentration of the
SBR phase. The variation in tan dmax can be re-
lated to the morphology of the blend. The tan dmax
due to the NR phase increases sharply after 50%
because of the higher contribution of tan dmax
from the continuous NR phase. But tan dmax of
SBR decreases as the NR content increases and
the decrease is much sharper when the NR con-
tent is 50% or more, where NR forms a continuous
phase. The variation of the storage modulus, E9,
of the blends as a function of temperature is
shown in Figure 5. All curves show three distinct
regions, that is, glassy, transition, and rubbery
regions. The temperature region between 270
and 258°C is the glassy region and between 257
and 241°C is the transition region. There is a
wide rubbery region, that is, from 240 to 19°C.

The storage modulus is found decrease with
increase in the temperature due to the decrease in
stiffness of the sample. At the low-temperature
region, N100 exhibits the highest modulus, and
N0, the lowest. At the high-temperature region,
N50 has the maximum modulus and N30 has the
minimum one.

The variation of the loss modulus (E0) with
temperature (Fig. 6) also shows the same trend as
that of tan d, that is, the curves show a maximum
corresponding to the glass transition temperature
of NR and SBR. The loss modulus decreases with
increase in the NR content. Thus, dynamic me-
chanical analysis established the two-phase
structure of the SBR/NR blends.

The influence of the frequency on the storage
modulus, loss modulus, and tan d of the N50 sam-
ple is shown in Figures 7, 8, and 9, respectively.
The storage modulus increased with increasing
frequency from 0.1 to 50 Hz, whereas it decreased
with increasing temperature (Fig. 7). The loss
modulus decreased initially with increase of the
frequency, and after passing through the transi-
tion region, an increase was observed. At the low-
temperature region, the tan d values decreased
with increase of the frequency and just the re-
verse occurred at the high-temperature region. It
was also found that the tan dmax shifts to the
high-temperature region at higher frequencies.

Three-dimensional graphs showing the varia-
tion of tan d with the frequency and temperature
of N0 are given in Figure 10. It is very clear that
the transition temperature shifts to the higher-
temperature side with increasing frequency. In
the case of blends, two well-defined transitions

Figure 2 SEM photographs of the morphology of the
blends: (a) N30; (b) N50; (c) N70.
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could be seen in the three-dimensional plot. Fig-
ure 11 shows the Cole–Cole plot of the N50 blend
where the loss modulus (E0) data are plotted as a
function of the storage modulus (E9). It is also
reported that a homogeneous polymeric system

shows a semicircle diagram, while heterophase
systems show two modified semicircles.17 In this
case, the blends show a behavior different from
that of the homogeneous system, due to the pres-
ence of two components which are immiscible.

Mechanical Properties

The stress–strain curves of the unswollen, swol-
len, and deswollen samples are illustrated in Fig-
ures 12, 13, and 14, respectively. The nature of
the deformation of the blends under an applied
load can be understood from the stress–strain
curves. The deformation curves of the homopoly-
mers and their blends are similar. It can be un-
derstood from Figure 12 that at a low strain level
N0 has the maximum stress and N100 has the
minimum. The blend compositions have interme-
diate values. The stress required to break the
sample increased with increase in the NR con-
tent. This is due mainly to the strain-induced
crystallization behavior of NR.

The stress–strain curves of the samples after
reaching equilibrium saturation in n-hexane re-
veal that there is some difference in the nature of
the stress–strain behavior after reaching equilib-
rium. The stress at low strain level (,100%) fol-
lows the same pattern as that in the case of the
unswollen samples. With increasing NR content,

Figure 3 Variation of tan d with temperature of SBR/NR blends.

Figure 4 Variation of tan °max as a function of NR
content.
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Figure 5 Variation of storage modulus (E9) of SBR/NR blends as a function of
temperature.

Figure 6 Variation of loss modulus as (E0) of SBR/NR blends as a function of
temperature.
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the stress–strain curve loses its typical elasto-
meric behavior. It was also found that the maxi-
mum stress increases with increase of the NR

content up to 50% and then decreases. This is the
result of the lack of strain-induced crystallization
behavior in the swollen samples, particularly

Figure 7 Variation of storage modulus (E9) of N50 sample as a function of frequency.

