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ABSTRACT: The CPE/NR blends with blend ratio of 50/
50% by weight were prepared with various blending condi-
tions. The resistance to oil and thermal aging of the blends
was investigated and correlated with phase morphology.
The NR dispersed phase size in blends was found to de-
crease with increasing rotor speed up to 45 rpm and subse-
quently level off at higher rotor speeds. With increasing
mixing time at a given rotor speed, NR dispersed phase size
reached a minimum and increased again with a further

increase in mixing time, caused by domain breakup and
phase coalescence, respectively. In addition, the results re-
vealed a strong relationship between NR phase size and
resistances to oil as well as thermal aging, that is, the smaller
the dispersed phase size, the higher the oil resistance and the
thermal aging properties. © 2003 Wiley Periodicals, Inc. J Appl
Polym Sci 90: 4038–4046, 2003
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INTRODUCTION

Blending of two polymers usually gives rise to a new
material having a better balance of properties than a
single polymer. Blending of elastomers is undertaken
for three main reasons: (1) improvement of the tech-
nical properties of the original elastomer, (2) achieve-
ment of improved processing behavior, and (3) reduc-
tion in compound cost.1,2

Chlorinated polyethylene (CPE) consists of ethylene
units and chloroethylene units. Because of its linear
backbone, lack of unsaturation, and the presence of high
polarity of chlorine groups, CPE tends to be very resis-
tant to oil, ozone, heat, flame, and nonpolar chemicals.
The major applications for CPE are wire and cable coat-
ing; hose-cover and tube; sponge; sheeting, pond liners;
impact modification in poly (vinyl chloride) (PVC) and
acrylonitrile–butadiene–styrene copolymers (ABS).3 Al-
though CPE is relatively expensive, its cost can be re-
duced through blending with less costly rubber such as
natural rubber (NR). It has been reported that CPE up to
50% by weight could be substituted by NR, giving sim-
ilar tensile properties to pure CPE.4

However, most polymer blends are thermodynam-
ically immiscible because of the positive enthalpy
change of mixing (�H) and the lower entropy change
of mixing (�S) resulting from a high molecular weight
of polymers. Blending usually leads to a heteroge-
neous morphology. Types of morphology and phase
dimensions determine the properties of heteroge-
neous polymer blends.5 To be able to control the blend
properties, the morphology development should be
understood. The morphology of heterogeneous poly-
mer blends depends on the blend composition,5–16

interfacial tension between the constituent poly-
mers,17–23 viscosity ratio,20,24–29 elasticity ratio,24,30

and processing conditions.5,23,24,31–41 The previous
work4 shows that with NR content up to 50% by
weight, oil resistance, and aging properties of
CPE/NR blends are close to those of pure CPE. The
present study, therefore, aims to further the previous
work4 by investigating the influences of mixing con-
ditions on phase morphology, oil resistance, and ther-
mal aging properties in CPE/NR blends.

EXPERIMENTAL

Materials

Chlorinated polyethylene or CPE (3615P, DuPont
Dow Elastomer Co., Ltd., USA) with chlorine content
of 36%, and natural rubber or NR (STR 5 Thailand,
ML1�4 at 100°C � 72) were used in the present study.
Dicumyl peroxide or DCP (Percumyl D, Chemmin
Co., Ltd., Thailand) was used as a curing agent.
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Mixing procedure

The CPE/NR blends with the blend ratio of 50/50
were prepared by melt blending in a laboratory-size
internal mixer (Haake Rheomix 90) with a fill factor of
0.6. NR was initially masticated for a minute, and CPE
was then charged and mixing was carried on. One phr

of DCP was added to the blends for 1 min before
discharging the blends. The blends were thereafter
sheeted on the cooled two-roll mill and, finally, com-
pression molded into 2 mm-thick sheets under a pres-
sure of 15 MPa at 155°C for 32 min (which gives about
96% cure calculated from half-life of DCP). To inves-

Figure 1 Scanning electron micrographs of CPE/NR blends with various rotor speeds: (a) 35 rpm; (b) 40 rpm; (c) 45 rpm;
(d) 50 rpm; (e) 60 rpm.
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tigate the influences of mixing conditions, various
mixing times from 5 to 7 min and rotor speeds from 35
to 60 rpm were used.

