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SYNOPSIS

To investigate the correlation of viscosity-morphology-compatibility of polymer blends,
polystyrene, polybutadiene, and styrene /butadiene triblock copolymer were selected as our
materials. A capillary rheometer was used to measure the viscosity. All samples were blended
by a two-roll mill, a Brabender, or by the solution casting method. The morphologies of
extruded samples from the capillary were observed by SEM. The relation between the
viscosity and the composition of the blend changes with shear rate. It was found that the
better the compatability between the two phases of the blend the smaller is the disperse
phase domain. The viscosity of polyblends is related to the compatability and composition
of the two phase in this blend. In the present study, the rheological behavior of polyblends
is explained from the viewpoints of morphology and compatability. © 1993 John Wiley &

Sons, Inc.

INTRODUCTION

Polymer blends are of growing industrial impor-
tance. To optimize the commercial operation, the
rheology of polyblend systems must be known. The
rheological properties of blends may depend heavily
on the mutual compatibility and morphology in the
molten states of the parent polymers.

Blends of polystyrene (PS) and butadiene (BR)
show two distinct glass transition temperatures cor-
responding to the PS phase and the BR phase, re-
spectively.! This indicates that PS and BR are im-
miscible.? However, some miscibility® between the
PS phase and the BR phase were observed for blends
of PS and styrene-butadiene-styrene (SBS). There
are chemical bondings between styrene and buta-
diene blocks existing in SBS, and PS can be well
mixed with the styrene block of SBS. Similarly, for
the BR/SBS blends, there exists some degree of
miscibility between the PS and BR phases. For the
miscibility of polyblends, Kim and Burns* measured
the glass transition temperatures, melt tempera-
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tures, crystallization temperatures, and the specific
heat increment (ACp) of PS/BR blends to study
the miscibility of PS and BR. Runt® discussed the
miscibility of polyblends through the measurements
of Tp,.

For the morphology of polyblends, Han® illus-
trated that the morphology of the polyblend will af-
fect the rheological behavior of the multiphase sys-
tem. Aggarwal and Livigni® discussed the morphol-
ogy and mechanical property of the PS/SBS blends.
Plochocki” stated that the viscosity and elasticity
of polyblends would show maximum or minimum at
particular rheology compositions (PRC). The par-
ticular rheology composition is caused by phase in-
version,® flow separation,® and formation of complex
particles.!® According to the thermodynamic theory
by Oene,!! the phase change will induce the change
of melt elasticity. Kulezner!? discovered that the
domain size of the disperse phase approached min-
imum, as the viscosity ratio of the two phases ap-
proached unity. For the two phases of polyblends,
the phenomena of droplet deformation and break
up were investigated by Wu.!® It was found that the
interfacial tension and viscosity ratio would influ-
ence the size of the dispersed domain. Sperling et
al.' studied the relationships among the phase con-
tinuity, viscosity ratio, and volume fraction of two-
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phase system. It was pointed out that the cocontin-
uous phase will form if the viscosity ratio equals the
volume ratio of the two phases.

In the present study, the correlation of viscosity,
morphology, and compatability for an immiscible
system (PS/BR blend), partially miscible system
(PS/SBS and BR/SBS), and total miscible system
(SBR random copolymer) were investigated.

EXPERIMENT

Materials

The materials used in this study were as follows:
(1) polystyrene (PS), M, = 520,000; (2) polybu-
tadiene (BR), M, = 550,000; (3) styrene-buta-
diene-styrene copolymer (SBS), M, = 300,000,
with 30 wt % styrene and 70 wt % butadiene; and
(4) styrene-butadiene-rubber (SBR), M,
= 530,000, with 23.5 wt % styrene and 76.5 wt %

butadiene.

Preparation of the Blends

Compositions of all blends are given in Table I. In
each column of Table I, the styrene/butadiene
weight ratio in all blends are identical. For example,
in the first column, the PS/BR blend with weight
ratio 80/20 and the PS/SBS blend with weight ratio
71/29 are of the same weight ratios of styrene (ST')
to butadiene (BD) (i.e., 80 wt % styrene and 20 wt
% butadiene).

