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ABSTRACT: A new class of blend membranes from
blends of nitrile rubber (NBR) and epoxidized natural rub-
ber (ENR) has been prepared and their morphology, misci-
bility, mechanical, and viscoelastic properties have been
studied. The ebonite method was used to study the blend
morphology of the membranes. The morphology of the
blends indicated a two-phase structure in which the minor
phase is dispersed as domains in the major continuous
phase. The performance of NBR/ENR blend membranes has
been studied from the mechanical measurements. The vis-
coelastic behavior of the blends has been analyzed from the
dynamic mechanical data. An attempt was made to relate

the viscoelastic behavior with the morphology of the blends.
Various composite models have been used to predict the
experimental viscoelastic data. The area under the linear loss
modulus curve was larger than that obtained by theoretical
group contribution analysis. The homogeneity of the system
was further evaluated by Cole—Cole analysis. Finally, a mas-
ter curve for the modulus of the blend was generated by
applying the time-temperature superposition principle.
© 2005 Wiley Periodicals, Inc. ] Appl Polym Sci 97: 1561-1573, 2005
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INTRODUCTION

The objective of polymer blending is to achieve com-
mercially viable products having unique properties or
low cost.! Although blending is a very simple tech-
nique, many of the polymer pairs are immiscible and
incompatible. This leads to poor mechanical proper-
ties. The most important polymeric properties related
to rubber/rubber blends are homogeneity of mixing
and cure compatibility. Homogeneity at a microscopic
level is necessary for optimum performance, but some
degree of microheterogeneity is usually desirable to
preserve the individual properties of the respective
polymer components. Even though true miscibility
may not be required, adhesion between polymer
phases is necessary for good properties.

The morphology of a blend is a function of the
nature of the blend components (both their mutual
compatibility and the rheological properties of the
components) and of the method employed to produce
the blend. The blend morphology is strongly affected
by composition, interfacial tension, and viscosity ratio.
For the same processing condition, the blend morphol-
ogy is reported to be determined by the composition
ratio and melt viscosity difference of the components.”
Continuity of a phase is favored by high volume frac-
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tion and low viscosity relative to that of the other
component. A blend morphology wherein one com-
ponent is dispersed within a continuum of the other
has received great attention in the literature. Dao’
reported that the properties of polymer blends are
strongly influenced by the morphology of the system.
Cimmino et al.* studied the relationship between the
mechanical properties of binary polyamide 6/rubber
blends and their morphology. Recently, Thomas and
co-workers” " investigated the morphology of many
polymer blends.

For investigating the structure-property relations
and viscoelastic behavior of polymeric materials, dy-
namic mechanical test methods are widely used. The
dynamic properties of polymeric materials are of con-
siderable practical significance for several reasons,
particularly if they are determined over a wide range
of frequency and temperature. They can give insight
into various aspects of material structure besides be-
ing a convenient measure of polymer transition tem-
peratures. From dynamic mechanical studies, Ramesh
and De'! reported that an immiscible composition of
polyvinyl chloride (PVC)/ epoxidized natural rubber
(ENR) blend becomes progressively miscible by the
addition of carboxylated nitrile rubber (XNBR). Va-
rughese et al.'? studied the miscibility of PVC with
50% epoxidized natural rubber using DMA. Synthesis
and properties of sequential interpenetrating polymer
networks based on NBR and polyvinyl acetate were
investigated by Patri et al."® by using tensile test, DSC,
DMA, and swelling measurements. The viscoelastic
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TABLE 1
Details of Materials Used
Materials Characteristics Source

Nitrile rubber (Aparene N553 NS) Volatile matter (%) 0.130 Gujarat Apar Polymers Ltd., Mumbai
Antioxidant (%) 1.400
Organic acid (%) 0.250
Soap (%) 0.004
Mooney viscosity (ML, ,, 100°C) 40.000
Bound acrylonitrile (%) 34.000
Intrinsic viscosity (dl/g) 1.527

