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Influence of Phase Morphology
on the Properties of Natural Rubber
and Epoxidised Natural Rubber Blends
HAIDZIR ABDUL RAHMAN*, I.R. GELLING** AND P.K. FREAKLEY***
The degree of compatibility of two rubbers is important in determining morphology and
mechanical properties of blends made from them. A study has been undertaken on the
compatibility of natural rubber (NR) and epoxidised natural rubber (ENR) and the morphology
and properties obtained from blends of these two materials. The blends studied covered a
wide range of compositions. A blend produced in the latex phase was also investigated. Over
a range of compositions, the blends exhibited the glass transition temperatures associated with
the individual components, determined on differential scanning calorimetry and dynamic
mechanical thermal analyser (DMTA).
The morphology of the blends was ascertained from the size of the DMTA dynamic loss angle
peaks. The major loss angle peak is associated with the continuous phase and the minor loss
angle peak with the discrete phase. A co-continuous phase occurred with the following
compositions-60:40NR/ENR 50; 70:30ENR 25/ENR 50and50;50 ENR 31/ENR 43 (produced
from latex blending). Phase contrast microscopic studies substantiated these morphological
structures. High damping (hysteresis) was established over a wide temperature bandwidth for
blends of 70:30 ENR 25/ENR 50 and 50:50 ENR 31/ENR 43. This type of behaviour is beneficial
in practical applications. The mechanical properties of the blends are largely determined by
phase morphology and this is particularly marked with regard to air permeability and tear
strength.
Polymer blends of dissimilar components have
been intensively studied in the last few
decades1'3 as a method for producing new
types of materials which confer technical and
economical advantages. Essentially, there are
two approaches for forming polymer blends.
The first approach is a physical blend of two or
more different polymers. The second approach
is chemical blending of two or more polymers,
e.g. graft and comb co-polymers.

and often are not simply an average of the two
components. They are often characterised by
phase morphology and compatibility. Compatible materials are homogeneous on a molecular
level. The situation for incompatible blends is
quite complex, i.e. the phase morphology is
dependent upon their deformation, viscosities,
blend ratios and method of preparation4.
Blending of polymers is widely carried out
using an open two-roll mills, internal mixers
and extruders. The new materials formed after
blending are often determined by the exact

The properties of physical blends are
different from those of the parent polymers
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mixing technique, which can influence the

were cut from the vulcanised slab and sealed in

phase morphology. Therefore, it is important

standard aluminium capsules. The samples

to understand the morphology of polymer
blend, so that the properties can be more easily
understood.

were cooled to below glass transition temperature (Tg) using liquid nitrogen. Tg of the
samples was taken at the intercept of the base
line with tangent of the transition slope, run at
a heating rate of 20°C/min.

This paper deals with the compatibility of
NR/ENR 50 blend systems over a composition
range, using microscopic, dynamic mechanical
thermal analyser (DMTA) and differential
scanning calorimetry (DSC) measurement
techniques. Trouser tear and permeability tests
are also used to characterise the phase
morphology of these blends. A blend of ENRs
with 12% difference in epoxidation levels
produced in the latex phase was also studied.

Dynamic mechanical properties were
measured using a DMTA MK II Polymer
Laboratories instrument, operated in a dual

cantilever bending mode. Sample size was
35 x 10 x 2 mm, cut from the vulcanised slab.
An isochronal measurement was made on the
samples at a strain amplitude of 80 mm and a
frequency of 20 Hz. The sample was cooled to
below Tg and measurement made during
warming-up at a heating rate of 2°C/min.

EXPERIMENTAL

Materials
Morphology of the rubber blends was
examined by transmitted light in a Leitz
Ortholux V phase contrast microscope. Thin
section samples between 0.25 - Q.30 Jim were
prepared by cryo-ultramicrotoming, using the
LKB-Ultrotome V instrument. Phase contrast
microscopy requires sufficient fluctuation in
refractive index within the sample to give rise
to a contrast6. Usually, refractive index fluctuations in polymer systems are small and the
visibility of the features with a normal light
microscope is difficult. A good contrast can be
obtained in polymer blends with the use of
gum blend systems.