All blends were prepared in a two-roll mill with
a surface temperature of 145°C, roller speed of 10
rpm, and mixing time of ca. 20 min. In addition, two
blends of the PS/SBS system with 71/29 and 43/
57 weight fractions and all blends of the PS/BR
system were prepared by a Brabender with an op-
eration condition of 200°C and 20 rpm for about 15
min. The PS/SBS system with a 14 /86 weight frac-
tion and all blends of the BR /SBS system were also

TableI Weight Ratios of the Two Components
in the Blends

ST/BD
80/20 60/40 40/60 20/80 23.5/76.5
PS/BR  80/20 60/40 40/60 20/80 23.5/76.5
PS/SBS  71/29 43/57 14/86
BR/SBS 33/67  22/78

ST: styrene; BD: butadiene.

prepared by the solution-casting method, with tol-
uene as solvent.

Measurement of Viscosity

The viscosities of PS, BR, SBS, and their blends in
the shear rate range of 5-1152 s ! at 200 and 220°C
were determined by a capillary rheometer. The cap-
illary die with 1 mm inside diameter and an L/D
ratio of 30 was used in the measurement.

Morphology

The extrudates from the capillary rheometer at a
shear rate of 11.52 s™! were freeze-fractured and
their morphologies were observed with a scanning
electron microscope. The sample for SEM analysis
was etched with a solution that was prepared with
200 mL H2804, 65 mL H3PO4, 63 mL HQO, and 10
g CrO;. Etching was performed with samples being
soaked in the solution for 3-10 min. The BR on the
surface of the sample was extracted by the solution.
The samples were then rinsed with H,O and
C,H;OH and coated with gold before SEM analysis.

RESULTS AND DISCUSSION

The viscosity curves for blends of PS/BR, PS/SBS,
and BR/SBS at 200°C are shown in Figures 1-3,
respectively. It can be seen that, for both PS/BR
and PS/SBS blends, the viscosity decreases with
increasing content of PS. For the BR/SBS blend,
the effect of composition on viscosity is quite small.
To observe how the viscosity varies with the blend-
ing ratio, the viscosity data have been plotted vs.
composition at constant shear rate (Figs. 4-6).
According to Utracki,!® the viscosity curves of
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Figure 1 Viscosity vs. shear rate for PS/BR blends.
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Figure 2 Viscosity vs. shear rate for PS/SBS blends.

polymer blends can be divided into three groups
corresponding to the positive, negative, and mixed
deviations of viscosity from the log-additivity rule.
Since the viscosity variations are quite small in the
present study, we plot the viscosity data with a nor-
mal scale instead of a log scale. The viscosity curves
are compared using the additivity rule instead of the
log-additivity rule. It is found from Figure 4 that
the viscosity curves of the PS/BR blends exhibit
negative deviation from the additivity rule. This may
be attributed to the fact that styrene and butadiene
are dissimilar in structure; there is little interaction
between them. It is well established that negative
deviation occurs when the interaction between the
two phases of the blend is small, and positive de-
viation occurs when the interaction is large.

SBS is a triblock copolymer with styrene blocks
at two ends and BR in the middle. There are chem-
ical bondings between the PS and BR phases. When
PS and SBS are blended, PS will mix with the sty-
rene blocks of SBS. Hence, the interaction between
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Figure 3 Viscosity vs. shear rate for BR/SBS blends.
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Figure 4 Melt viscosity vs. blend composition for PS/

BR blends at 200°C at various apparent shear rates
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the PS and BR phases in the PS/SBS blend is due
mainly to the chemical bondings existing in the SBS.
From Figure 5, when the PS /SBS ratio is small, due
to the chemical bondings existing in SBS, the in-
teractions between the PS and BR phases are strong.
The viscosity curves are, therefore, of positive de-
viation. When the PS/SBS ratio is large, the inter-
actions between the PS and BR phases become
small. The viscosity curve exhibits negative devia-
tion. This is demonstrated in Figure 5 for low shear
rates. At high shear rates, the viscosities of both
pure PS and pure SBS decrease and the variations
in the viscosity become small. Therefore, the vis-
cosity approaches the additivity rule. This is evi-
denced in Figures 4-6. The positive-negative devia-
tion from the additivity rule for the BR/SBS blends
are not so profound as for the PS/SBS blend (Fig.
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6). This is due to the fact that the BR is more dif-
ficult to be mixed with the BR blocks since the BR
blocks are terminated on each end by the domain
of rigid PS.

