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ABSTRACT: The mixing characteristics of 50/50 poly(vinyl chloride)–epoxidized natural
rubber (PVC–ENR) blends were studied using a Brabender Plasticorder, and their
relationships with the morphological and mechanical properties were examined. In
general, it was observed that the mixing time is important in acquiring blends having
optimum mechanical properties. Also, through careful appraisal of the respective
plastograms and their relationships with dynamic mechanical, morphological, and
tensile properties, attainment of optimum mixing conditions can be estimated, which
results in optimum blends being prepared. © 1999 John Wiley & Sons, Inc. J Appl Polym Sci
73: 75–83, 1999
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INTRODUCTION

Several studies involving the Brabender Plasti-
corder have been reported.1–17 In some cases, the
Plasticorder is used simply as an internal mixer
to blend polymers or even incorporate fillers into
the blends.2,3,7,11,12 The Plasticorder also enjoys
wide application in studies involving the rheologi-
cal properties of blends with changes in com-
pounding conditions.1,4,5,14–19 Dynamic curing1,2

or interchange reactions16 have also been studied
with the Plasticorder.

Attempts have been made to relate Brabender
plastograms with blends properties.5,8,16,17

George et al.5 in their studies of PVC–NBR blends
proposed the existence of optimum temperature
for the formation of a particular blend. Nasir and

Ratnam8 found that the rheological properties of
PVC–ENR blends are governed by the compound-
ing conditions. However, the behavior patterns to
be expected during blending is not yet well eluci-
dated. This is because simple rules for predicting
behavior patterns to be expected during com-
pounding are not yet well established.

In an earlier study,18 the authors reported the
determination of optimum properties based on
derived composite plots of mixing temperatures
and rotor speeds that would yield blends of opti-
mum tensile properties while the mixing time
was kept constant. Here, a further attempt to
correlate the plastograms obtained as mixing
progresses with the mechanical, morphological,
and dynamic mechanical properties is presented.
The prime objective is to investigate the influence
of mixing time and, hence, establish an overall
perspective of the influences of compounding con-
ditions. The ultimate aim though is to enable the
prediction of optimum blend attainment by mak-
ing use of the plastogram as an indicator.
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EXPERIMENTAL

ENR, grade “Epoxyprene 50” was purchased from
Kumpulan Guthrie (M) Ltd. Seremban, Malaysia;
suspension grade PVC, “Mercion HP-65” with K
value of 65 was supplied by Malayan Electro-
chemical Industries Sdn. Bhd.; Ba–Cd–Zn-based
stabilizer, “Irgastab BC 455S” was obtained from
Ciba-Geigy (M) Ltd. The formulations are elabo-
rated in the first report.18 Here, only the 50 : 50
PVC–ENR was utilized with the purpose of ob-
serving the developments taking place as mixing
progresses.

However, unlike before, here mixing was per-
formed at intervals of 1 min starting with 1,
2 . . . until 9 min. In all cases, the timing com-
menced immediately after all the PVC has been
charged into the mixing chamber, which takes
about 9–10 s while mixing temperature was
maintained at 150°C. Two rotor speeds of 20 and
50 rpm were employed to indicate two different
levels of deformation rates, that is, low and high,
respectively.

Specimens of appropriate thickness were com-
pression-molded at 150°C for 3 min, with 2-min
preheating period. Care was taken at this stage to
ensure precise timing so as to eliminate any dif-
ferences that might arise as a result of the sam-
ples having different thermal histories. As this
could significantly influence the properties being
investigated.

Mechanical properties, such as tensile
strength, elongation at break, tear strength, and
dynamic mechanical properties, were evaluated.
Tensile and tear properties were evaluated in ac-
cordance with ISO 37, Type III, using the Mon-
santo tensometer T10 at 250 and 50 mm min21

crosshead speeds, respectively.
For the dynamic mechanical properties, speci-

mens were scanned under the resonant mode at
30 Hz from 2100 to 150°C using the Du Pont
DMA 923 attached to the thermal analyzer 2000.
For the morphological studies, specimens were
microtomed to 5–10 mm and then viewed using
the light microscope, model Olympus B42-RFCA.

RESULTS AND DISCUSSION

Mixing Time

The plastograms obtained for the 50 : 50 blend
obtained for 20 and 50 rpm while mixing was
carried out for 9 min are illustrated in Figure 1.

The contrasting differences are clearly evident.
For instance, the plastogram for the 20 rpm ex-
hibits lower initial peak and a broader minimum
combined with a delay in the inception of fusion.
Secondly, the plastogram continues to rise until
the 9-min period expires. In short, the rates of the
melting and fusion are profoundly impeded due to
inadequate shearing and heating actions. Con-
sequently, more than 9-min mixing is required
to attain the fusion peak similar to that of the
50 rpm.