Figure 8 Variation of loss modulus of (E0) N50 sample as a function of frequency.
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samples with high NR content. The presence of
solvents in the swollen samples restricts the mo-
bility of the polymeric chains and therefore the
orientation is difficult. The stress–strain behavior
of the deswollen samples is similar to those of the
unswollen samples. But there is an overall in-
crease in the magnitude of the maximum stress
value. This increase in properties is attributed
mainly to the increased interchain interaction af-
ter the sorption–desorption process.

The mechanical properties of homopolymers
and blends are given in Table III. The properties
such as tensile strength and elongation at break

were increased from N0 to N100. The mechanical
strength of SBR increases upon blending it with
NR. This is definitely associated with the strain-

Figure 9 Variation of tan d of N50 sample as a function of frequency.

Figure 10 Variation of tan d with frequency for N0

sample. Figure 11 Cole–Cole plot of N50 sample.
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Figure 12 Stress–strain curves of unswollen SBR/ NR blends.

Figure 13 Stress–strain curves of swollen SBR/NR blends in n-hexane.
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induced crystallization of NR. The Young’s mod-
ulus decreased from N0 to N100, which indicates
that the initial stretching of SBR and the blend
with the higher SBR content requires higher
stress. In the swollen state, there is overall reduc-
tion in the magnitude of all the mechanical prop-

erties. The tensile behavior of the swollen speci-
mens are governed by two types of relaxation
mechanisms: the intramolecular motions of seg-
ments and the molecular motions involving the
adjustments and shifting of chain entanglements.
In the equilibrium swollen state, the rubber–sol-

Figure 14 Stress–strain curves of deswollen SBR/NR blends.

Table III Mechanical Properties of SBR/NR Blends

Sample System

Tensile
Strength

(MPa)

Elongation
at Break

(%)

Young’s
Modulus

(MPa)

Secant Modulus (MPa)

M100 M200 M300

Unswollen N0 1.82 391 1.36 0.43 1.05 1.24
N30 4.59 862 1.22 0.62 1.01 1.35
N50 5.24 869 0.80 0.66 0.98 1.34
N70 6.09 1007 0.62 0.64 0.96 1.27
N100 6.63 1069 0.35 0.37 0.58 0.79

Swollen N0 0.70 225 0.68 0.43
N30 0.90 291 0.49 0.38 0.66
N50 1.04 342 0.59 0.36 0.63 0.90
N70 0.64 362 0.43 0.27 0.42
N100 0.54 390 0.32 0.20 0.32 0.42

Deswollen N0 1.89 398 1.72 0.883
N30 4.62 870 1.545 0.749 1.119 1.524
N50 5.40 892 1.69 0.814 1.159 1.60
N70 6.25 1012 0.603 0.959 1.343
N100 6.81 1080 0.976 0.625 1.04 1.40
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vent interaction is maximum and the rubber–
rubber interaction is minimum. This gives rise to
the abrupt decrease of the tensile properties of
the swollen samples. The mechanical properties
of the deswollen samples showed an improvement
compared to the unswollen samples. This might
be due to increase in the interchain interaction
after a sorption–desorption process.

Model Fitting

The mechanical behavior of the blends was mod-
eled using various composite models such as the
parallel, the series, the Kerner, and the Kunori
models. The parallel model (highest upper-bound
model) is given by the equation18

M 5 M1f1 1 M2f2 (3)

where M is the mechanical property of the blend
and M1 and M2 are the mechanical properties of
components 1 and 2, respectively, and f1 and f2
are the volume fractions of components 1 and 2,
respectively. The lowest lower-bound series model
is found in models in which the components are
arranged in series with the applied stress. The
equation for this case is18

1/M 5 f1/M1 1 f2/M2 (4)

Kunori and Geil19 reported that when a strong
adhesive force exists between the blend compo-
nents the dispersed phase will contribute to the
strength of the blend and the equation is

sb 5 sm~1 2 Ad! 1 sdAd (5)

where Ad represents the area occupied by the
dispersed phase in the transverse cross section.

