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Introduction. Achieving compatibilization of im-
miscible polymer blends has been a long-standing
academic and technological challenge.l™® Interest in
compatibilization arises because synergistic properties
may result when dispersed-phase particle sizes are
maintained within a certain size range, usually on the
order of 1 um. As a result, a common definition for a
compatibilized blend is one in which the average
dispersed-phase domain size is stable to coarsening
upon high-temperature annealing, also called static
coarsening.t

The most commonly studied method for compatibi-
lizing blends involves addition of premade block/graft
copolymersé~13 which may reduce interfacial tension at
polymer—polymer interfaces'# and provide steric hin-
drance to coalescence®® during coarsening of the dis-
persed-phase structure that accompanies melt process-
ing. This approach has severe limitations related to
thermodynamics, kinetics, and availability. When added
to blends, block copolymers typically phase separate into
micelles with very low critical micelle concentrations,16-18
leaving few copolymers free to migrate to interfaces, and
that migration is slow because of the low diffusivity of
copolymers in melts. Also, block copolymers appropriate
for compatibilization are commercially available in few
compositions, limiting the blends considered as practical
targets for compatibilization. As a result, a recent review
stated that “no polymer blend compatibilized by addition
of low levels of premade block/graft copolymers has been
commercialized.”> A second approach has employed
reactive compatibilization in which reactions between
functionalized polymers vyield interfacial block/graft
copolymers. While compatibilization has been achieved
by this method,1516.19-25 condensation-type functional-
group reactions are chemically controlled rather than
diffusion-controlled, leading to typically low reaction
rate parameters at melt process conditions and limiting
the application of this approach. The low reaction rates
and necessity to modify addition-type polymers with
functional groups have yielded a limited number of
commercial, compatibilized blends made by this method.2

Here we demonstrate that immiscible blend compati-
bilization may be obtained via a novel, continuous
process called solid-state shear pulverization.?6-29 By
processing in the solid state rather than in the melt,
pulverization eliminates the thermodynamic and kinetic
stumbling blocks associated with conventional melt
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processing that often limit the efficiency and intimacy
of mixing that can be achieved in immiscible polymer
blends. In particular, we demonstrate for several im-
miscible blends that the number-average dispersed-
phase diameter, Dy, of copulverized blends is stable to
long-term, high-temperature annealing while coales-
cence of the dispersed phase is present during annealing
of blends processed by twin-screw extrusion. The origin
of the compatibilization achieved via pulverization,
related to in-situ block copolymer formation, is also
briefly discussed. (A complementary study has shown
that interpolymer radical coupling leading to block
copolymer formation can occur during pulverization of
immiscible blends.30:31)

Experimental Section. Two polystyrene (PS) samples
were used as the matrix phase: PS101 (M, = 101 000,
My, = 273 000, Aldrich) and PS106 (M,, = 106 000, M,y
= 256 000, BASF PS158K). The dispersed phase was
poly(methyl methacrylate) (PMMA) (M,, ~ 120 000,
Aldrich) or high-density polyethylene (HDPE) (Equistar
Petrothene LM6007, melt flow index = 0.8 g/10 min).
Blends (PS101/PMMA, PS106/HDPE) were copulverized
using a Berstorff pulverizer operating at a screw speed
of 200 rpm, with temperatures maintained below the
melt or glass transitions of the components and one of
two screw configurations (screw “A” and screw “B”) that
imposed varying degrees of shear/pressure to the ma-
terials. (Further information regarding pulverization,
including description of equipment, is given in refs 26—
29.) Blends were also produced via melt mixing using a
Berstorff corotating twin-screw extruder (200 rpm, melt
temperature of 215 °C).

Annealing of samples was done using lzod impact
bars (0.32 cm thick) injected molded from powder made
by pulverization or from pellets produced by melt mixing
via twin-screw extrusion. Bars were fitted into a mold
covered with aluminum foil and metal plates in a
compression press maintained at 190 °C for 10, 60, 120,
240, or 480 min.32 A Hitachi S3500N scanning electron
microscope (SEM), with a 10 kV accelerating voltage,
was used to observe blend morphology. SEM samples
were prepared by fracturing the bars perpendicular to
the flow direction; the fracture surface was coated with
a 3.5 nm layer of gold (Cressington 208HR high-
resolution coater) in order to minimize sample charging
effects due to the electron beam. D,, was determined by
characterizing 140—950 particles per sample using
Scion Image Beta 4.0.2 image analysis software. Gel
permeation chromatography (GPC), calibrated with
monodisperse PS standards and tetrahydrofuran as
solvent, was used to characterize molecular weight
(MW).

Results and Discussion. Figure 1 compares the
morphology observed for 90/10 wt % PS106/HDPE
blends processed via twin-screw extrusion or pulveriza-
tion and annealed at 190 °C for 0, 240, or 480 min. The
unannealed, melt-mixed sample exhibits a fine disper-
sion of HDPE particles with D, of 0.9 um. However,
there is a major increase in D, with increasing anneal-
ing time. In contrast, with the PS106/HDPE blend made
via pulverization using screw B, D, remains stable to
annealing at a value of 1.0—1.1 um.

