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ABSTRACT: Epoxidized natural rubber/Ethylene vinyl
acetate copolymer (ENR-50/EVA) blends with different ra-
tios were prepared by using a Haake internal mixer. The
effect of the blend ratio on the processing, tensile properties
(such as tensile strength, elongation at break, Young’s mod-
ulus and stress—strain behavior), morphology, dynamic me-
chanical properties, and thermal properties has been inves-
tigated. The tensile properties increase with the increase of
EVA content, whereas the stabilization torque increases with
the increase of ENR-50 content in the blend. In 40:60 and
50:50 blend of ENR-50/EVA, both the phases exist as con-

tinuous phases, producing a co-continuous morphology. At
these blend ratio, the drastic change in properties were
noted, indicating that the phase inversion occurs. The results
on dynamic mechanical properties revealed that the blends
are compatible. Blending of ENR-50 and EVA lead to the
improvement in thermal stability and 50:50 blend ratios is
the most stable blend. © 2005 Wiley Periodicals, Inc. ] Appl
Polym Sci 99: 1504-1515, 2006
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INTRODUCTION

Polymer blending was recognized in the last few de-
cades as a most promising way to prepare new mate-
rial with tailored individual properties. Blending of
existing commodity or engineering polymers often
can be implemented more rapidly and it is less expen-
sive than realization of new polymer chemistry, in-
cluding development of monomer synthesis and po-
lymerization technology. Extensive studies have been
carried out in the area of polymer blend. This study
included rubber-rubber blend,"* rubber—plastic
blend>®, and plastic-plastic blend.”**

Epoxidized natural rubber (ENR) is a chemically
modified natural rubber (NR). The epoxidation of NR
to produce ENR involves the random introduction of
epoxide groups onto the double bond of the NR poly-
mer chain. ENR poses excellent properties such as oil
resistance, gas impermeability, good wet grip, and
high damping characteristics."®> The oil resistance of
ENR-50 is due to the polarity of the epoxide group.
The resistant to hydrocarbons of NR found to be im-
proved with the increase in epoxidation level. How-
ever the resistance to polar solvent shows a decline
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with the epoxide content in NR."* Currently Malay-
sian Rubber Board produces ENR with the trade name
Epoxyprene. Two grades are available, namely ENR
25 and ENR 50, with 25, and 50 mol % epoxidation,
respectively. However the market and applications for
ENR found to be limited. Thus attempts are being
made to diversify the usage and application of this
rubber, especially in advanced engineering field. As
mention earlier, blending with other polymer is the
easiest and the cheapest way to tailor the properties of
ENR and at the same time reduce the material cost.
Furthermore, the presence of oxirane group in ENR
was found to be effective in causing specific interac-
tion with a second polymer."

Ethylene vinyl acetate copolymers (EVA) are ran-
domly structured polymers, which offer excellent
ozone resistance, weather resistance, and excellent
mechanical properties.'® EVA is chosen to be blended
with ENR-50 because of its excellence properties and
halogen-free thermoplasticity. It is hoped that the
blends of EVA and ENR will lead to the production of
halogen-free materials, which may suit many applica-
tions that are currently dominated by PVC.

EXPERIMENTAL
Materials

Epoxidized natural rubber, ENR 50, with 50 mol %
epoxidation (grade EPOXYPRENE 50) used in this
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study was obtained from Kumpulan Guthrie Sdn.
Bhd., Malaysia with specific gravity value of 1.03.
Ethylene vinyl acetate (Grade H2020) having 15% vi-
nyl acetate content with MFI value of 1.5 g/10 min
and density of 0.93 g/cm® was purchased from The
Polyolefin Company, Singapore.

Mixing procedure

The ENR-50/EVA blends were prepared by melt-mix-
ing the ENR-50 and EVA in a Haake Rheomix Poly-
drive R 600/610 at 120°C and rotor speed at 50 rpm for
6 min. The blend ratios of ENR-50/EVA used in this
studies are 0/100, 20/80, 40/60, 50/50, 60/40, 80/20,
and 100/0 (wt %). EVA was charged into the mixing
chamber and allowed to melt for 2 min. Then ENR-50
was added to the molten EVA and the mixing was
continued for a further 4 min. A torque versus time
curve was plotted for each composition during mixing
process to monitor processing condition. The samples
were then compression molded at 120°C for 5 min and
cooled for 2 min to produce 1 and 2 mm thick sheets.