Considering two possible fracture paths in a
blend, the equation can be modified as follows
depending on whether the fracture is through the
interface or through the matrix: When the frac-
ture is through the interface,

sb 5 sm~1 2 fd
2/3! 1 sdfd

2/3 (6)

when the fracture is through the matrix,

sb 5 sm~1 2 fd! 1 sdfd (7)

where sb, sm, and sd are the properties of the
blend, matrix phase, and dispersed phase, respec-
tively, and fd is the volume fraction of the dis-

persed phase. Another important model for per-
fect adhesion is the Kerner equation.20 According
to this,

E 5 Ec

fdEd/~7 2 5nm!Em

1 ~8 2 10nm!Ed 1 fm/15~1 2 nm!

fdEm/~7 2 5nm!Em

1 ~8 2 10nm!Ed 1 fm/15~1 2 nm!

(8)

where E, Em, and Ed are the respective properties
of the blend, continuous phase, and dispersed
phase; fd and fm, the volume fractions of the
dispersed and continuous phases; and nm, the
Poisson’s ratio of the continuous phase.

Figure 15 shows the theoretical and experi-
mental curves of the tensile strength values of the
SBR/NR blend. In N30 and N50, the experimental
values are close to that of the Kunori model.
Therefore, it can be concluded that the fracture
propagates through the interface rather than
through the matrix. But in N70, the experimental
value is close to that of parallel model, Therefore,
in N70, it can be concluded that the applied stress
distributes equally in two phases.

Transport Properties: Effect of Blend Composition

The sorption behavior of SBR/NR blends in hex-
ane is displayed in Figure 16. The SBR, NR, and
NR/SBR blends show almost a similar sorption
behavior even though the corresponding maxi-
mum uptake is different. The initial portions of
the sorption curves are sigmoidal in shape. Ac-
cording to Southern and Thomas,21 when a poly-
mer interacts with solvents, the surface of the
polymer sample immediately swells, but the
swelling is prevented by the underlying unswol-
len material. Thus, a two-dimensional compres-
sion stress is produced in the surface. The swell-
ing stresses are either relaxed or dissipated by
further swelling and rearrangement of the seg-
ments. The sigmoidal nature is associated with
the time taken by the polymer segments to re-
spond to the swelling stresses and to rearrange
themselves to accommodate the penetrant mole-
cule. N100 shows the maximum solvent uptake,
and N0, the minimum. The maximum solvent up-
take increases with increase in the volume frac-
tion of NR. It is established that the permeability
of heterogeneous rubber–rubber blends is inter-
mediate between that of the components.22 The
observed solvent uptake is in accordance with this
observation. The morphology of the blends also
contributes toward the transport behavior. The
two-phase morphology of the N30 blend [Fig. 2(a)]
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makes a tortuous path for the penetrant and,
hence, the net uptake is low. Due to the cocon-
tinuous morphology of the N50 and N70 blends

[Fig. 2(b,c)], the passage of the penetrant becomes
easier and, hence, the uptake is high. With in-
creasing volume fraction of NR in the blend, the
chain flexibility increases due to the low glass
transition temperature of NR (Tg of NR 251°C
and that of SBR 239°C) and, hence, the solvent
uptake.

To further establish the sorption behavior, we
calculated the molar mass between the crosslinks
(Mc) using the Flory–Rehner relation23:

Mc 5
2rpVsVr

1/3

@ln~1 2 Vr! 1 Vr 1 xVr
2#

(9)

where rp is the density of the polymer; Vs, the
molar volume of the solvent; Vr, the volume frac-
tion of the polymer in the swollen sample; and x,
the Flory–Rehner interaction parameter. The de-
gree of crosslinking (n1) can be estimated from the
Mc values using the following equation:

n1 5 1/2Mc (10)

The n1 values are 1.98 3 1024, 1.33 3 1024, 1.25
3 1024, 1.09 3 1024, and 0.743 3 104 mol/cc,
respectively, for N0, N30, N50, N70, and N100. As

Figure 15 Comparison of experimental tensile strength with theoretical values as a
function of volume fraction of NR.