The composition of PS/SBS and BR/SBS poly-
blends can be expressed in weight ratios of styrene
(ST) and butadiene (BD) as shown in Table 1. The
viscosities of the three polyblends vs. the weight
fractions of BD are shown in Figure 7. At low shear
rate (e.q. 23.04 s!), the viscosity values of the PS/
BR blends are always smaller than those of the PS/
SBS and BR/SBS blends. This is consistent with
the previous observation that due to the chemical
bondings existing in SBS the interactions between
the PS and BR phases are strong for PS/SBS and
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Figure 7 Melt viscosity vs. the weight fraction of BD
for PS/BR, PS/SBS, and BR/SBS at 200°C at shear
rates of 23.04 and 460.8 (1/s).

BR/SBS blends and are rather weak for PS/BR
blends.

SBR was a random copolymer of styrene and bu-
tadiene, with 23.5 wt % styrene and 76.5 wt % bu-
tadiene. If we assume that the two components, PS
and BR, in the copolymer are completely miscible,
then the viscosity of SBR may be predicted by a
simple mixing rule as follows:

nser = Wpgnips + Warisr (1)

where 75gpr is the predicted viscosity of SBR from
mixing rule; Wpg and Wgg, the weight fractions of
PS (23.56 wt %) and BR (76.5 wt %); and 5ps and
ner, the measured viscosities of PS and BR.

The viscosity values calculated by eq. (1) at 220°C
are plotted in Figure 8, along with the measured
ones. It can be seen that the applicability of eq. (1)
to the copolymer SBR is quite satisfactory.

Figure 9 gives the SEM micrographs of the ex-
trudates of both the PS/SBS and PS/BR blends
(ST/BD = 80/20) obtained from the capillary
rheometer. The white areas represent the PS phase
and the dark ones represent the BR phase, which
had been removed by the etching solution. It is seen
in Figure 9 that the morphology of the PS/BR blend
is quite different from that of the PS/SBS blend.
No discrete droplets are seen in the PS/SBS blend;
the PS and BR phases appear to be interlocked. For
the PS/BR blend, however, the BR phase is dis-
persed in the PS phase. According to Han,® the in-
terlocked morphology of the PS/SBS blend makes
the mixture more resistant to flow because of the
relatively strong interactions between the PS and
BR phases.
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Figure 8 Comparison of viscosity values of SBR at
220°C calculated by mixing rule to the measured values.
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(b)

Figure 9 SEM photomicrographs (X2000) of etched fractured surface for (a) PS/SBS
extrudate with weight ratio of PS/SBS = 71/29 and (b) PS/BR extrudate with weight
ratio of PS/BR = 80/20 [blended by a two-roll mill, 200°C, and 11.52 (1/s) in a Rheometer].

The morphologies of the extrudates of PS/BR
and BR/SBS blends (ST/BD = 20/80) are pre-
sented in Figure 10. It is seen that for both blends
the styrene component forms the dispersed phase,
but the states of dispersions are quite different. The
styrene phase of the BR/SBS blend is more uni-
formly dispersed than that of the PS/BR blend, and
the droplet size of the BR/SBS blend is much
smaller than that of the PS/BR blend. From the
study of Wu,®? it is known that the stronger the
interactions between the two phases are, the smaller
the droplet size is.