Tensile properties

The tensile properties were measured with a Tenso-
metric tensometer M 500 according to ASTM D 412 at
50 mm/min crosshead speed. The molded samples of
1 mm thickness were cut into standard test pieces
using a Wallace die cutter.

Morphology study

Examination of the fractured surfaces was performed
using a scanning electron microscope (SEM; Leica
Cambridge S-360 model). The samples were cryogen-
ically fractured and the surface was treated with
methyl ethyl ketone to selectively etch the ENR-50
phase. All samples were examined after first sputter
coating with gold to avoid electrostatic charging and
poor image resolution.

Dynamic mechanical analyzer

Dynamic mechanical properties were measured with
PerkinElmer dynamic mechanical analyzer DMA 7e.
The experiment was conducted in a 3 point bending
mode at a frequency of 1 Hz. The temperature was
increased at 5°C/min over the range of —70 to 30°C.
The dimensions of the samples were approximately 2
mm thick, 15 mm length, and 10 mm width.

Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) thermograms
were obtained with a PerkinElmer DSC-7 at a heating
rate of 20°C/min. The samples were scanned from 30

to 160°C using nitrogen air. The melting temperature
(T,,) and the heat of fusion (AH,) were measured dur-
ing the heating cycle.

Thermogravimetric analysis

The thermogravimetry and derivative thermogravim-
etry were carried out in a PerkinElmer Pyrist 6 TGA
analyzer. The samples were scanned from 30 to 600°C
at a heating rate of 20°C/min.

Density

Density of all samples was measured at room temper-
ature in purified helium using gas pycnometer (Accu-
Pyc 1330 model; Micromeritics).

RESULTS AND DISCUSSION
Processing (torque development)

The torque-time curves were used to present the pro-
cessibility of the blends.'” Figure 1 shows the torque—
time curves of ENR-50/EVA blend at different blend
ratios. In general all curves have two peaks (A and B),
representing the loading peak of EVA and ENR-50,
respectively, except the curve for pure EVA. The
torque sharply increases as EVA was charged into the
mixing chamber and gradually decreases and stable at
about 2 min as EVA undergo fusion process. Again the
torque shows the similar trend as ENR-50 was loaded
at 2nd minute and stable at about 6th minute of mix-
ing. The maximum torque for ENR-50 is higher than
that for EVA because of the higher viscosity of ENR-
50, thus giving higher resistance to the rotor speed.
Figure 1 shows that the first peak increases as the EVA
content increases and the second peak shows similar
trend as ENR-50 content increases. The effect of blend
ratio on the stabilization torque at 6th minute was
shown in Figure 2. As can be seen, the stabilization
torque increases with the increase of ENR-50 content
in the blend. This is due to the higher viscosity of
ENR-50 when compared to EVA.

Tensile properties

Figures 3, 4 and 5 show the tensile properties of the
ENR-50/EVA blend at different blend ratios. Stress—
strain curves of the samples are shown in Figure 3.
The curves represent the difference in deformation
characteristics of pure polymer and blend under an
applied stress. Pure EVA and EVA dominant blends
show higher initial modulus with a yield point. At
higher strains, these blends show a gradual increase in
stress. Such an observation could be due to the orien-
tation of the polyethylene crystalline hard segments of
EVA in the continuous phase at the direction of ap-
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Figure 1 Torque-time curves of ENR-50/EVA blend at different blend ratios.

plied stress. These blends also show the elastic and
inelastic region, in which the samples undergo yield-
ing, and the strain induces crystallization in the inelas-
tic region. ENR-50/EVA with 50:50 blend ratios with a
co-continuous morphology shows a stress—strain be-
havior, which is intermediate between those of the

18

other blend ratios. Varghese et al.” reported similar
findings on nitrile rubber/ethylene vinyl acetate
blend.