Figure 16 Mol percent hexane uptake of SBR/NR
blends.
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the degree of crosslinking increases, the swelling
decreases. From N0 to N100, the degree of
crosslinking decreases and, hence, the observed
sorption behavior. The thickness of the sample
was monitored to understand the variation of the
swelling in the thickness direction.24 The result-
ing plots are shown in Figure 17. It is revealed
from the figure that the variation in thickness has
the same order as that of the swelling, that is, ht
% increase in the order N0 , N30 , N50 , N70
, N100.

The influence of the penetrant size on the sorp-
tion behavior of the N50 blend is shown in Figure
18. The maximum solvent uptake increases with
increasing penetrant size from pentane to hep-
tane and decreases for octane. This behavior can
be explained based on the solubility parameter
difference between the polymer and the pene-
trant. Froething et al.25 and Lee et al.26 reported
that the differences in the solubility parameter
between the polymer and the penetrant has a role
in deciding the sorption behavior of the penetrant
in the polymer membrane. It is found that as the
solubility parameter for the polymer and solvent
becomes close to one another the solubility of the
latter in the polymer becomes high. Figure 19
shows the variation of the maximum solvent up-
take with the solubility parameter difference be-

tween the polymer and the solvent. Alhough this
value is the lowest for octane, the lowest solvent
uptake for octane is due to its larger size and
increased number of conformations compared to
pentane, hexane, and heptane. But for the other
three solvents, the uptake is in accordance with
the solubility parameter difference.

Diffusivity, Sorptivity, and Permeability

The diffusivity was calculated using the rela-
tion27

Qt

Q`
5 O

n50

n5`

8/~2n 1 1!2p2e 2 $~2n 1 1!2p2Dt/h2%

(11)

where t is the time; h, the initial sample thick-
ness; and D, the diffusion coefficient or diffusivity.
This equation can be readily solved, but it is in-
structive to examine the short-time limiting ex-
pression as well:

Qt

Q`
5

@4#

p2

@Dt#1/2

h2 (12)

A single master curve is obtained from a plot of Qt
versus t1⁄2, which is initially linear. Thus, D can be
calculated from a rearrangement of eq. (6) as28

Figure 17 Variation of change in thickness (ht %) with square root of time.
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Figure 18 Mol percent uptake of N50 in n-alkanes.

Figure 19 Variation of maximum solvent uptake with solubility parameter difference
between polymer and solvent.
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D 5 p~hu/4Q`!2 (13)

where u is the slope of the linear portion of the
sorption curve Qt versus t1⁄2. Because significant
swelling of the samples was observed during the
sorption experiments in all the solvents, a correc-
tion to the diffusion coefficient under the swollen
condition was essential. This was done by calcu-
lating the intrinsic diffusion coefficient (D*) from
the volume fraction of the swollen rubber by using
the following relation29:

D* 5 D/~Vr!
7/3 (14)

The calculated values of D* are given in Table IV.
The D* values of the blends are found to be inter-
mediate between those of the components. The
variation of the D* value with the volume fraction
of NR is given in Figure 20.

The sorption coefficient (S) is a thermodynamic
parameter, which depends on the strength of the
interactions in the polymer/penetrant mixture. It
is calculated from the equilibrium swelling using
the equation28

S 5 M`/M0 (15)

where M` is the mass of the solvent at swelling
equilibrium and M0 is the mass of the dry poly-
mer. The computed S values are given in Table V.
Just like D*, the S values of the blends are also
intermediate between those of individual compo-
nents. The S values are highest in heptane due to
its closer solubility parameter with the polymer.