Figure 2 quantifies the impact of annealing on Dy, in
the 90/10 wt % PS106/HDPE blends. For the blend made
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Figure 1. SEM comparison of a 90/10 wt % PS/HDPE blend
prepared by melt mixing via twin-screw extrusion and an-
nealed at 190 °C for (a) 0, (b) 240, and (c) 480 min with the
same blend prepared by solid-state shear pulverization (screw
B) and annealed at 190 °C for (d) 0, (e) 240, and (f) 480 min.
Size bar = 3.0 um in all micrographs. (Note: size bar is
substantially reduced with annealing for melt-mixed blends
but is invariant with annealing for copulverized blends.)
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Figure 2. Effect of annealing time at 190 °C on D, for a 90/
10 wt % PS/HDPE blend prepared via (a) melt mixing by twin-
screw extrusion, (<) pulverization (screw A), and (O) pulveri-
zation (screw B).

by twin-screw extrusion, D, grows from 0.9 to 2.9 um
after an 8 h anneal. The data between 60 and 480 min
show Dy growing roughly as t13, where t is annealing
time, expected for coarsening by coalescence and/or
Ostwald ripening.3334 At shorter annealing times, the
growth rate is less than t3, which may be due in part
to the finite time needed to achieve a 190 °C tempera-
ture in the bars used in the annealing studies. (Ther-
mocouple placement in the sample holder indicated that
~3 min is needed to achieve thermal equilibration.) In
contrast, little or no coarsening was observed in the
copulverized blends. For the blend made with screw A,
at most only a small increase in D, from ~1.3 to ~1.6
um is observed in the first 10 min of annealing after
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Figure 3. SEM comparison of a 70/30 wt % PS/PMMA
copulverized blend that was annealed at 190 °C for (a) 0 and
(b) 240 min and of an 80/20 wt % PS/HDPE copulverized blend

that was annealed for 190 °C for (c) 0 and (d) 240 min. Size
bar = 3.0 um in each micrograph.

Table 1. Effect of Annealing Time on D, for PS/PMMA
and PS/HDPE Pulverized Blends

system anneal time (min) Dn (um)

70/30 wt % PS/PMMA 0 1.8
10 2.0

60 21

120 2.0

240 2.0

80/20 wt % PS/HDPE 0 3.8
10 35

60 3.9

120 3.8

240 3.6

which there is little or no growth in D,. For the
copulverized blend made using screw B (a higher shear
screw design) the initial D, value is slightly reduced
compared with the sample made using screw A and
remains constant at 1.0—1.1 um at all annealing times,
indicating achievement of a fully compatibilized blend.

Figure 3 and Table 1 provide details regarding the
achievement of compatibilization via pulverization using
higher dispersed-phase content blends: 70/30 wt %
PS101/PMMA (using screw A) and 80/20 wt % PS106/
HDPE (using screw B). For both blends, Dy, is essentially
constant (maximum variation of ~15%) over a 4 h
anneal at 190 °C.%5> The compatibilization shown in
Figure 3 and quantified in Table 13° is not observed in
blends produced by twin-screw extrusion in which Dy
grows over a 4 h anneal by factors of 4.0 and 4.3 in the
PS101/PMMA and PS106/HDPE blends, respectively.
These results underscore the utility of pulverization in
yielding compatibilization even at high dispersed-phase
contents where fast coalescence rates may be otherwise
expected. They also show that compatibilization can be
achieved via pulverization over a range of D, values;
the pulverized 80/20 wt % PS106/HDPE blend has a D,
value almost a factor of 4 greater than the 90/10 wt %
blend made with the same screw, but both systems are
compatibilized.

Compatibilization of copulverized blends originates
from in-situ block copolymer formation. While the
blends studied here are not designed to prove in-situ
block copolymer synthesis, another study®° has been
done on a moderate MW PS/very high MW PMMA
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system with labels originally on the PS chains. After
pulverization, labels were found via fluorescence-detec-
tion GPC to be attached to very high MW chains. This
can occur via chain scission during pulverization fol-
lowed by radical—radical combination leading to block
copolymer formation at interfaces or in regions of
interpolymer mixing. Chain scission, a prerequisite for
in-situ block copolymer formation, was found in the
PS106/HDPE pulverized blends. In the 80/20 wt %
blend, copulverization with screw A (screw B) reduced
the PS M, and My, by 20% (33%) and 38% (49%),
respectively; in the 90/10 wt % blend, coppulverization
with screw A (screw B) reduced the PS M,, and My, by
33% (43%) and 46% (48%), respectively. Almost no
scission occurred in extruded blends. (It must be noted
that there was no cross-linking of PS in the pulverized
PS/HDPE or PS/PMMA blends; pulverized PS blends
from this and previous studies yield complete PS dis-
solution in appropriate solvents.26:27.30.36-39 Thys, cross-
linking of PS, which has been reported after exposure
to radiation*® or intense, batch mechanical milling,**
cannot explain the stabilization of dispersed-phase
domain size to static annealing observed in immiscible
PS blends processed via solid-state shear pulveriza-
tion.*?)

The very small growth in D, achieved at short
annealing time in the 90/10 wt % PS106/HDPE pulver-
ized blend (Figure 2, screw A) and in the 70/30 wt %
PS101/PMMA blend (Figure 3 and Table 1, screw A)
may be rationalized to result from a small fraction of
initial particles having insufficient interfacial block
copolymer to be stable to coalescence.®®> Upon coales-
cence with another particle, the level of interfacial block
copolymer may be sufficient to prevent further coales-
cence. This is consistent with comments by Macosko and
co-workers,% who noted that compatibilization requires
only that blend interfaces have enough copolymer to
provide sufficient steric hindrance to prevent coales-
cence.

Besides investigating further how process parameters
and blend composition affect the ability of solid-state
shear pulverization to achieve blend compatibilization36
via in-situ block copolymer formation,3° the relative
abilities of pulverization and twin-screw extrusion to
achieve particular dispersed-phase domain sizes are also
under study.3738 Comparison with other methods for
achieving compatibilization via in-situ radical—radical
recombination reactions yielding block copolymers, as
may occur in sonication,*344 batch mechanical alloy-
ing,*145-48 and a novel process*®%0 using melt mixing of
polymers made by nitroxide-mediated controlled radical
polymerization, is underway.
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