Tensile strength, Young’s modulus, and elongation
at break increase with the increase of EVA content
(Figs. 4 and 5). These properties increase sharply when
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Figure 2 Stabilization torque at the end of mixing time (6 min) of ENR-50/EVA blend at different blend ratios.
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Figure 3 Stress—strain curves of ENR-50/EVA blend at different blend ratios.

the EVA content is more than 60 wt %. This is due to
the fact that at 60 wt % and more EVA content, it

becomes the continuous phase as evident from the
SEM study.

Morphology of the blend

The major factors that affect the blend morphology
are volume fraction and viscosity. Continuity of the

phase is favored by high volume fraction and low
viscosity.” The SEM micrographs of ENR-50/EVA
blends are shown in Figure 6. In ENR-50/EVA
blend with 20:80 and 40:60, ENR-50 is dispersed
in the EVA matrix, whereas in ENR-50/EVA with
50:50, 60:40, and 80:20 both the phases exist as con-
tinuous phases, producing a co-continuous mor-

phology.
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Figure 4 The effect of blend ratio on the tensile strength and Young’s modulus of ENR-50/EVA blend.
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Figure 5 The effect of blend ratio on the elongation at break of ENR-50/EVA blend.

Dynamic mechanical analysis

The dynamic mechanical properties of epoxidized nat-
ural rubber/ethylene vinyl acetate (ENR-50/EVA)
blends are listed in Table I. The influence of the stor-
age modulus (E’) and loss modulus (E”) with the tem-
perature for the blends at different blend ratios are
shown in Figures 7 and 8. The storage modulus curves
present three distinct regions, namely glass region,
transition region, and rubbery region. Pure ENR-50
shows a higher storage modulus at lower tempera-
ture. Above the glass transition temperature, ENR-50
changes sharply from glassy state to amorphous state.
As EVA content in the blends increases, the transition
becomes not so sharp because of the influence of the
crystalline part of the EVA phase.'® This is because in
crystalline materials, during the transition, only the
amorphous part undergoes segmental motion,
whereas the crystalline region remains a crystalline
solid until reaching the temperature of melting. The
storage modulus slightly increases after transition re-
gion upon increasing of the EVA content in the blend.
This indicates that at temperature higher than transi-
tion region, the blend material become more rigid as
the EVA content increases, hence the increase in the
ability of the materials to resist deformation.

The storage modulus and loss modulus curves of
the blends show that the values are between those of
the pure component polymers. Figure 9 shows the
temperature dependence Tan delta (Tan &) of ENR-
50/EVA blends at different blend ratios. Pure ENR-50
shows a glass transition temperature (T,) at —13.7°C

with a higher damping value. In the case of EVA, the
T, of EVA occurs at around —6°C. The peak intensity
of the EVA phase is not so sharp because of the low
damping value of this phase. For blends, a single
transition occurs (T,) which shifted toward the lower
temperature region with blend ratio. This indicates
that the two components (ENR-50 and EVA) are com-
patible at the amorphous region.

In many polymer blends and in the absence of any
strong intermolecular interaction, the dissolved
polymer act as a plasticizer, thus reducing the T, of
the resulting phase. In this kind of blend, usually
negative deviations from the ideal (linear) T, versus
composition behavior occur. Moreover, the incorpo-
ration of the second component into the polymer
matrix may affect chain packing, leading to low T,
values."”

According to Olagoke et al.*” the appearance of one
T, is not a proof of miscibility but only a proof of a
state of fine dispersion. The presence of a single or
dual glass transition could depend on the particle size
of dispersed phase in phase separated blends. SEM
micrograph of tensile fractured surface of ENR-50/
EVA blend at different blend ratios (Fig. 10) shows a
fine dispersion of both components in the blend.

The temperature corresponding to the maximum in
tan 8 peak and E” is chosen as a T, of the sample. As
a general trend in polymer system, the T, from tan &
maximum is found to be higher than that of the E”
maximum. The individual T, values from E” maxi-
mum are found to be intermediate between those of
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Figure 6 SEM micrograph of the surface of ENR-50/EVA blend at different blend ratios.

the individual components. This again indicates that
the system is compatible at all ratios.*!