Permeability is a combination of sorption and
diffusion processes. Hence, P can be determined
from the following empirical relation28:

P 5 D*S (16)

The estimated P values are given in Table VI. The
P values decrease gradually from hexane to oc-
tane. The P values are comparably low in pentane
due to the low sorption coefficient. There is a
sharp increase in the values of D*, S, and P after

Table IV Diffusivity (D* 3 105) cm2/s

Solvent
Temperature

(°C) N0 N30 N50 N70 N100

Pentane 25 0.472 0.622 0.882 1.10 1.82

Hexane 25 0.595 0.620 0.802 0.926 1.75
40 0.703 0.919 1.08 1.09 2.74
50 0.749 1.276 1.36 1.94 3.30
60 0.763 1.32 1.56 2.14 3.56

Heptane 25 0.435 0.550 0.758 1.156 1.57
40 0.495 0.593 0.817 1.267 1.83
50 0.583 0.675 0.813 1.20 1.93
60 0.971 0.877 1.08 1.40 2.58

Octane 25 0.313 0.43 0.652 0.848 1.25
40 0.338 0.595 0.618 1.012 1.45
50 0.520 0.740 1.014 1.30 1.96
60 0.772 0.910 1.30 1.66 2.32

Figure 20 Variation of diffusion coefficient with vol-
ume fraction of NR.
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30 wt % of NR. The increase in the values of P is
much sharper in N50 and N70 due to its co-contin-
uous nature.

Composite models such as parallel, series,
Maxwell, and Robeson models were applied to the
SBR/NR system to predict the permeability prop-
erties of these blends. In the parallel model, the
highest bound permeability is given by the equa-
tion1

P 5 P1f1 1 P2f2 (17)

where P is the permeability of the blend; P1 and
P2, the permeabilities of components 1 and 2,

respectively; and f1 and f2, the volume fractions
of components 1 and 2, respectively. The parallel
model is applicable to systems in which the com-
ponents are arranged parallel to one another. The
lowest-bound series model is found in models in
which the components are arranged in series. The
equation for this case is1

1/P 5 f1/P1 1 f2/P2 (18)

According to the Maxwell equation,1

P 5 Pm@Pd 1 2Pm 2 2fd~Pm 2 Pd!/

Pd 1 2Pm 1 fd~Pm 2 Pd!# (19)

Table V Sorptivity S (g/g)

Solvent
Temperature

(°C) N0 N30 N50 N70 N100

Pentane 25 0.618 0.801 0.939 1.09 1.53

Hexane 25 0.925 1.157 1.38 1.636 2.246
40 0.965 1.164 1.403 1.606 2.16
50 1.004 1.202 1.38 1.543 2.17
60 1.04 1.18 1.35 1.62 2.18

Heptane 25 1.201 1.44 1.722 2.00 2.78
40 1.248 1.49 1.725 1.925 2.62
50 1.282 1.526 1.706 1.87 2.68
60 1.285 1.505 1.693 1.984 2.71

Octane 25 0.775 1.165 1.334 1.57 2.17
40 0.954 1.186 1.452 1.52 2.09
50 1.053 1.237 1.417 1.51 2.12
60 1.09 1.225 1.407 1.56 2.14

Table VI. Permeability P* (5 D*S) 3 105 cm2/s

Solvent
Temperature

(°C) N0 N30 N50 N70 N100

n-Pentane 25 0.292 0.498 0.828 1.199 2.70
n-Hexane 25 0.554 0.719 1.11 1.516 6.16

40 0.778 1.07 1.48 1.76 7.16
50 0.752 1.58 1.87 2.99 7.16
60 0.793 1.56 2.09 3.47 7.77

n-Heptane 25 0.523 0.792 1.31 2.32 4.36
40 0.617 0.88 1.410 2.44 4.78
50 0.75 0.984 1.39 2.26 5.13
60 1.25 1.32 1.83 2.79 6.97

n-Octane 25 0.243 0.504 0.870 1.313 2.72
40 0.322 0.705 0.898 1.54 3.02
50 0.546 0.915 1.44 1.97 4.15
60 0.841 1.157 1.83 2.53 4.95
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where the subscripts m and d refer to the contin-
uous matrix phase and the dispersed phase, re-
spectively. Robeson extended Maxwell’s analysis
by assuming that at intermediate concentrations
both phases contribute continuous and discontin-
uous characteristics. The resulting Robeson equa-
tion is1