Measurements of tensile properties and hardness

Tensile test specimens were punched out from the
compression molded sheets using punching die, ac-
cording to Die C-ASTM D412-92. Tensile properties
were measured using an Instron 4301 tensile tester
with a crosshead speed of 500 mm/min and a full
scale load cell of 1 kN in accordance with ASTM D638.

Hardness of 6 mm-thick samples was measured
according to ASTM D2240-9 using Zwick durometer
(model D-7900) with Shore A scale at room tempera-
ture.

Measurements of oil resistance and thermal aging
properties

For the oil resistance test, the specimens to be tested
were immersed in a bottle containing hydraulic oil
(Tellus 100, Shell, Co. Ltd., Thailand) at room temper-
ature for 70 h. Thereafter, the specimens were re-
moved from the oil and quickly dipped in acetone and
blotted lightly with filter paper to eliminate the excess
oil on the specimen surfaces. Finally, tensile properties
and hardness of the specimens were measured.
Changes in tensile properties and hardness of speci-

mens after oil immersion were used to determine the
oil resistance.

For the determination of thermal aging properties,
the specimens were placed in an oven equipped with
air circulating system at the test temperature of 100°C
for 24 h, according to ASTM D573. The aged speci-
mens were then measured for tensile properties and
hardness. Similar to the measurement of oil resistance,
the changes in tensile strength and hardness of spec-
imens after thermal aging were used to determine
thermal aging resistance.

Blend morphology examination

Scanning electron microscopy (SEM) was performed
by a JEOL scanning electron microscope, model
5800LV. The sample was stained by Osmium tetroxide
(OsO4) and sputtered with gold before viewing.

RESULTS AND DISCUSSION

Effect of rotor speed

Phase morphology

In these experiments, the temperature of mixing and
the total time of mixing are 140°C and 5 min, respec-
tively, which is based on the conditions used in the
previous work.4 The phase morphology of the blends

Figure 2 Relationship between dispersed phase size and
rotor speed.

Figure 3 Relationships among relative tensile strength, ro-
tor speed, and dispersed phase size of blends after oil im-
mersion.

Figure 4 Relationship among relative elongation at break,
rotor speed, and dispersed phase size after oil immersion.

Figure 5 Relationships among relative modulus, rotor
speed, and dispersed phase size after oil immersion.
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as a function of rotor speed is given in Figures 1(a)–e)
for 35, 40, 45, 50, and 60 rpm, respectively. To deter-
mine the particle size of the dispersed phase, the num-
ber-average diameter (Dn) was calculated using the
image analyzing technique, and the results obtained
are shown in Figure 2. At slow rotor speed [Fig. 1(a)
and (b)], relatively large and nearly spherical particles
of the minor NR phase dispersed in the CPE matrix
are observed. As rotor speed increases, the large par-
ticles are broken down into small sizes. Similar obser-
vations are reported by Narh et al. for LCP/PET
blends.39 The results shown in Figure 2 illustrate that
the most significant breakdown of the dispersed phase
takes place by increasing the rotor speed from 40 to 45
rpm. The results can be explained based on Taylor’s
equation for Newtonian drops in a simple shear flow
as shown in eq. (1).

d �
4�(� � 1)

G�m�19�

4 � 4� ; � � 2.5 (1)

where G is the shear rate, d is the particle diameter, �
is the interfacial tension, and � is the viscosity ratio
� �d/�m (�d is the dispersed phase viscosity and �m is
the matrix phase viscosity). Taylor’s equation indi-
cates that the size of dispersed phase can be decreased
by continually increasing the shear rate. However, an
increase in rotor speed from 45 to 60 rpm does not

have any major influence on the dispersed phase size
although the particle size decreases marginally, that is,
there is a minimum dispersed phase size as the shear
rate is increased. The reason that the Taylor’s theory is
not fully applicable to the results is believed to be
caused by the discontinuity of shear stress and shear
rate at the interface of the immiscible binary blend
leading to the poor stress transfer across the boundary
phase.32,35 In addition, an increase in the bulk temper-
ature due to shear heating generated as a function of
the rotor speed, leading to a decrease in shear stress
available for disrupting the dispersed phase is proba-
bly responsible for the unchanged in phase size of the
blends. The insensitivity of the phase size to a change
in rotor speed was in agreement with previous
work.32,39

Oil resistance

In this section, the relationship between rotor speed
and the resistance to oil of the blends was investi-
gated. As mentioned previously,41 to eliminate the
mastication effect as a function of rotor speed, the
relative properties (tensile strength, elongation at
break, modulus, and hardness), which are calculated
from the ratios of these properties of the specimens
after oil immersion to those before oil immersion, have
been used as indicators for determining oil resistance.