The rubbers used were commercial grades
of NR, namely SMR L, 25 mole% and

50 mole% ENR (denoted as ENR 25 and
ENR 50, respectively). The ENR 31 and

ENR 43 were prepared by epoxidation of
natural rubber latex employing peroxyacetic
acid solution, based on the method described
by Gelling5.
Blends were prepared over a complete
composition range for the systems of NR/
ENR 50 and ENR 25/ENR 50. The blend
composition ratios are in weight, i.e. by

weight%. For example, 30:70 NR/ENR 50 represents a blend of 30 wt% NR and 70 wt%
ENR 50. They are prepared by physical

Measurements of tear strength and air
permeability tests were made in accordance

blending on a laboratory two-roll mill, with a

with International Standards Organisation, i.e.

mill temperature of 50"C. The rubber was
compounded with 1.5 p.p.h.r. dicumyl peroxide. Rubber slabs of 150 x 130 x 2 mm were
prepared by compression moulding. The same
mixing procedure was adopted for the
50:50 ENR 31/ENR 43 latex blend.

ISO 34 and ISO 1399, respectively.
RESULTS AND DISCUSSION

Thermal Properties

DSC measurements were run on a PelkinElmer model DSC-2. Samples of about 10 mg

NR/ENR 50 Blend Systems. The Tg of a
range of NR/ENR 50 blends and parent
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materials are recorded in Table L Two main

TABLE 2. GLASS TRANSITION

points arise from this table, i.e. no Tg were

TEMPERATURE OF ENR 25/ENR 50
BLENDS BY DSC

observed for the ENR 50 component in the
90:10 and 80:20 NR/ENR 50 blends, and also
no transition was observed for the NR
component in the 10:90 NR/ENR 50 blend. A
variation in Tg of the components was observed.
The absence of a Tg for the minor component
could be due to partial compatibility, but this
should be associated with a shift of the Tg of

Blend ratio
(wt/wt%)
ENR 25/ENR 50
100:0
80:20

70:30
65:35
60:40
50:50

TABLE 1. GLASS TRANSITION
TEMPERATURE OF NR/ENR 50
BLENDS BY DSC

Blend ratio
(wt/wt%)
NR/ENR 50

100:0
90:10
80:20
70:30
60:40
50:50
40:60
30:70

20:80
10:90
0:100

Tg co

ENR 25
-71
-71
-70
-67
-71
-69
-72
-70
- 72
*

40:60

30:70
0:100

ENR 50

TK'C)
ENR 25
ENR 50
- 46.0
-45.0
- 47.0
-46.0
-45.0

-29.0
- 28.0
-29.0
-27.0

-46.0

-29.0

45.0
-45.0

27.0
-27.0
- 27.0

TABLE 3. GLASS TRANSITION OF 50:50
LATEX BLEND OF ENR 31 /ENR 43

*
*
- 22
-27
-25
-28
-25
- 24
-27
-27

Materials

Tg CO

ENR 31

-44

ENR 43

- 32

ENR31/ENR43

-46, -31

differs by only 0.7 (MPa)w, the blend indicates
two phase system.

*No Tg detected

ENR 31/ENR 43 Blend Systems. Table 3
shows the results of 50:50 latex blend of
ENR 31 and ENR 43. The difference in
solubility parameter7 between the two is only
0.3 (MPa)'A and hence some degree of compatibility may be expected. However, Tg
measurement has shown two distinct glass
transition temperatures at the positions of the
parent rubbers, and hence, they are basically
incompatible.

the major component. However, this behaviour
was not observed. This could be due to the lack
of sensitivity of the instrument in detecting the
small volume of the component. The detection
of two Tg values over a range of NR and ENR
blends suggests that the blends are incompatible, as distinct transitions are observed.