Epoxidized natural rubber

(Epoxyprene) Epoxidation level (%) 50 =2 Rubber Research Institute, Malaysia

Glass transition temperature (°C) —24
Density (kg/ m?) 1.02
Solubility parameter (Jm3)'? 18.2
Number average mol wt (M,) 9.9 X 10°
Gel content (%) 79 £3

behavior of many polymer blends has been studied
earlier by our research group.'*™'®

Nirile rubber is a unique synthetic elastomer, well
known for its oil- and fuel- resistant behavior and its
use in a variety of applications like oil seals, gaskets,
etc. Epoxidized natural rubber is a versatile elastomer,
noted for its ability to strain crystallize and its high
glass transition temperature. ENR vulcanizates exhibit
low gas permeability, high oil resistance, and high
tensile, fatigue, or tear strength. The blending of NBR
with epoxidized natural rubber is beneficial where the
properties of NBR are required in combination with
high tensile, fatigue, or tear strengths, particularly
when the use of reinforcing fillers is not practical. To
our knowledge, no serious attempt has been made so
far, to evaluate the morphology and properties of
these blends. The main objective of the present study
is a detailed investigation of morphology, miscibility,
mechanical, and viscoelastic behavior of nitrile rub-
ber/ epoxidized natural rubber blends.

EXPERIMENTAL PROCEDURES
Materials

Nitrile rubber (Aparene-N 553 NS) with a bound ac-
rylonitrile content of 34%, was supplied by Gujarat
Apar Polymers Ltd, Mumbai, India. Epoxidized natu-
ral rubber epoxyprene with 50 mol % epoxidation
(ENR-50) was supplied by Rubber Research Institute,
Malaysia. The basic characteristics of the materials are
shown in Table I. All the rubber chemicals were of
commercial grade. The mixing was done on a two-roll
mixing mill (friction ratio 1 : 1.4) and vulcanizing
agents were incorporated as per ASTM procedure.
The basic formulation used is given in Table II. Nitrile
rubber/ epoxidized natural rubber blend membranes
were prepared by the masterbatch technique. The
blend compositions are denoted by E,, E;, Eso, Ey,

and E,,, where the subscripts denote the weight per-
centage of ENR in the blend. The cure characteristics
of the mixes were determined on a Goettfert Elasto-
graph (Goettfert, 67.5, Rev. 1.5, Germany) at 150°C.
The compounds were then compression molded along
the mill grain direction using an electrically heated
hydraulic press at 150°C.

Morphology

Morphology of elastomer blends can be studied by the
ebonite method in which the preferential reaction of
one of the rubber phases with sulfur and zinc oxide
effects a large increase in its electron density.'” Small
rubber specimens were immersed in a molten mixture
of a 90 : 5 : 5 weight ratio of sulfur, a sulphenamide
accelerator (N-cyclo hexyl-2- benzo thiazyl sulphena-
mide), and zinc stearate for about 8 h at 120°C. The
excess sulfur was carefully scraped off from the outer

TABLE 1I
Compounding Recipe (Parts per Hundred
Parts of Rubber by Weight)

Ingredients ENR-50 NBR
ZnO 5.0 5.0
Stearic acid 2.0 1.0
Na,Co, 0.3 -
Sulphur 0.3 0.5
TDQ* 2.0 -
MBTS® 24 -
TMTDS 1.6 1.5
CBs - 15
PVI® 0.2 -

@ Trimethyl dihydro quinoline.

® Dibenzothiazole disulphide.

€ Tetra methyl thiuram disulphide.

4 N-cyclohexyl-2-benzothiazole sulphenamide.

¢ Prevulcanization inhibitor (N-(cyclohexylthio)phthalim-
ide).
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Figure 1 Elastographs of NBR/ENR blends.

surface before thin sections were cut for SEM obser-
vations using a Phillips (Netherlands) model scanning
electron microscope operating at 10 kV. The dimen-
sions of the dispersed phase were calculated from the
SEM photomicrographs by considering more than 300
domains.

Mechanical properties

Tensile testing of the samples was done at 25°C ac-
cording to ASTM D 412-98 test method using dumb
bell-shaped test pieces at a crosshead speed of 500
mm/min using a Universal Testing Machine, TNE
Series 9200.