Figure 6 Relationships among relative hardness, rotor
speed, and dispersed phase after oil immersion.

Figure 7 Relationships among relative tensile strength, ro-
tor speed, and dispersed phase size after thermal aging.

Figure 8 Relationships among relative elongation at break,
rotor speed, and dispersed phase size after thermal aging.

Figure 9 Relationships among relative modulus, rotor
speed, and dispersed phase size after thermal aging.

PHASE MOPHOLOGY, OIL RESISTANCE, AND THERMAL AGING OF CPE/NR BLENDS 4041



Thus, the result of relative properties is mainly con-
trolled by phase morphology of the blends.

Figures 3 to 6 show relative properties of blends
prepared from various rotor speeds from 35 to 60 rpm.
Figures 3 and 4 reveal that the relative tensile strength
and relative elongation at break sharply increase when
rotor speed is increased from 40 to 45 rpm and then
level off. The results are in good agreement with the
morphological results, that is, the smaller the phase
size, the higher the oil resistance. Additionally, the
results confirm the proposed model discussed in pre-
vious work41 that the small phase size of nonpolar
rubber in polar matrix would give the higher oil re-
sistance of the blends.

The relative modulus at 100% strain and relative
hardness of blend with different rotor speeds are
shown in Figures 5 and 6. It is clear that the change in
rotor speed is not found to markedly affect the relative
modulus and relative hardness. In other words, only
the relative tensile strength and relative elongation at
break are sensitive to the change in phase morphology
controlled by rotor speed. The proposed explanation
is based on the difference in degree of deformation.
Compared to modulus and hardness, tensile strength
and elongation at break are subject to far higher de-
formation and therefore are more sensitive to morpho-
logical change.

Thermal aging properties

After thermal aging at 100°C for 24 h, tensile proper-
ties and hardness of the specimens were measured,
and the relative properties, which are the ratios of
properties after thermal aging to those before thermal
aging, were used as indicators for determining ther-
mal aging resistance. The higher the relative proper-
ties, the higher the thermal aging resistance. Figures 7
to 10 show the relative properties of thermal aging
prepared from various rotor speeds. It is evident that
the relative tensile strength and relative elongation at
break of thermal aging shown in Figures 7 and 8
reveal similar trends to those obtained from oil resis-
tance test. The result can be explained by the morpho-
logical change as a function of rotor speed. Similar to
the oil resistance test, the change in rotor speed is not
found to influence markedly the relative modulus at
100% strain and relative hardness as illustrated in
Figures 9 and 10. Thus, the similar explanation can be
applied.

From the results obtained, It can be seen that the
morphological results agree well with the relative ten-
sile strength and relative elongation at break for both
oil resistance and thermal aging tests, that is, the
smaller the dispersed phase size, the higher the oil
resistance and the thermal aging properties.

Effect of mixing time

Phase morphology

To investigate the morphology development as a func-
tion of mixing time, the rotor speed and the mixing
temperature were kept constant at 40 rpm and 140°C,
respectively. Figure 11(a)–(e) shows the phase mor-
phology of the 50/50 blends CPE/NR mixed for 5, 7,
10, 13, and 15 min, respectively. The number-average
domain diameter as a function of mixing time is given
in Figure 12.

The results indicate that, at the mixing time of 5
min, large particles of NR are dispersed in the CPE
matrix. With increasing mixing time, the average size
of the particles decreases and the smallest particle size
are obtained at the mixing time of 10 min. The domi-
nating process is the droplet breakage, which is attrib-
uted to the increase in total shear strain applied to the
compounds. At a given shear rate, the longer blending
time gives a larger total shear strain and thus a smaller
dispersed phase size.5,32 35,39 However, it is also obvi-
ous that the particle size does not decrease continu-
ously, but reaches a minimum and, after 10 min, an
increase in phase size can be observed (see Fig. 12).
The possible explanation is that the excessive energy
might promote the collision of the unstabilized dis-
persed phase, transforming them into larger domains,
or the so-called phase coalescence.5,32,38,41