ENR 25/ENR 50 Blend Systems. The Tg
results of blends between ENR 25 and ENR 50
and its pure components are recorded in
Table 2. Again, a similar variation in Tg was
observed in these blends. Although the
solubility parameter7 between the two rubber

Dynamic Mechanical Properties

NR/ENR 50 Blend Systems. Dynamic
mechanical properties of NR/ENR 50 blends
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TABLE 4. DYNAMIC TRANSITION TEMPERATURE AND LOSS ANGLE PEAK
OF NR/ENR 50 BLENDS

Tg CC)

Blend ratio
NR/ENR 50

NR

100:0

-7

-39.5
-40.0
-41.0
-41.0
-41.5
-42.0
-43.5
-43.5
-45.0
-

90:10
80:20
70:30
60:40
50:50
40:60
30:70

20:80
0:100

Loss angle peaks
NR
ENR50

ENR50

-8
-7.5
-6.0
-5.5
-3.5
-3.5
-2.5
-2.0

2.50

—

2.12
1.56
0.91
0.63
0.42

0.36
0.38
0.72
0.93
1.44
1.88
1.97
2.35

0.24
0.18
0.08
-

0:100 (NR/ENR 50)
20:80

CO

o

6 -

-60

-50

-40

-30

-20

-10

0

10

Temperature (°C)

Figure 1. Dependence of storage modulus on temperature at 20 Hz
for a series of NR/ENR 50 blends.
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[storage modulus (E1) and loss angle (tan 5)],
measured at 20 Hz over a temperature range of
- 60°C to 20°C, are given in Figures 1 and 2,
respectively. The Tg of NR and ENR 50 were
found to be -38.5°C and -2°C respectively.
The dynamic Tg is much higher than the actual
Tg, as determined from DSC. The difference is
due to the effect of translational forces
occurring in mechanical deformation. Distinct
transitions of each component were observed
over the full range of NR/ENR 50 blend
compositions indicating that the blends are
incompatible. The Tg and the loss angle peaks
are summarised in Table 4.

Although the blends were incompatible the
loss angle peaks of the components showed
shifts to lower temperatures as measured by
DMTA. Loss angle peak movement towards
each other in a blend can indicate partial
compatibility.
The morphology of rubber blends can be
ascertained from the size of the loss angle
peak. For blend composition in the range of
90:10 and 80:20 NR/ENR 50 blend systems,
the contribution of the loss angle peaks of NR
is much higher than ENR 50 component. The
morphology can be interpreted as NR is the

100:0 (NR'ENR 50)

0:100 (NR/ENR 50)

to
c
«
H

-50

-40

-30

-20

-10

0

10

Temperature (°C)

Figure 2. Dependence of loss angle on temperature at 20 Hz
for a series of NR/ENR 50 blends.
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continuous phase and ENR 50 is the discrete
phase. This is to be expected as NR is the
major component. In the 50:50, 30:70 and
20:80 NR/ENR 50 blends, the loss angle peak
is reversed, i.e., the NR peak is much smaller
than that of ENR 50. In this compositional
range, the morphology can be regarded as NR
is the discrete phase and ENR 50 is the
continuous phase. In the intermediate compositional range, i.e., 70:30 and 60:40 NR/
ENR 50 blend systems, almost equal contribution of loss angle peaks are observed. This is
due to a co-continuous phase between the two
components. The recognition of the above
morphology can be best described later using
phase contrast microscopy.

slender. High damping (hysteresis) was
established over a wide temperature bandwidth
for this blend. This type of behaviour is
beneficial in practical application.

ENR 31/ENR 43 Blend Systems. A 50:50
latex blend of ENR 31/ENR 43 was also
examined by DMTA. The results are recorded
in Figure 4 in terms of loss angle. A broad
peak with a shoulder was observed between
- 13°C to - 11°C and -6°C to -4°C. These
(Tg) represent the blend components. Although
their solubility parameter7 difference is very
small (0.3 MPa)w, yet they are not compatible.