Dynamic mechanical analysis

The dynamic mechanical properties of the blends were
measured using a Polymer Laboratories (MK III) vis-
coelasticmeter. Compression molded samples of di-
mensions 5 X 0.5 X 0.05cm> were used for testing. The
temperature range used was from —70 to 30°C.

RESULTS AND DISCUSSION
Cure characteristics

The elastographs of the mixes are given in Figure 1
and cure characteristics are given in Table 3. In the
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rheograph, torque is plotted against time. The mini-
mum torque in the rheograph is presented as mini-
mum viscosity value (M;) and is a measure of the
extent of mastication. The lowest value of E,y, indi-
cates its higher extent of mastication during mixing.
The maximum torque in the rheograph is presented as
maximum viscosity. The highest value is for E;, com-
position. From the formulations it can be seen that in
the present study the membranes were vulcanized
with the efficient vulcanizing (EV) system. In the effi-
cient vulcanizing system, the high accelerator/sulfur
ratio results in shorter crosslinks, predominantly of
the mono or disulfidic type.

The rheometric scorch time t,, (premature vulcani-
zation time) is the time taken for minimum torque
value to increase by two units. The E, composition
shows maximum scorch safety. Optimum cure time
(t90) is the vulcanization time to get optimum physical
properties and it is the time corresponding to opti-
mum cure torque. E;p, shows maximum cure time
while E;5 composition shows minimum cure time. The
cure rate index (CRI) is calculated using the equation

The higher the CRI values the higher the vulcanization
rate. From Table III it can be seen that NBR has the
highest cure rate and ENR has the minimum. Among
the blend compositions, E;, has the highest cure rate.
The high CRI value of NBR is due to its high degree of
unsaturation.

Morphology of the blend membranes

The polymer blend properties are strongly influenced
by the morphology of the system. The SEM photo-
graphs of different blend membranes are shown in
Figure 2(a—c). The tiny holes observed in the figure
come from the debonding of the dispersed phase from
the continuous phase. During mixing, the dispersed
domains of the rubber blends are deformed while
passing through the high shear regions of the mixing
mill and it undergoes fracture to produce smaller par-
ticles or coalesces to form larger dispersed domains.*
Figure 3 shows a schematic model of morphology

TABLE III
Cure Characteristics of NBR/ENR Blends
Cure characteristics Eio0 E;q Eso Es3g E,
Minimum torque (Nm) 0.007 0.005 0.010 0.016 0.015

Maximum torque (Nm) 023 026 029 036 0.32

Scorch time (min) 177 178 179 181 375
Optimum cure time
(min) 1775 1220 872 736 7.60

CRI (min~ ") 6.26  9.60 14.41 18.01 25.97
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Figure 2 Scanning electron micrographs of NBR/ENR
blends (a) E;,, (b) Esp, and (c) E,,,.

development in polymer blends.*! A large piece of the
dispersed phase is dragged across a hot surface to
form a large number of sheets or ribbons of the dis-
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persed phase in the matrix. Due to the effects of inter-
facial tension these sheets are unstable and holes begin
to form in them. When the holes in the sheet or ribbon
attain a sufficient size and concentration, a lace struc-
ture is formed, which begins to break apart due to
shearing and interfacial forces into irregularly shaped
pieces. These pieces are approximately the diameter of
the particles, which are generated in the blend at long
mixing times. These irregular pieces continue to break
down under the action of shear and interfacial forces
until all of the particles become nearly spherical. The
blend morphology obtained represents the competi-
tion between the break up of the rubber particles and
their flow-induced coalescence. The presented mor-
phologies are proof of this behavior in NBR/ENR
blends. In E, and E,,, the minor phase is dispersed in
the major continuous phase. The E;, composition
shows a co- continuous morphology, where both the
phases are continuous. The size characteristics of the
dispersed phase (D,,, D,,, D,, and D,) and its distribu-
tion (poly dispersity index values) in the different
blend compositions are presented in Table IV. These
are calculated using the equations™
Number average diameter

_ ENZ Di

Dn ENI (2)

Weight average diameter

SN, D;

ol

Surface area average diameter

_ D
D,= SN 4)
Volume average diameter
—  3N;Df
P 5N Dy ©)

where N; is the number of particles having a diameter
D;. The domain size measurements were done by im-
age analysis. A large number of domains (> 300) were
considered for diameter measurements.