The miscibility of the blend components can be
predicted with dynamic mechanical data. Generally,
for an immiscible blend, the tan & temperature curve
shows the presence of two tan § damping peaks cor-

responding to Ts of the individual polymer. For mis-
cible blends, the curve shows a single peak between
the transition temperatures of the component poly-
mer.”> However, for a partially miscible system, a
broadening of the transition occurs, and the T, values

are shifted to higher or lower temperatures as a func-
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TABLE I
Dynamic Mechanical Properties and Density of ENR-50/EVA at Different Blends Ratios

o, : 3

Molar ratio of Damping max, T, Q) Density (g/cm’)

ENR-50/EVA Tan & Tan & E’ peak Measured Calculated
0/100 0.262 ) -30.36 0.93 0.93
20/80 0.393 —-18.2 —24.58 0.94 0.95
40/60 0.532 -17.0 —22.55 0.95 0.97
50/50 0.652 —-15.0 -21.61 0.96 0.98
60/40 0.781 —-14.7 —21.88 0.97 0.99
80/20 1.199 —-11.5 —20.89 1.00 1.01
100/0 1.945 -13.7 —22.43 1.02 1.03

tion of composition.16 In our case, blend of ENR-50/
EVA are compatible since there is a single peak be-
tween the transition temperatures for all blend ratios.

Thermal analysis
Thermal gravimetric analysis

Thermograms and derivative thermograms of pure
ENR-50, EVA, and their blends are shown in Figures
11 and 12, respectively. For pure EVA, degradation
occurs in two stages. The first stage started at 315°C,
leading to weight loss of 10%, and completed at
395°C. This stage involved acetic acid evolution and
the second step involved main chain degradation,
which started at 495°C and completed at 514°C, with
a weight loss of 90%. Pure ENR-50 started to de-

grade at 354°C and completed at 479°C. Hence
ENR-50 and EVA are stable up to 479°C and 514°C,
respectively.

Table II shows the data from TGA test. For polymer
blends, the thermal degradation depends on the mor-
phology and the extent of interaction between the
phases.” It is interesting to note that initial degrada-
tion temperature (T;), degradation temperature (T geg),
and final degradation temperature (T,,4) of the blends
are higher than that of individual components. Ty,
corresponding to the main weight losses was obtained
from derivative curves (DTG). Hence, it could be con-
cluded that, blending of ENR-50 and EVA lead to the
improvement in thermal stability and this might be
due to some degree of interaction that has taken place
among the blend materials. At 50:50 blend ratio of
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Figure 7 Storage modulus (E’) verses temperature for ENR-50/EVA blend at different blend ratios.
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Figure 8 Loss modulus (E") verses temperature for ENR-50/EVA blend at different blend ratios.

ENR-50/EVA, Ty T4ee, and T,,q were registered at
higher temperature when compared to other blend
ratios and this indicates that, this blend ratio (50:50) is
the most stable blend. In 50:50 blend ratios, both

ENR-50 and EVA are in continuous phase and pro-
duce a co-continuous morphology in the blend, as
indicated in SEM study (Figure 6D). There was a
drastic weight loss from 400 to 450°C for the blend
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Figure 9 Tan delta (Tan §) verses temperature for ENR-50/EVA blend at different blend ratios.
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Figure 10 SEM micrograph of the tensile fractured surface of ENR-50/EVA blend at different blend ratios.

with 50 wt % and above ENR-50. It could be con-  Differential scanning calorimetry analysis

cluded that at these temperature, increase in ENR-50

content leads to decrease in thermal stability of the  Differential scanning calorimetry (DSC) measurement
blend. was performed to characterize the crystallization and
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Figure 11 Thermograms of ENR-50/EVA blend at different blend ratios.

melting behavior of ENR-50/EVA blends. DSC results
for ENR-50/EVA blends at different blend ratios are
compared in Table III and Figure 13. The area of the
melting endotherm was reported as the heat of fusion

(AH)). The blends displayed a two-peak point temper-
ature, whose maximum value was taken as the melt-
ing point (T,,). Marcilla et al.** reported similar DSC
curve for pure EVA.