To study the effect of the blending method on
the morphology and the viscosity of the blend, the
SEM micrographs and the viscosity data of the PS/

BR and BR/SBS blends, prepared by a two-roll mill,
a Brabender, and by the solution-casting method,
are examined. The SEM micrographs of the blends
are shown in Figures 11 and 12. From Figure 11, it
is found that the domain size of the disperse phase
of the PS/BR blend prepared by a Brabender is
smaller than that prepared by a two-roll mill. This
can be attributed to the fact that more efficient
blending is achieved in the Brabender due to the
high shear stress. However, the difference in mor-
phology is not profound enough to affect the vis-
cosity of the PS/BR blend. From Figure 12, uniform
dispersions are observed for the BR/SBS blend,
prepared both by a two-roll mill and by the solution-
casting method. There is no significant difference

(b)

Figure 10 SEM photomicrographs (X5000) of etched fractured surface for (a) PS/BR
extrudate with weight ratio of PS/BR = 20/80 and (b) BR/SBS extrudate with weight
ratio of BR/SBS = 33 /67 [blended by a two-roll mill, 200°C, and 11.52 (1/s) in a Rheome-

ter].
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Figure 11 SEM photomicrographs (X2000) of etched fractured surface for PS/BR ex-
trudate with weight ratio of 60/40 (a) blended by a two-roll mill and (b) blended by a
Brabender [200°C and 11.52 (1/s) in a Rheometer].

in the morphology and the viscosity curves are al-
most the same for the blends prepared by the two
different methods.

CONCLUSION

In this work, the correlation of viscosity-morphol-
ogy—compatability of polymer blends was investi-
gated. From our observations, the viscosity of a
polyblend is influenced by the composition, viscosity
ratio between components, interfacial interaction,
and morphology.

For the PS/BR blend, the interaction between
the PS and BR phases is weak; the viscosity—com-

position curve exhibits negative deviation. For the
SEM micrographs, both dispersed and continuous
phases are observed. The domain size of dispersion
for the PS/BR blend is quite large as compared with
that for the PS/SBS and BR/SBS blends. For these
two blends, the interactions between the PS and BR
phases are due mainly to the chemical bondings ex-
isting in the SBS and the viscosity—composition
curves are S-shaped. The two phases in the PS/
SBS blend appear to be interlocked. In the BR/
SBS blend, the domain size of dispersed phase (i.e.,
the styrene phase) is uniform and small.

Although the blending methods have some effect
on the morphology of the blends due to the difference
in the extent of mixing, the effect on the viscosity
curve is insignificant.

(a)

(b)

Figure 12 SEM photomicrographs (X2000) of etched fractured surface for BR/SBS
extrudate with weight ratio of 33/67 (a) blended by a two-roll mill and (b) blended by
solution casting [200°C and 11.52 (1/s) in a Rheometer].



VISCOSITY-MORPHOLOGY-COMPATIBILITY OF BLENDS

REFERENCES

1. S. G. Turley, J. Polym. Sci. Part C, 1, 101 (1963).

2. S. Krause, J. Macromol. Sci.-Rev. Macromol. Chem.,

C7(2), 251 (1972).

]

17, 498 (1977).

4. W. N. Kim and C. M. Burns, J. Appl. Polym. Sci.,

32, 2989 (1986).
. J. P. Runt, Macromolecules, 14, 420 (1981).

o

Academic Press, New York, 1981.
. A. P. Plochocki, Polym. Eng. Sci., 23, 618 (1983).

© =1

. S. L. Aggarwal and R. A. Livigni, Polym. Eng. Sci.,

. C. D. Han, Multiphase Flow in Polymer Processing,

. G. N. Avgeropoulos, F. C. Weissert, P. H. Biddison,

10.

11.
12.

13.
14.

15

1797

and G. G. A. Boehm, Rubber Chem. Technol., 49, 93
(1976).

. R. Giuffria, R. O. Carhart, and D. A. Davis, J. Appl.

Polym. Sci., 7, 1731 (1963).

D. R. Paul and S. Newman, Polymer Blends, Academic
Press, New York 1978, Vol. 1, p. 295.

H. V. Oene, J. Colloid Interface Sci., 40, 448 (1982).
V. N. Kulezner, Polymer Mixture, Khimya, Moscow,
1980 (in Russian).

S. Wu, Polym. Eng. Sci., 27, 335 (1987).

G. M. Jordhamo, J. A. Manson, and L. H. Sperling,
Polym. Eng. Sci., 26, 517 (1986).

. L. A. Utracki, Polym. Eng. Sci., 23, 602 (1983).

Received October 15, 1992
Accepted December 21, 1992