The poly dispersity index (PDI), which is a direct
measure of size distribution of the dispersed phase, is
calculated as

PDI = D,,/D, (6)
In NBR/ENR blends it is clear from the table that the

values of D,, D,, D,,, and D, decrease as the compo-
sition changes from E;, to E;,. This is due to the high
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Figure 3 Schematic model of morphology development in polymer blends.

viscosity of the ENR phase compared to the NBR
phase. For blends with the same processing history,
the morphology is determined by the melt-viscosity
ratio and composition. When the mixed polymers
have similar melt viscosities, the resultant morphol-
ogy will be a uniform distribution of the minor phase
in the major one, no matter which is the minor com-
ponent. When the components have different melt
viscosities, the morphology of the resultant blend de-
pends on whether the minor component has a lower
viscosity or a higher viscosity than that of the major
one. If the minor component has a lower viscosity, this
component will be finely dispersed. On the other
hand, the minor component will be coarsely dispersed
in essentially spherical domains if its viscosity is
higher than that of the major one. E5, composition

TABLE IV
Blend Characteristics of NBR/ENR
Characteristics E; E,
D,, (um) 1.99 1.48
D,, (um) 2.90 2.53
D, (um) 2.24 2.07
D, (um) 2.60 2.44
PDI 1.27 1.96

shows a cocontinuous morphology. The PDI values
show more uniform particle distribution for E;,. The
particle size distribution curve (Figure 4) is drawn by
measuring 300 particles from the SEM photomicro-
graphs. The E;, composition exhibits a broader distri-
bution curve than the E;, composition.

Dynamic mechanical analysis of the blends

The loss tangent (tan §) values of the component poly-
mers and the blends at 10 Hz as a function of temper-
ature (—70 to 30°C) are shown in Figure 5. The glass
transition temperature of NBR is at —9°C and that of
ENR is at +6°C. In the case of blends, there is a single,
sharp transition in between the T,s of the component
polymers and shifts slightly toward the high temper-
ature region with blend ratio. This is attributed to the
enhanced phase mixing between ENR and NBR. Since
the T,s of the component polymers are close (< 20°C),
miscibility cannot be judged from T, measurements.
Morphology studies clearly indicate that the system is
phase separated. Figure 6 shows the dependence of
tan 8,,,, on the weight percentage of ENR in the blend.
It is observed that the damping properties of the blend
increase with increasing ENR content except the slight
decrease in tan 8., for the E;y blend. The sharp
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Figure 4 The particle size distribution curve of NBR/ENR
blends.
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Figure 6 Variation of tan §,,,, with weight percentage of
ENR.

increase in tan 8 beyond 30% ENR is due to the con-
tinuous nature of ENR phase beyond 30% of its con-
centration. The effect of blend composition on the
viscoelastic properties of NBR/ENR blends is given in
Table V. The Ts of the blends are between those of the
pure components. The relative peak height and peak
width at half height of the tan & curve is measured and
also given in Table V. The peak heights of the blends
are lower than individual components except E;,. The
relative peak width at half height of the blends is
higher than individual components, i.e., some broad-
ening of the glass transition zone with respect to blend
composition is observed. This is clear from Figure 7.
The curve shows a positive deviation depending on
the composition. This indicates strong interaction be-
tween the components. Since NBR and ENR are polar,
strong polar—polar interaction is possible.

The effect of temperature on the storage modulus of
the blends is shown in Figure 8. The curves for all the
compositions have three distinct regions: a glassy re-
gion, a transition region, and a rubbery region. Up to
the glass transition temperature of NBR both phases
are in the glassy state and the modulus is high. In the
glassy region all the blends exhibit nearly the same
moduli. Around —9°C NBR becomes rubbery, but the
moduli of the blends are retained due to the glassy
nature of ENR. Around 6°C ENR also becomes rub-
bery. As the ENR content increases the curves get
shifted to the positive side. The moduli of the blends
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TABLE V
Viscoelastic Properties of NBR/ENR Blends
tan & peak T, (°C)
Relative Relative peak width From From
Sample tan 8,5 peak height at half height tan 8,5 E" peak
E, 1.65 12.0 2.7 -4.77 —14.85
Eso 1.51 11.0 3.0 0.01 ~11.96
Eso 1.61 11.8 3.1 297 —9.30
Eso 1.75 12.7 3.0 5.28 —4.63
E100 1.86 135 29 10.60 0.31