In contrast, the 50 rpm plastogram is observed
to rise sharply to the loading peak on charging
PVC into the mixing chamber containing ENR.
This initial peak is due to the initial resistance
from the PVC particles. With heating, shearing,
and mixing with ENR, the torque quickly drops to
a minimum in the compression zone. Fusion is
indicated by the fusion peak, and mixing being
eventually completed is indicated by a lowering of
torque and the subsequent attainment of the pla-
teau or stability regimes. Further mixing beyond
this point leads to a drop in mixing torque, which
signals degradation. This plastogram approxi-
mates the mixing process, as outlined by several
workers,4,19 including by Luben20 and Brown.21

This implies that under the prevailing conditions,
a transition from multiphase to single phase
might have occurred with the exact characteris-

Figure 1 Brabender plastograms of the 50 : 50 PVC–
ENR blend mixed at 150°C with different rotor speeds.
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tics being governed by the respective mixing
times at the various stages. For example, the
product obtained with 1-min mixing is expected to
be heterogeneous, in which PVC and ENR exist in
separate phases. While at 7 min, the material
should be in a homogeneous phase, with the PVC
no longer existing as discrete entities, but fused
and well blended with the ENR. The miscibility of
PVC and ENR solid state has been established by
the confirmation of hydrogen bonding from Fou-
rier transform infrared (FTIR) studies and syner-
gism in mechanical and dynamic mechanical
properties.22,23 Evaluation of the morphological,
mechanical, and dynamic mechanical properties
reveals the detailed characteristics.

The plastograms obtained at various time in-
tervals for the 50 : 50 blend mixed at 150°C and
50 rpm are shown in Figure 2. The inception
points of the plastograms have been shifted so as
to show the various stages of the mixing process.
By simple superposition at these origins, it is
easily seen that, trend wise, they are components
of the 9-min plastogram shown in Figure 1. Sim-
ilar plastograms were also recorded for the vari-
ous stages of the 20-rpm plastogram (Fig. 3).

Morphological Development

As mentioned earlier, the differences in shear and
thermal deformation rates at 20 and 50 rpm is

expected to yield blends of different properties. In
this respect, these two different deformation rates
are considered separately.

At 20 rpm, the loading peak corresponds to 1
min of mixing (Fig. 3). The corresponding mi-
crograph [Fig. 4(a)] at this stage shows the pow-
der grains (100 –150 mm diameter) mostly in-
tact, suspended in the ENR matrix. With 2-min
mixing (Fig. 3), the plastogram is halfway
through the compression zone. Here, a good
number of the powder grains have been broken
to yield primary particles [Fig. 4(b)]. With
3-min mixing, which corresponds to the mini-
mum after the loading peak, most of the powder
grains have disappeared, and the primary par-
ticles predominate, although some powder
grains are still visible, as illustrated in [Fig.
4(c)]. With 4-min mixing, the plastogram is still
within the minimum zone. Here, all the powder
grains have been broken up, and the mixture
consists mainly of primary particles, held to-
gether by the ENR matrix [Fig. 4(d)]. Beyond
this point, the torque gradually rises, as shear-
ing and increase in temperature lead to melting
and, thus, an increase in viscosity. The phases
gradually become finer, as shown in Figure 4(e)
and (f). However, evidences of multiphases are
still visible even with 9-min mixing, as shown in

Figure 3 Plastograms of the 50 : 50 PVC–ENR blend
showing the effect of mixing time at a constant rotor
speed of 20 rpm and a mixing temperature of 150°C.

Figure 2 Plastograms of the 50 : 50 PVC–ENR blend
showing the effect of mixing time at a constant rotor
speed of 50 rpm at a mixing temperature of 150°C.
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Figure 4(f). This could be attributed to the fact
that fusion has not been completed. The slow
fusion process due to the low shear and thermal

deformation rates makes it possible to obtain a
clear picture of the early stages of the fusion
process.

Figure 4 Photomicrographs of the 50 : 50 PVC–ENR blend mixed at 150°C and 20
rpm: (a) 1, (b) 2, (c) 3, (d) 4, (e) 7, and (f) 9 min.
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The photomicrograph obtained with 1 min of
mixing at 50 rpm is illustrated in Figure 5(a).
This corresponds to the minimum in the torque
curve after 1 min of mixing (Fig. 2). Here, the
powder grains have been broken, and the mixture
consists mainly of primary particles suspended in
ENR matrix. This is identical to the situation
obtained with 4-min mixing at 20 rpm [Fig. 4(d)].