P 5 XaP1

@P2 1 2P1 2 2f2~P1 2 P2!#

@P2 1 2P1 1 f2~P1 2 P2!#

1 XbP2

@P1 1 2P2 2 2f1~P2 2 P1!#

@P1 1 2P2 1 f1~P2 2 P1!#
(20)

where Xa represents the fraction of the composi-
tion in which component 1 is the continuous
phase and Xb corresponds to a continuous phase
of component 2. The description of such a cocon-
tinuity is limited by the restriction that

Xa 1 Xb 5 1 (21)

Figure 21 shows the experimental and theoretical
curves of permeability as a function of the volume
fraction of NR. It can be seen from the figure that
the experimental data at different volume frac-
tions of NR (say 0.3, 0.5, and 0.7) are close to the
series model, Robeson model, and Maxwell (NR
continuous) model, respectively.

Interaction Parameter

The interaction parameter (x), signifying the in-
teraction between the polymer blend and the per-
meant, is determined using the relation30

x 5 b 1 Vs/RT~ds 2 dp!
2 (22)

where b is the lattice constant; Vs, the molar
volume of the solvent; and ds and dp, the solubility
parameters of the solvent and polymer, respec-
tively. The x values are given in Table VII. The x
values of the blends are intermediate to those of
the components. The interaction parameter de-
creases with increase of the penetrant size. Con-
trary to the solvent-uptake order, octane shows
the highest interactions with the polymer mem-
brane. This is due to their closer solubility param-
eter values. The N100 membrane shows the lowest
x value among the different membranes.

Effect of Temperature

Diffusion experiments were conducted at four dif-
ferent temperatures, such as 25, 40, 50, and 60°C.
The effect of temperature on the diffusion process
in N0, N50, and N100 membranes is clearly shown
in Figures 22, 23,and 24, respectively. Figure 22
shows that in N0 the sorption increases with in-
crease of the temperature. Similar behavior was
also observed in the other solvents. But in N50
(Fig. 23), sorption increases up to 40°C and then
slightly decreases. In N100, sorption decreases
with increase of the temperature and then it
gradually increases (Fig. 24). The maximum sol-

Figure 21 Comparison of experimental permeability
with theoretical predictions.

Table VII Interaction Parameter (x) Values

Solvent N0 N30 N50 N70 N100

n-Pentane 0.751 0.6628 0.6099 0.5617 0.4983
n-Hexane 0.626 0.5499 0.5057 0.466 0.4178
n-Heptane 0.603 0.5273 0.4836 0.445 0.3998
n-Octane 0.5393 0.4694 0.4312 0.399 0.3648
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vent uptake at higher temperature is lower than
that at 25°C. It was found that with an increasing
volume fraction of NR the maximum solvent up-
take decreases. This can be explained by the heat
of sorption calculated using the Van’t Hoff rela-
tion:

log Ks 5 DS/2.303R 2 DH/2.303RT (23)

where Ks is the thermodynamic sorption constant;
DH, the enthalpy of sorption and DS, the entropy
of sorption. The former quantity is a composite
parameter involving both Henry’s law and Lang-
muir-type sorption. Henry’s law requires both the
formation of a site and the dissolution of the spe-
cies into that site; this involves an endothermic
contribution to the sorption. However, the Lang-
muir mode involves the sorption by a hole-filling
mechanism and thus yields exothermic heat. The
estimated values of DH and DS are given in Table
VIII. The correlation coefficient in the determina-
tion of DH and DS is slightly less than 0.99. The
DH values are positive for N0, suggesting a Hen-
ry’s type sorption indicating the endothermic heat
of sorption. It is clear from the DH values that the
sorption changes from Henry’s type to Langmuir
type with increase in the volume fraction of NR.