increase with increase in concentration of ENR. Inter-
estingly, the E;, and Es, blend curves coincide in the
transition region. The loss modulus (E”) against tem-
perature is plotted in Figure 9. A similar behavior as in
the case of the storage modulus curve is observed for
the E3; and Es, blends. The T, values obtained from E”
versus temperature plots are always lower than those
obtained from tan §,,,, values (Table V).'*

The dynamic mechanical properties of NBR/ENR
blends were analyzed from —70 to 30°C at different
frequencies (0.1, 1, 10, 50, and 100 Hz). Figure 10
exhibits the effect of frequency on the tan § values of
Es5o composition. The tan 8 peak is shifted toward the
higher temperature region with increasing frequency.
Table VI shows the variation of tan 8,,,, values with
blend composition and frequency. The tan §,,,, values
increase with the increase in frequency in all the blend
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Figure 7 Effect of blend composition on the relative tan &
peak width.

compositions except in E,y,. The effect of blend com-
position and frequency on the T, values from the tan
8 peak is shown in Table VIL. The T, values increase
with increase in frequency. This is also evident from
Figure 11 in which the glass transition temperature of
E5, is plotted against frequency. The viscoelastic prop-
erties of a material are dependent on time, tempera-
ture, and frequency. If a material is subjected to a
constant stress, its elastic modulus will decrease over
a period of time. This is due to the fact that the
material undergoes molecular rearrangement in an
attempt to minimize the localized stress. Modulus
measurements performed over a short time (high fre-
quency) result thus in higher values, whereas mea-
surements taken over long periods of time (low fre-
quency) result in lower values.
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Figure 8 Effect of temperature on the storage modulus of
NBR/ENR blends.
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The apparent activation energy, E, for the glass tran-
sition of the blends can be calculated from the Arrhe-
nius equation®**
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Figure 10 The variation in tan 8 values of Es, at different
frequencies as a function of temperature.
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TABLE VI
Effect of Blend Composition and Frequency
on the tan 6, Values

max

Blend composition

Frequency
(Hz) E, Eso Eso Eo Ei0o
100.0 1.76 1.55 1.68 1.83 1.89
50.0 1.65 1.51 1.61 1.75 1.86
10.0 1.56 1.46 1.59 1.74 1.89
1.0 1.50 1.40 1.57 1.78 1.95
0.1 1.44 1.34 1.50 1.74 1.96

f=foexp ( —E/RT) )

where fis the measuring frequency, f, is the frequency
when T approaches infinity, and T is the temperature
corresponding to the maximum of loss modulus E”
curve. The activation energy values obtained are given
in Table VIIIL The activation energy for the glass tran-
sition decreases with the increase in ENR content. This
shows that more energy is required for the glass tran-
sition from the glassy to the rubbery region for NBR
and NBR-rich blends.

The integral of the loss modulus versus temperature
curve is characterized to develop a relationship be-
tween the extent of damping and the contribution for
each group toward the damping performance. Fay et
al® suggested five methods, namely, tan 8 = 0.03,
straight line, height X width, integral area, and con-
stant E” for the evaluation of the area under the linear
loss modulus versus temperature curve (LA).* Com-
paratively, the integral method includes the area un-
der the loss modulus versus temperature curves over
a well-defined temperature range without neglecting
any area directly beneath the E” transition. Hence, in
this system the integral method is used. The area
under the linear loss modulus-temperature curve can
be derived via a phenomenological treatment.”®

Tr
LA :J E'dT = (E; — > (8)

Tg

£ R =«
R) (Ea)avgz

TABLE VII
Effect of Blend Composition and Frequency
on the T, (°C) Values from tan 6 Peak