Two minutes of mixing [Fig. 5(b)] corresponds
to the area of the plastogram where the torque is
beginning to rise (Fig. 2). As the temperature
increases due to shear heating, the primary par-
ticles begin to melt, and, thus, increasing the
torque. Maximum torque is attained with 3 min of
mixing, which corresponds to the fusion peak or
gel point. Here, most of the primary particles are
fused together, although they are still distin-
guishable, as illustrated in Figure 5(c).

With 4-min mixing, the torque has fallen from
the peak to the extent that the peak is now well

defined (i.e., the highest point is halfway from the
minimum after the loading peak) (Fig. 2). The
micrograph at this stage [Fig. 5(d)] shows that all
traces of multiphases have disappeared, and a
homogeneous single phase is evident. Further
mixing beyond this point does not yield any visi-
ble changes in morphology.

Mechanical Properties

In polymer blend studies, mechanical properties
are very important parameters of characteriza-
tion. For this purpose, tensile strength, the per-
centage of elongation at break, and the tear
strength are referred to in Figures 6, 7, and 8,
respectively. It is obvious in all cases that the
mechanical properties of blends obtained at 20
rpm are generally inferior to those obtained at 50
rpm. In fact, blends of measurable properties are
obtainable only after 5 min of mixing at 20 rpm.

Figure 5 Photomicrographs of the 50 : 50 PVC–ENR blend mixed at 150°C and 50
rpm: (a) 1, (b) 2, (c) 3, and (d) 4 min.
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That the properties continue to rise beyond the
9-min mixing time indicate that blends of opti-
mum tensile properties and tear strength are yet
to be realized. This implies that at 150°C, much
longer mixing times are required if mixing is to be
carried out at 20 rpm.

At a 50 rpm rotor speed, blends of better me-
chanical properties are obtained. The tensile
properties and tear strength increase sharply un-
til they attain peaks with 4 to 5 min of mixing.
This corresponds to the zone where plasticization
is just completing (Figs. 1 and 2). This implies
that optimum properties actually correspond to
the end of the fusion peak, that is, before stabili-
zation. At the stabilization region, that is, at a
mixing time range of 5–7 min, the properties are
actually high and stable. Because of the need to
stabilize the melt, blending is normally extended
to this region.20 This means that blending should
be terminated anywhere between 4–6 min in or-
der to optimize blend properties. Beyond 7 min of
blending, the mechanical properties are observed
to decrease. This is in accordance with the fall in
torque at this region, which implies that degra-
dation has already set in.

Dynamic Mechanical Properties

The presence of a single tan d peak in dynamic
mechanical analysis (DMA) results is an indication
of a homogeneous single phase or good disper-
sion.20,21,24 For PVC–ENR blends, numerous find-
ings of a single Tg have been reported,18,23,25–28

which yield favorable mechanical properties.
Some of the tan d plots obtained for the 20-rpm

rotor speed at the various stages of mixing are
illustrated in Figure 9. With 1 min of mixing, the
two peaks due to PVC and ENR are quite obvious.
These peaks disappear gradually as mixing
progresses, and the tendency is towards forming a
single peak, which is not really achieved until
mixing terminates at 9 min. This is indicated by
the fact that the right arm of the peak is not
properly formed and still looks different from the
left arm. To further support this contention, the
tan d peaks obtained with 9 min of mixing at 20
and 50 rpm were compared. While the 50-rpm
curve has leveled off after the peak has been
attained (Fig. 10), the 20-rpm curve still shows
signs of inhomogeneity, and this accounts for the
differences of the two curves (Fig. 9). This obser-
vation is in agreement with that based on the
photomicrographs [Fig. 4(f)].

Figure 7 The effect of mixing time on the percentage
of elongation at break at different rotor speeds for the
50 : 50 PVC–ENR blend at 150°C.

Figure 6 The effect of mixing time on tensile
strength at different rotor speeds for 50 : 50 PVC–ENR
blend at 150°C.
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The tan d peaks obtained at the various stages
of mixing at 50-rpm rotor speed are illustrated in
Figure 10. With 1 min of mixing, the influence of

the PVC peak is still obvious. This decreases
through 2 and 3 min of mixing until it disappears
completely with 4 min of mixing. The tan d peak
obtained with 4 min of mixing shows a single
peak representing a homogeneous blend. Com-
parison of the peak here with those obtained at 7
and 9 min show that it is similar to those obtained
with longer mixing times. This indicates the ab-
sence of any observable morphological changes
after 4 min of mixing, in agreement with the
observations from microscopy.