Phase Contrast Microscopy
As mentioned earlier, the recognition of
the above morphology can be best described
using phase contrast microscopy. Figure 5
shows the plot of refractive index against mole
percent epoxide groups. The refractive index
of the various rubbers was determined by using
an Abbe Refractometer. The major limitation
of the polymer blend is in obtaining sufficient
contrast between the phases. For this reason, it
was not possible to study the morphology of
ENR 25/ENR 50 and ENR 31/ENR 43 blend
systems by phase contrast microscopy.

ENR 25/ENR 50 Blend Systems. It is expected that these blends will have a greater
degree of compatibility since the rubbers have
closer solubility parameter. Dynamic properties of a range of ENR 25/ENR 50 blends
are recorded in Figure 3, in term of loss angles
as a function of temperature. The Tg and loss
angle peaks are summarised in Table 5. Similar
characteristics were observed with these blends
as with the NR/ENR 50 blends. Two loss angle
peaks were observed covering the compositional range of 30:70 to 70:30 ENR 257
ENR 50 blends. Tg of both components were
seen to have shifted to lower temperature
compared to the parent materials. In the case
of 80:20 ENR 25/ENR 50 blend, a transition
temperature for ENR 50 component was not
observed and, there may be a slight shift in the
temperature of the ENR 25 component towards
higher temperature, i.e., 2°C. In the case of
70:30 ENR 25/ENR 50 blend, a broad transition was observed but clearly composed of
two components. The Tg of ENR 50 phase had
shifted by 5.5°C to a lower temperature.
However, the ENR 25 component had shifted
by l a C in the opposite direction. The shift in
Tg could be interpreted as a limited degree of
partial compatibility but the evidence is

The incompatibility of the two components
in the NR/ENR 50 blend systems is distinctly
distinguished. This is clearly illustrated by
micrographs in Figure 6. For blend compositions in the range of 90:10 and 80:20 NR/
ENR 50 blend systems, small spherical lighter
images were observed embedded in a darker
continuous region (see micrographs A and B
of Figure 6). The size of the spherical regions
increased in micrograph B. The spherical
discrete phase is due to ENR 50 component,
which is homogeneously dispersed in a NR
continuous phase.
With the 30:70 and 20:80 NR/ENR 50
blend systems, the morphology is reversed
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Figure 3. Dependence of loss angle on temperature at 20 Hz
for a series of ENR 25/ENR 50 blends.

TABLE 5. DYNAMIC GLASS TRANSITION TEMPERATURE AND LOSS ANGLE PEAK
OF NR 25/ENR 50
Blend ratio
NR 25/ENR 50

ENR 25

ENR 50

100:0
80:20

-17.0
-15.0

*

70:30
60:40
50:50

-16.0
-18.0
-19.0
-19.0
-19.0
-

-7.5
-5.0

40:60
30:70
0:100

^C)

Loss angle peaks
ENR 25
ENR 50
2.406
1.543
1.112

-5.0

0.611
0.442

-4.5

0.316

-3.5

0.210
-

-2.0

"Undetectable transition

219

—
1.278
1.403

1.696
1.827
1.993
2.373

3.0

ENR25

2.4

ENR38

ENR50

U
50:50 Latex blend of
ENR 31/ENR43

1.2

0.6-

0

-40

-30

-20

-10
0
Temperature (°C)

10

20

Figure 4. Dependence of loss angle on temperature at 20 Hz
for a single component ENRs and blends.
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Figure 5. The plot of refractive index versus per cent epoxide groups,
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A 90:10 NR/ENR 50