Diffusivity, sorptivity, and permeability in-
crease with increase of the temperature irrespec-
tive of the solvents used (Tables IV–VI). By using
the following Arrhenius relationship, one can es-
timate the activation energy for diffusion ED and
that for permeation EP:

log X 5 log X0 2 Ex/2.303RT (24)

where X stands for either D or P. X0 represents
either D0 or P0 and Ex is either ED or EP. By the
linear regression analysis, the values of EP and
ED can be determined. The estimated ED and EP
values are given in Table VIII. The correlation
coefficient in the determination of ED or EP is
slightly less than 0.99. The values are maximum
for SBR (N0) and minimum for NR. The values
decrease with increase in the volume fraction of
NR. Since P 5 DS, one may also obtain DH from
the difference EP 2 ED, that is:

DH 5 EP 2 ED (25)

It is interesting to note that the DH estimated
from (23) and (25) are almost the same.

Figure 22 Mol percent octane uptake of N0 at different temperatures.
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Network Characterization

The investigation of the swelling equilibrium can
help to elucidate the structure of the SBR, NR,
and SBR/NR polymer networks. Flory and Reh-
ner23 developed relations for an affine network. In
an affine network, the components of each chain
vector transform linearly with macroscopic defor-
mation and the junction points are assumed to be
embedded in the network without fluctuations.
The molar mass between crosslinks (Mc) for the
affine model [Mc(aff)] was calculated by the for-
mula23,31

Mc~aff! 5

2rpVsn2c
2/3Vr

1/3S1 2
m

n
Vr

1/3D
@ln~1 2 Vr! 1 Vr 1 uxVr

2#
(26)

where Vs is the molar volume of the solvent, m and
n are called the number of effective chains and
junctions, and Vr is the polymer volume fraction
at the swelling equilibrium; n2c, the polymer vol-
ume fraction during crosslinking; and rP, the
polymer density. In the phantom network model
proposed by James and Guth,32 chains may move
freely through one another. The junction points
fluctuate over time around their mean position

without being hindered by the presence of the
neighboring chains and are independent of defor-
mations. According to the theory, the molar mass
between crosslinks for the phantom model
[Mc(ph] was calculated by the equation31,33

Mc~ph! 5

S1 2
2
fDrpVsn2c

2/3Vr
1/3

2@ln~1 2 Vr! 1 Vr 1 xVr
2#

(27)

where f is the junction functionality. Mc(aff) and
Mc(ph) were compared with the experimentally
determined Mc and the values are given in Table
IX. It is seen that the Mc values are close to
Mc(aff). This suggests that in the highly swollen
state the chains in the SBR, NR, and the blends
deform affinely.

Comparison with Theory

The experimental diffusion results were com-
pared with theoretical predictions using eq.
(11).27 The experimentally determined values of
the diffusion coefficients (D) were substituted in
the equation and the representative of the result-
ing curves are shown in Figures 25 and 26. The

Figure 23 Mol percent octane uptake of N50 at different temperatures.
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figures represent the behavior of N0 and N100,
respectively. The N0 and N30 membranes exhibit
an almost Fickian behavior. However, slight de-
viation was observed for the N50, N70, and N100
samples.

Sorption (S)–desorption (D)–resorption
(RS)–redesorption (RD)

The sorption process was conducted on polymer
samples by the usual swelling method. The swol-
len samples were then placed in a vacuum oven at
a constant temperature for the desorption mea-
surements. These samples were again exposed to
the solvent for resorption followed by redesorp-
tion. The analysis of the desorption and redesorp-
tion studies were conducted similarly to the sorp-

tion and resorption process. Sorption, desorption,
resorption, and redesorption curves for N50 are
given in Figure 27. In the desorption experi-
ments, all the samples have the desorption equi-
librium greater than the sorption equilibrium.
Among different samples, N100 has the highest
desorption equilibrium and N0 has the lowest.
Blend compositions have intermediate values.
This observation might be due to the leaching out
of unreacted compounding ingredients from the
NR matrix. This is in accordance with the obser-
vation that as the volume fraction of NR increases
the desorption equilibrium increases. The resorp-
tion experiment shows a higher equilibrium up-
take in all the cases and it is more predominant
for N100. This is due to the increased free volume

Figure 24 Mol percent octane uptake of N100 at different temperatures.