Mixing Characteristics

So far, all evidence indicates that close relation-
ships exist between mixing characteristics (rhe-
ology), morphology, and mechanical and dynamic
mechanical properties. At 50 rpm, mechanical
properties exhibit maximum values at about 4–6
min, which coincide with the observations of the
fusion peak from torque curves, a single tan d
peak from DMA, and a single phase from mor-
phology. In short, at 50 rpm, all the various stages
of PVC fusion4,18,19,20 have been realized. An
overall picture of PVC–ENR fusion characteris-
tics can be outlined to summarize the observa-
tions. In order to highlight some salient points,
which might not be indicated by the plastograms,

Figure 8 The effect of mixing time on tear strength at
different rotor speeds for the 50 : 50 PVC–ENR blend at
150°C.

Figure 9 Tan d dependence of mixing time for the 50
: 50 PVC–ENR blend at 20 rpm and 150°C.

Figure 10 Tan d dependence of mixing time for the
50 : 50 PVC–ENR blend at 50 rpm and 150°C.
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it is better to convert the plastograms to the stan-
dard and more familiar rheological plot using the
method proposed by Das29 and also used by Nasir
and Ratnam.8 The plot of torque divided by the
angular rotor speed, which is synonymous to vis-
cosity against time, is illustrated in Figure 11.

Marked differences in mixing characteristics
between the 20 and 50 rpm emerged. At the lower
deformation rate, that is, at a rotor speed of 20
rpm, only two zones are observed, corresponding
to the loading and fusion zone, which is still in-
complete, as shown by the gradual rise in viscos-
ity. Another important feature is the difficulty in
mixing at 20 rpm, shown by the much higher
viscosity; and, subsequently, higher energy is ex-
pended, even though mixing is not as effective as
that at 50 rpm. The energy expended is indicated
by the area under the curve.13,20,30

However, at the higher deformation rate (50
rpm), a complete mixing process is attained with
the following three distinct zones: zone 1, a het-
erogeneous mixture of unfused PVC particles
with ENR (loading peak); zone 2, a multiphase
mixture with fusion and mixing (fusion zone); and
zone 3, a homogeneous phase in which fusion or
gelation has occurred and individual phases can-
not be identified (stabilization zone). Beyond zone
3, samples show imminent signs of degradation.

Estimation of Optimum Mixing Conditions

Suppose an optimum 50 : 50 PVC–ENR blend is
desired using the Brabender Plasticorder, the
combined influences of all the compounding con-
ditions, such as rotor speed, mixing temperature,
and mixing time, can be deduced from the Bra-
bender plastograms. The blending time should be
fixed somewhere after the fusion peak, while al-
lowing for homogenization just before degrada-
tion sets in. Based on an earlier report, which
considered the combined effects of rotor speed and
temperature,18 it is evident that at higher defor-
mation rates or temperature, shorter mixing
times are required to obtain blends of optimum
properties. This is shown by the presence of the
various peaks and plateaus, which appear earlier
with an increase in rotor speed or temperature.20

Suitable mixing times based on the criteria estab-
lished above were estimated from the previous
report.18 The compounding conditions so esti-
mated for the 50 : 50 blend are given in Table I.
The overall implication of considering the time
element in addition to the effects of rotor speed
and/or temperature is that it is possible to predict
optimum blend attainment by using the plasto-
gram as an indicator.

CONCLUSIONS

1. The properties of 50 : 50 PVC–ENR blends
are strongly dependent on all the com-

Figure 11 Apparent viscosity–time curves for 50 : 50
PVC–ENR blend at different rotor speeds and 150°C.

Table I Dependence of Optimum Mixing Times
on Temperature and Rotor Speed Determined
from the Respective Plastograms18

Mixing Conditions
Optimum

Mixing Time
(min)

Temperature
(°C)

Rotor Speed
(rpm)

(1) 120 50 a

130 50 9
140 50 7–9
150 50 4–6
160 50 3.5–6

(2) 150 20 a

150 30 9
150 40 7–9
150 50 4–6
150 60 3.5–6

a Beyond a 9-min period.
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pounding variables, namely, rotor speed
(shear rate), temperature, and mixing
time.

2. Evidence relating the plastogram with the
corresponding mechanical, dynamic, me-
chanical, and morphological properties
clearly illustrate the important role of mix-
ing. Correlation of a structure–property re-
lationship with mixing time and the plas-
togram can facilitate the prediction of op-
timum blend attainment by using the
plastogram as an indicator.

3. The attainment of optimum PVC–ENR
blends is not limited to any particular set
of conditions but obtainable by using ap-
propriate mixing conditions, which yields a
plastogram with a distinct fusion peak.
Thus, it is possible to fix mixing parame-
ters for optimum blend production through
a careful study of the plastograms.
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tance. Thanks are also due to our colleague Dr. M.
Nasir for his contribution.
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