B 80:20 NR/ENR 50

C70:30NR/ENR50

D 60:40 NR/ENR 50

Figure 6. Phase contrast micrographs for a series of dicumyl peroxide
NR/ENR 50 blend vulcanisates. Dark and light areas are represented
by the NR and ENR 50 rubber (x 1000 magnification).
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F 30:70 NR/ENR 50

E 50:50 NR/ENR 50

G 20:80 NR/ENR 50
Figure 6 (Contd.) Phase contrast micrographs for a series of dicumyI peroxide
NR/ENR 50 blend vulcanisates. Dark and light areas are represented

by the NR and ENR 50 rubber (x 1000 magnification).
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when compared with the previous results (see
micrographs F and G). The spherical darker
regions, NR, were observed dispersed in the
continuous lighter region. The size of the
spheres decreases with increasing ENR 50
component in the blends. In this case, NR is
the discrete phase and ENR 50 is the continuous
phase. Microscopy studies show that the
morphology is very consistent with the loss
angle peak data.

observed (see micrographs C). These are the
ENR 50 components. The morphology of this
blend is more towards the formation of cocontinuous phases. The contribution of the
major component (NR phase) is greater than
that of the ENR 50 component, which is
consistent with the dynamic loss angle peak.
In the 60:40 NR/ENR 50 blend system, a cocontinuous phase is apparent (see micrograph D). At an equal blend composition, i.e.
50:50 NR/ENR 50 (see micrograph E), the
lighter region of ENR 50 dominates and forms
the continuous phase.

In the case of 70:30 NR/ENR 50 blend
systems, short and long thread like areas were
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Figure 7. The predicted morphological behaviour of NR/ENR 50 blends
on air permeability.
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Air Permeability of NR/ENR 50 Blends

pathway through the continuous phase
decreases, and hence, results in a lower air
permeability compared with the pure component. The morphology as determined from
the dynamic loss angle data and microscopy
studies has greatly shown that, in the first
zone, NR is a continuous phase and ENR 50
the discrete phase.

The air permeability properties of NR/
ENR 50 blends must be viewed in terms of
their morphology. The air permeability curve
shown in Figure 7 can be interpreted into three
straight lines, which define three different
zones. The lines can be related to the
morphology of the blends, as shown in
schematic diagrams on the plot.

For blend composition containing
50:50 NR/ENR 50 and beyond, there is a little
change in air permeability. This is called the
second zone, A reversal effect to that of the
first zone was observed, i.e. NR is the discrete
phase and ENR 50 the continuous phase. The
morphology as revealed from dynamic loss
angle data and microscopy has suggested that,
in this zone, NR is a discrete phase and ENR 50
the continuous phase.

For the blend composition in the range
90:10 and 80:20 NR/ENR 50 blend systems, a
drop in air permeability with increased ENR 50
component in the blend was observed. NR is
the continuous phase. The effect is due to the
volume fraction (Vr) of the ENR 50 component
in the blend. With an increase in the Vr of
ENR 50 in the blend, the tortuosity of the
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Figure 5. The plot of tearing energy against percent ENR 50
component in the blends.
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In the intermediate zone, i.e., 70:30 and
60:40 NR/ENR 50 component in the blends, a
gradual and steady drop of air permeability
was observed. Both NR and ENR 50 components in the blends formed the continuous
phase, i.e., a co-continuous phase structure is
believed to be present. The morphology with
regard to dynamic loss angle data and microscopy has confirmed that, in this zone a cocontinuous phase exists. A phase inversion
occurred for blend composition of 30:70 NR/
ENR 50 blend, as revealed from loss angle and
microscopy studies.

of 12% difference in epoxide levels also
showed physical incompatibility.
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Tear Strength of NR/ENR 50 Blends

Strength properties, i.e., tear strength test
was also studied. Interpretation in terms of
blend morphology is not straight forward.
Figure 8 shows the plot of tearing energy results. Again a similar trend to air permeability
was observed. The tear behaviour is predominantly determined by the dominant phase.
Interfacial adhesion between the two phases is
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