Oil resistance

Figure 13 reveals the relationship between the relative
tensile strength and mixing time. It is clear that the
relative tensile strength increases with increasing mix-
ing time up to 10 mins and then decreases with further
increasing mixing time. Obviously, the results of rel-
ative tensile strength and morphology are in good
agreement, which support the result discussed earlier
that the oil resistance of CPE/NR compounds is con-
trolled by the size of the NR dispersed phase. It is clear
from Figure 14 that the result of relative elongation at
break also shows a similar trend to that of the tensile

Figure 10 Relationships among relative hardness, rotor
speed, and dispersed phase size after thermal aging.
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strength. The explanation based on morphology as
mentioned previously could be applied, that is, the
smaller the dispersed phase size, the higher the oil
resistance.

Similar to rotor speed, mixing time is not found to
affect markedly the relative modulus at 100% strain

and relative hardness as illustrated in Figures 15 and
16. Therefore, the similar explanation can be applied,
that is, there is relatively low deformation in modulus
and hardness measurements, compared to the large
deformation in tensile strength and elongation at
break.

Figure 11 Scanning electron micrographs of CPE/NR blend with various mixing times: (a) 5 min; (b) 7 min; (c) 10 min; (d)
13 min; (e) 15 min.
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Thermal aging properties

The plot of mixing time and relative tensile strength of
thermal aging is shown in Figure 17. It can be seen that
the relative tensile strength of blend increases when
mixing time increases from 5 to 10 min, and then
gradually decreases. This result is correlated with
morphology of blend, that is, the smallest size of the
dispersed phase is obtained at the mixing time of 10
min. The plot of relative elongation at break against
mixing time of CPE/NR is shown in Figure 18. The
relative elongation at break result is in similar trend to
relative tensile strength. It is evident that the depen-
dence of phase size on mixing time is in good agree-
ment with the relative properties of thermal aging
resistance, that is, the smaller the dispersed phase size,
the better the thermal aging properties. The relative

modulus and the relative hardness of blend with dif-
ferent mixing times are shown in Figures 19 and 20. It
can be seen that the relative modulus and the relative
hardness do not depend significantly on mixing time
of CPE/NR blends. The explanation is again based on
the difference in degree of deformation as mentioned
previously.

CONCLUSIONS

The CPE/NR blends with blend ratio of 50/50% by
weight were prepared with various blending condi-
tions. The resistance to oil and thermal aging of the
blends was investigated and correlated with phase

Figure 12 Relationship between dispersed phase size and
mixing time.

Figure 13 Relationships among relative tensile strength,
mixing time, and dispersed phase size after oil immersion.

Figure 14 Relationships among relative elongation at
break, mixing time, and dispersed phase size after oil im-
mersion.

Figure 15 Relationships among relative modulus, mixing
time, and dispersed phase size after oil immersion.

Figure 16 Relationships among relative hardness, mixing
time, and dispersed phase size after oil immersion.

Figure 17 Relationships among relative tensile strength,
mixing time, and dispersed phase size after thermal aging.
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morphology. The following conclusions have been
drawn:

1. The NR dispersed phase size in blends decreases
with increasing rotor speed up to 45 rpm. It can
be explained based on Taylor s equation, indicat-
ing that the phase size is inversely proportional
to the shear rate. However, the NR dispersed
phase size remains constant with increasing rotor
speed from 45 to 60 rpm, which is probably
caused by a decrease in mastication efficiency
caused by shear heating.

2. With increasing mixing time, NR dispersed
phase size decreases to a minimum and in-
creases again with a further increase in mixing
time. The decrease in domain size caused by
domain breakup is attributed to the increase in
total shear strain applied to the compounds.
The increase in the phase size of the dispersed
phase with a mixing time longer than 10 min is
probably a result of the collision of the unsta-
bilised dispersed phase as the mixing time is
excessive.

3. The results of oil resistance and thermal aging
properties are in good agreement with the mor-
phological results, indicating that the oil resis-
tance and thermal aging properties based on rel-

ative tensile strength in the 50/50 CPE/NR
blends are controlled strongly by the size of the
NR dispersed phase. The smaller the dispersed
phase size, the higher the oil resistance and the
thermal aging properties.
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