0 T
-5
-10 ¥
i
V4 A
B L
— 15 . \ l,:
£ . : 1"
§ . ,' i\ '_:
! 20 e
- . . A
8 . ’ R
_‘é s N . L X
2 .25 — s
S , » B :
o ¢ N R !
= [ o
§ -30 — %
E LI 3 :
8 L W
-35 D 5
—X—ENR-50/EVA: 0/100 ’
40 L= 20/80 K
~ == -50/50
———80120
45 {|= = = -1000 \
B0 LS A A S S . o B o o o o B A
49 64 94 126 158 190 223 255 287 319 351 383 415 446 478 510 542 574
Temperature (°C)
Figure 12 Derivative thermograms of ENR-50/EVA blend at different blend ratios.



1514

MOHAMAD, ISMAIL, AND THEVY

TABLE 1I
Degradation Temperature and Weight Loss of ENR-50/EVA Blends at Different Blend Ratios

Weight loss (%) at

Blend ratio of Tgeg Tonda Total weight

ENR-50/EVA T, (°C) (°C) (°C) loss (%) 400°C 450°C
0/100 315,495 369,494 395,514 100 10.37 14.89
20/80 330 388,493 518 99.14 14.29 28.2
50/50 343 406,494 522 98.35 18.91 46.92
80/20 322 403,483 517 98.68 23.92 69.23
100/0 287 402 479 98.44 27.1 87.67

From Table IIl it can be seen that AH, values decrease
with the increase in ENR-50 content in the blends. The
heat of fusion values depend on the crystallinity of the
material. Hence, the crystallinity of these blends can be
calculated and predicted from AH values as the ratio of
AH; of the blend and AH, of pure EVA (AH; = 41.05]/g).
The percentage of crystallinity in the blends decreases
with increase in the ENR-50 content. George et al.*
reported that the decrease in AH,values and crystallinity

TABLE III
Melting Characteristic and Crystallinity of ENR-50/EVA
Blends at Different Blend Ratios

is due to the fact that the formation of crystallite in the
blend was effected by the presence of rubber phase.
Koshy et al. found that the crystallinity of the blends
decrease with increase in the addition of natural rubber
(NR), indicating the migration of NR phase into the
interchain space of EVA.

The melting temperature (T,,) corresponding to the
melting endotherm also reduces upon incorporation
of ENR-50 to EVA. This might be due to the noncrys-
tallisable component that retards the crystal growth,
which lead to imperfect crystal as discussed earlier.
However, there is no significant difference in T,, when
the amount of ENR-50 content in the blend increased.
This observation indicated that there was no effect of

Molar ratio of = Topee T AH; Crystallinity  plend ratio toward the T,, of the system.
ENR-50/EVA (°C) (°C) J/g) (%)
0/100 53.6 88.04 41.05 100
20/80 535 8687 3535 86.1 CONCLUSIONS
50/50 53.87 86.66 16.90 41.2 On the basis of the above results and discussion, the
80/20 53.88 86.01 5.65 13.8 .
following statements can be drawn:
70
60 -
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5
8 40 -
S
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B 30
I
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Figure 13 Differential scanning calorimetric curves of ENR-50/EVA blend at different blend ratios.



EPOXIDIZED NATURAL RUBBER/ETHYLENE VINYL ACETATE (ENR-50/EVA) BLEND

1. The tensile properties of the ENR-50/EVA
blend increase with the increase of EVA content.

2. In the ENR-50/EVA blends at 20:80 and 40:60
blend ratios, the minor phases exist as a dis-
persed phase in a major continuous phases,
whereas in 50:50, 60:40, and 80:20 blend ratios,
both the phases exist as continuous phases, pro-
ducing a co-continuous morphology.

3. The dynamic mechanical properties proved that
the blends are compatible.

4. The thermal stability results proved that the
blending of ENR-50 and EVA leads to the im-
provement in thermal stability and 50:50 blend
ratios is the most stable blend.
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