Blend composition

Frequency
(Hz) E, Ej Eso Ezo Eioo
100.0 —2.67 2.19 5.17 7.40 10.29
50.0 —4.77 0.01 2.97 5.28 10.60
10.0 —9.38 —4.68 —1.60 0.79 5.95
1.0 —-11.76 —-11.37 —6.28 —4.03 0.92
0.1 —15.56 —14.83 —-9.97 -7.85 —-2.96
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Figure 11 Effect of frequency on the glass transition tem-
perature of Es,.

where E; and Ey, represent the storage moduli in the
glassy and rubbery states, respectively, T and Ty are
glassy and rubbery temperatures just below and just
above the glass transition, (E,),, is the average acti-
vation energy of the relaxation process, and R is the
gas constant.

By examining the area under the glass transition, a
quantitative analysis of group contributions can also
be made. The group contribution analysis for LA is
based on the assumption that the structural groups in
the repeating units provide a weight fraction additive
contribution to the total loss area. The basic equation
for the group contribution analysis of LA is***

722M 9)

where M; is the molecular weight of the i group in
the repeating unit, M is the molecular weight of the

TABLE VIII
Activation Energy of NBR/ENR Blends

AE (k] /mol)

Sample code

E, 377.37
Es, 310.05
Eso 314.92
E, 299.14
E1o0 276.67
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TABLE IX
Values of Loss Area (LA) Obtained by Integral Method
and Group Contribution Analysis and Values of
Crosslink Density (v)

Group Crosslink
contribution density

Integral method analysis (vx107°

Sample (LA X 10> PaK) (LA X 10" PaK) gmol/cm®)
Es 3.62 3.45 1.06
Es 3.38 3.52 1.24
Ey 3.58 3.59 1.36

h

whole mer, G; is the molar loss constant for the i*
group, (LA); is the loss area contributed by the ith
group, and 1 represents the number of moieties in the
mer. Equation (8) provides a predictive method for LA
values via the structure of the polymer.

The values of LA determined by the integral
method and the predictive group contribution analy-
sis for different blend compositions are given in Table
IX. The values obtained by the integral method are
larger than those obtained by group contribution anal-
ysis. The experimental values of LA are influenced by
the morphology, crosslink density, and interaction be-
tween the polymer components and phase continuity.
The higher values of LA indicate strong polar—polar
interaction between nitrile rubber and epoxidized nat-
ural rubber. The crosslink densities of the samples
were determined from the storage modulus using the
equation

R
" 6RT

14

(10)

where E is the storage modulus at the plateau region
of the curve, R is the universal gas constant, and T is
the absolute temperature. The values of the crosslink
density are also included in Table IX. It was found that
the values of the crosslink density of NBR/ENR
blends are between those of pure components and
increase with an increase in ENR content.

Model fitting

Various composite models such as parallel, series,
Halpin-Tsai, and Kerner were used to predict the vis-
coelastic behavior of the blends.
The parallel model (highest-upper-bound model) is
given by the equation®®
M = M ¢, + My, (11)
where M is the property of the blend and M; and M,
are the properties of the components 1 and 2, respec-

tively, and ¢, and ¢, are the volume fractions of the
components 1 and 2, respectively. In this model the
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components are considered to be arranged parallel to
one another so that the applied stress elongates each of
the components by the same amount.

In the lowest-lower-bound series model the compo-
nents are arranged in series with the applied stress.
The equation is™®

1/M = ¢1/M; + ¢by/ M, (12)
According to the Halpin-Tsai equation®

(1 + AiBid,)

M/M =71~ Big,) (13)

. (M M, .
Bi = <]\/12_1>/<1\42+A1) (14)

In this equation the subscripts 1 and 2 refer to the

continuous and dispersed phases, respectively. The

constant Ai is defined by the morphology of the sys-

tem. For dispersed elastomer domains, Ai = 0.66.
According to the Kerner model®

d)dEd/[(7 - 5Vm)Em + (8 - 10vm)Ed]

B o/ 15(1 — 1)
= Enl B /(7 = 5p)Ens + (8 — 100)Ey]
+ ¢,./15(1 — v,)

E,

(15)

= Experimental
—e— Parallel
—a— Series
—vw— Halpin-Tsai
—e&— Kerner

1.6 4

Storage Modulus X 10° (Pa)

0.2 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Volume Fraction of ENR

Figure 12 Applicability of various theoretical models to
predict the storage modulus of NBR/ENR blends.
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Figure 13 Cole—Cole plots of E;,, E5,, and E,,.

where E, is the blend property, v, is the Poisson’s
ratio, and ¢ is the volume fraction. The subscripts m,
d, and b stand for the matrix, dispersed phase, and
blend, respectively.