Table VIII Thermodynamic and Activation Parameters (Octane)

Parameters N0 N30 N50 N70 N100

EP (kJ/mol) 29.6 20.2 18.37 15.52 14.65
ED (kJ/mol) 19.67 18.77 17.17 15.78 15.06
DH(EP 2 ED) (kJ/mol) 9.93 1.43 1.12 20.26 20.41
DS (J mol21 K21) 211.54 233.54 232.9 237.32 236.78
DH (kJ mol21) 9.04 1.37 1.16 20.32 20.378
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generated by the leaching out of additives during
the sorption–desorption experiments. The rede-
sorption equilibrium is almost similar to the re-
sorption equilibrium, indicating no further leach-
ing out of additives.

Degree of Crosslinking

In a crosslinked system, both physical and chem-
ical crosslinks are formed; physical crosslinks
consist of chain entanglements which vary ac-
cording to the stress developed in the system. But
the chemical crosslinks develop from the chemical
bonds connecting the polymer segments. The de-
gree of crosslinking can be measured from the
swelling, stress–strain, and dynamic mechanical
analysis.

One can use the storage modulus data for de-
termining the degree of crosslinking (n2) from
dynamic mechanical analysis and this was done
by using the following relation34:

n2 5 E9/6RT (28)

where E9 is the storage modulus estimated from
the plateau regions of E9 versus the temperature
curve; R, the universal gas constant; and T, the
absolute temperature. From the stress–strain
measurements, one has to use the following rela-
tion for determining the degree of crosslinking35:

n3 5
t

RT~a 2 1/a2!Vr
1/3 (29)

where t is the stress; a, the extension ratio; and
Vr, the volume fraction of the polymer in the
solvent swollen sample.

The degrees of crosslinking determined by us-
ing eqs. (9), (28), and (29) are given in Table X.
They are complementary to each other. The de-
gree of crosslinking calculated from different
methods suggests that the maximum number of
crosslinks per unit volume is possessed by the N0
sample, and the lowest, by the N100 sample. The
blends have intermediate values.

CONCLUSIONS

The effect of the blend composition on the trans-
port behavior and mechanical and dynamic me-
chanical properties of SBR/NR blends was inves-
tigated. SEM studies established the heterophase

Table IX Swelling Equilibrium Properties in
n-Octane

Mc Values N0 N30 N50 N70 N100

Mc 2520 3774 3996 4563 6725
Mc (aff) 2348 3519 3729 4261 6288
Mc (ph) 1174 1759 1864 2130 3144

Figure 25 Comparison of experimental diffusion re-
sults of N0 with that of theoretical prediction.

Figure 26 Comparison of experimental diffusion re-
sults of N100 with that of theoretical prediction.
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nature of the blend. The 50/50 and 30/70 SBR/NR
blend compositions show a cocontinuous morphol-
ogy. DMA indicates that SBR/NR blends are in-
compatible, as shown by the presence of two re-
laxation peaks corresponding to the Tg’s of SBR
and NR. As the concentration of NR increases, the
storage modulus of the system decreases, while
the loss modulus and tan d increase. The mechan-
ical properties of the blends are also intermediate
to those of the homopolymers. The properties of
the swollen samples are largely reduced due to
the high rubber–solvent interaction during swell-
ing. Further, the various transport parameters
established the heterophase nature of the blend.
The diffusion coefficient, permeation coefficient,

and sorption coefficient are intermediate to those
of the individual components. Various composite
models were used to fit the experimental perme-
ation data. The Robeson model was found to fit
the experimental values for the N50 composition.
The enthalpy of sorption shows that Henry’s law-
type sorption operates in SBR, which changes to
Langmuir-type sorption with increase in the vol-
ume fraction of NR. Network characterization in-
dicates that the crosslinks in the SBR/NR blends
deform in an affine manner. The degree of cross-
linking significantly influences different properties.
It was found that the degree of crosslinking de-
termined from the swelling, tensile stress–strain,
and dynamic mechanical analysis are in the same
order. However, the degree of crosslinking calcu-
lated from dynamic mechanical analysis is con-
siderably lower than that of the other methods.

One of the authors (S. C. G.) is grateful to Ms. Asaletha,
Lecturer, STAS, for her valuable help during prepara-
tion of the manuscript.
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