The model fitting for the storage modulus of NBR/
ENR blends at 50 Hz and 15°C is presented in Figure
12. It is found that the experimental value for the E5,
blend lies close to the parallel model and that for the
Esy and E;, blends the experimental values come close
to the series model.

Cole-Cole analysis

The Cole—Cole plots were drawn by plotting the loss
modulus (E”) against the storage modulus (E'). Gen-
erally homogeneous polymeric systems exhibit a semi-
circle diagram.>" Cole-Cole plots of miscible blends of
poly(vinyl chloride) (PVC) and poly(a-methyl-a-
n-propyl-p-propiolactone) (PMPPL) show that this
mixture does not exhibit microscale heterogeneity.*
Figure 13 represents the Cole-Cole plots of Ej, Esg,
and E,. The blends do not show a perfect semicircle,
indicating heterogeneity in the system.

Time-temperature superposition analysis

In polymeric systems modulus is a function of time as
well as temperature. Due to the broad time depen-
dence involved, it is not feasible to directly measure
the complete behavior of the modulus as a function of
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Figure 14 Log E’ versus log t of NBR/ENR blends.

time at constant temperature. In principle, the com-
plete modulus versus time behavior of any polymer at
any temperature can be measured. This is achieved by
a shifting procedure that enables one to construct a
“master curve,” which is based on the principle of
time—temperature correspondence.32 The master curve
thus obtained is identical to that which would be
measured at long times at a particular temperature.
The viscoelastic properties at a given frequency, f,
are quantitatively equivalent to those of an experiment
carried out over a time t = 1/2af. Viscoelastic data
collected at one given temperature can be superim-
posed upon data collected at different temperatures
by shifting the curves, i.e., by using the time-tempera-
ture superposition principle. The experimental log E’
versus log time graph at different temperatures is
shown in Figure 14. The modulus curve at a particular
temperature is then shifted along the time axis until it
overlaps with the next curve. The distance between
curves gives the value of the shift factor, ar. The shift
factor characterizes the rate of relaxation mechanism
at some temperature T; in comparison with the rate at
a higher temperature T, . In this way log a1 values for
all temperatures were determined. The master curve
was constructed by plotting log (t/ar) versus log
(ETy/T), where E is the storage modulus at a particu-
lar temperature, T, is the reference temperature on the
Kelvin scale, and T is the temperature of the experi-
ment. The temperature of 15°C is taken as the refer-
ence temperature in constructing the master curve.
Figure 15 shows the master curve for E5,. The main
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advantage of the master curve is that it provides the
modulus of the blend over a wide range of reduced
time.

Mechanical properties

Since these blends find extensive applications in the
transport of liquids, the mechanical properties in the
swollen and unswollen state has been analyzed. The
stress— strain curves of the samples are shown in
Figure 16. The difference in deformation characteris-
tics of homopolymers and blends under an applied
load are evident from the stress—strain curves. All the
curves show typical elastomeric behavior. It can be
understood from the figure that at a low strain level,
E, has the minimum stress while E,,, has the maxi-
mum. The blend compositions occupy intermediate
positions. The stress required to deform the sample
increased with the increase in ENR content. This is
due to the strain-induced crystallization behavior of
ENR.

Stress—strain curves of samples after reaching equi-
librium swelling in toluene (Figure 17) reveal that
there is only a slight difference in the nature of stress—
strain behavior even after reaching equilibrium. The
stress at low strain follows the same pattern as that of
unswollen samples. However, the strength decreases
substantially as a result of swelling.

The mechanical data of homopolymers and blends
are presented in Table 10. The tensile strength is max-
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Figure 15 Plot of log (t/ay) versus log(ET,/T)
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Figure 16 Stress—strain curves of NBR/ENR blend with
different compositions in unswollen state.

imum for E;, due to its strain crystallization behavior
and minimum for E,. The tensile strength of the
blends lies between that of pure components and,
among the blends, Es, shows the highest strength.
This behavior is due to the co- continuous morphol-
ogy of Esy. The elongation at break is maximum for
E g0 and minimum for E,. The Young’s modulus re-
flects the stress behavior at low strain while the secant
modulus values represent the behavior at high strain.
A higher Young’s modulus value for ENR compared
to NBR suggests that the initial stretching of ENR
requires higher stress. In the swollen state all the
mechanical properties are found to be inferior to the
unswollen state. In the equilibrium-swollen state, the
rubber-solvent interaction is maximum while the rub-
ber-rubber interaction is minimum and there is a total
change in the conformation of polymer segments and
chain entanglements. Hence the sharp decrease of me-
chanical properties of swollen samples is observed.

CONCLUSION

The morphology, mechanical, and viscoelastic proper-
ties of nitrile rubber and epoxidized natural rubber
blends have been established. The blend is found to be
heterogeneous from the SEM micrographs. NBR/ENR
50/50 composition (Es;) shows a cocontinuous mor-
phology. The enhanced phase mixing between ENR
and NBR is evident from the dynamic mechanical
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analysis. The damping properties of the blends in-
crease with increasing ENR content except in the
NBR/ENR 70/30 composition. The modulus curves
for all the blend compositions show three distinct
regions: a glassy region, a transition region, and a
rubbery region.

The damping characteristics of the blends are not
much affected by the variations in frequency. The
apparent activation energy for the transition decreases
with the increase in weight percentage of ENR. The
values of loss area under the linear loss modulus-
temperature curve (LA) estimated by the integral
method are larger than that determined quantitatively
by the group contribution analysis, suggesting strong
polar—polar interaction between nitrile rubber and ep-
oxidized natural rubber. Applicability of various the-
oretical models to predict the storage modulus of the
blends was checked and it was found that the exper-
imental values of NBR/ENR 70/30 composition lie
close to the parallel model while those of the NBR/
ENR 50/50 and NBR/ENR 30/70 compositions lie
close to the series model. The homogeneity of the
system is further studied by Cole-Cole analysis. A
master curve was constructed for the storage modulus
of the NBR/ENR 50/50 composition based on the
time—temperature superposition principle.

The deformation characteristics of NBR/ENR
blends are clear from the stress— strain curves. The
tensile strength and elongation at break are maximum
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Figure 17 Stress—strain curves of NBR/ENR blend with
different compositions in swollen state.
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TABLE X
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Mechanical Properties of NBR/ENR Blends

Tensile Young's Secant modulus (MPa)
strength modulus
Sample System (MPa) E.B. % (MPa) Mo Moo M0
Eigo 4.81 578 16.24 0.76 1.55 1.99
Ey 3.09 435 14.67 0.79 1.41 1.86
Unswollen J 3.69 484 9.71 0.88 1.34 1.76
Es 2.67 390 7.50 1.05 1.67 2.15
E, 2.34 362 6.61 1.15 1.84 2.49
Exoo 0.9 295 7.77 0.41 0.68 0.99
E, 0.78 205 5.80 0.39 0.75 —
Swollen Es 0.86 237 3.93 0.36 0.71 —
Esp 0.64 196 3.49 0.28 — —
E, 0.59 167 3.79 0.30 — —

for pure ENR due to its strain crystallization behavior
and minimum for NBR. The tensile strength of the
blends lies between that of pure components. Among
the blends the NBR/ENR 50/50 composition shows
the highest strength due to its cocontinuous morphol-
ogy. In the swollen state, there is an overall reduction
in the magnitude of these properties. Further experi-
ments are in progress on the applicability of these
membranes.

A.EM. is grateful to the Council of Scientific and Industrial
Research for the award of Senior Research Fellowship and to
Dr. Zacharia Oommen of C.M.S. College, Kottayam for his
help in the morphological studies.
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