ELSEVIER

Available onlline at www.sciencedirect.com
“.” ScienceDirect

Polymer 47 (2006) 6773—6781

polymer

www.elsevier.com/locate/polymer

Achievement of quasi-nanostructured polymer blends by solid-state shear
pulverization and compatibilization by gradient copolymer addition

Ying Tao ?, Jungki Kim ?, John M. Torkelson **

& Department of Chemical and Biological Engineering, Northwestern University, 2145 Sheridan Road, Evanston, IL 60208-3120, USA
b Department of Materials Science and Engineering, Northwestern University, 2145 Sheridan Road, Evanston, IL 60208-3120, USA

Received 8 June 2006; received in revised form 20 July 2006; accepted 21 July 2006
Available online 14 August 2006

Abstract

Nanoblends, in which dispersed-phase domains exhibit length scales of order 100 nm or less, are made using a continuous, industrially scal-
able, mechanical process called solid-state shear pulverization (SSSP). An 80/20 wt% polystyrene (PS)/poly(methyl methacrylate) (PMMA)
blend processed by SSSP and consolidated by platen pressing, without melt processing, exhibits a quasi-nanostructured morphology with
many irregular, minor-phase domain sizes of ~ 100 nm or less. After short-residence-time single-screw extrusion, the pulverized blend exhibits
spherical dispersed-phase domains with a number-average diameter of 155 nm. Thus, SSSP followed by certain melt-processing operations
can yield nanoblends. However, the pulverized blend exhibits significant coarsening of the dispersed-phase domains during long-term, high-
temperature static annealing, indicating that SSSP followed by other melt processes may yield microstructured blends. In order to suppress
coarsening, a styrene (S)/methyl methacrylate (MMA) gradient copolymer is synthesized by controlled radical polymerization. When 5 wt%
S/MMA gradient copolymer is added to the PS/PMMA blend during SSSP, the resulting blend exhibits a nanostructure nearly identical to
that of the blend without gradient copolymer, and coarsening is nearly totally suppressed during long-term, high-temperature static annealing.
Thus, SSSP with gradient copolymer addition can yield compatibilized nanoblends. Morphologies obtained in the pulverized PS/PMMA
nanoblend are compared with those in blends of PS/poly(n-butyl methacrylate) and PS/high-density polyethylene made using identical SSSP

conditions, providing for commentary on the ability of SSSP to produce nanostructured blends as a function of blend components.

© 2006 Published by Elsevier Ltd.

Keywords: Nanoblend; Solid-state shear pulverization; Gradient copolymers

1. Introduction

The achievement of nanostructured blends of thermoplastic
polymers, which are often called nanoblends, is of recent grow-
ing interest [1—23] because these materials have the potential
for enhanced properties (e.g., transparency, heat resistance,
creep resistance, etc.) in comparison with conventional immis-
cible polymer blends with average dispersed-phase sizes on the
micron scale. Many of the previous studies have emphasized
nanoblend production, i.e., the production of an immiscible
blend in which one of more of the phase domains is of order
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100 nm or less in length scale, via in situ polymerization of
one monomer in the presence of another polymer or by reactive
blending [2,6,8,11—13,18—20,22]. For example, Alam et al.
[22] prepared quasi-nanostructured blends by in situ ring-
opening polymerization of macrocyclic carbonates in the pres-
ence of a maleic anhydride-modified polypropylene matrix.
Also, Leibler and co-workers [8,20] have produced co-
continuous nanostructured polyethylene/polyamide blends by
reactive melt blending in which irregular graft copolymers
were made in situ.

Here we limit our focus to the production of nanostructured
blends with processes that rely neither on in situ polymeriza-
tion nor on reactive blending. One option is the production of
nanoblends via melt processing, e.g., extrusion. However,
there are limitations regarding the dispersed-phase domain
size that may be achieved in blends with conventional melt
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processes. When an immiscible blend consisting of major and
minor phases is melt mixed, the dispersed-phase polymer pel-
lets or flakes are generally first deformed into sheets; this may
be followed by the formation of filaments which subsequently
break into droplets and are then further deformed and broken
into smaller domains. The droplet breakup is repeated until the
interfacial stress of the dispersed domains can withstand the
stress of the imposed flow. Competing with dispersed-phase
droplet breakup is droplet coalescence (or, more correctly,
coarsening if both coalescence and Ostwald ripening effects
are present) in which two droplets combine to form one larger
droplet with a net reduction in interfacial area. Coalescence is
a major stumbling block associated with the melt-state produc-
tion of immiscible polymer blends with small dispersed-phase
domains. As a result, many different strategies have been in-
vestigated in an attempt to suppress coalescence and thereby
compatibilize polymer blends [24]. In certain cases, addition
of large levels of block copolymer (e.g., 15—30 wt% sty-
rene/ethylene—butylene/styrene) to a blend with a low level
of a dispersed phase (90/10 wt% polystyrene/ethylene—pro-
pylene rubber) has allowed the production of immiscible
blends with dispersed-phase domains having average diame-
ters of 300—400 nm [25]. A full description of morphological
development during liquid-state processing of polymer blends
is beyond the scope of this manuscript; relevant discussion
may be found in Refs. [26—34].

Shimizu et al. [21] have recently demonstrated that nano-
blends can be made by melt-state processing without the use
of added block copolymer. They employed an innovative,
unconventional high-shear extruder with an extremely small
length-to-diameter ratio of 1.78 and shear rates exceeding
1000 s~ '. The unusually high-shear rates associated with their
apparatus, which are an order of magnitude greater than those
using conventional extruders, yielded sub-100 nm diameters of
dispersed-phase polyamide 11 in poly(vinylidene fluoride).

We have chosen to investigate the production of nanoblends
via a solid-state processing method that relies neither on in situ
polymerization nor on reactive blending. A number of solid-
state or mechanical processing methods have been investigated
for the production of immiscible polymer blends, including
ball milling [4,5,35—38] and pan milling [39]. A disadvantage
of these approaches is that they are batch processes. Here we
employ solid-state shear pulverization (SSSP), a continuous,
industrially scalable process that involves the use of equipment
resembling a modified twin-screw extruder but with process-
ing at room temperature or below. During SSSP, the polymer
is exposed to high compressive and shearing forces, resulting
in repeated fragmentation and fusion of the material and lead-
ing to dispersion. The SSSP process has been used previously
to produce microscale polymer blends [40—48], which in
some cases have been compatibilized by in situ production
of block copolymer [44,45] or by the addition of block copol-
ymer to the blend during SSSP [47].

Here we demonstrate that a nanostructured morphology
can be achieved by SSSP of an 80/20 wt% polystyrene (PS)/
poly(methyl methacrylate) (PMMA) blend. Nanostructured
morphologies are present in the SSSP output, which is a powdery

particulate, and when the SSSP output is melt processed by
short-residence-time single-screw extrusion. While both the
SSSP output and the extruder output of the pulverized blend
are nanostructured, the SSSP output exhibits irregular, non-
spherical dispersed domains with some indication of co-
continuity while the extruder output exhibits largely spherical,
dispersed nanodomains. We also demonstrate that compatibi-
lized PS/PMMA nanoblends, in which coalescence is suppressed
even during long-term high-temperature annealing, can be pro-
duced by the addition of 5 wt% styrene (S)/methyl methacrylate
(MMA) gradient copolymer to the blend during SSSP. Gradient
copolymers, which are made by simple, inexpensive controlled
radical polymerization (CRP), are a novel class of polymers that
have a composition gradient along the chain length [49—57] and
are expected to have much higher critical micelle concentrations
and better interfacial properties than block copolymers [58—60]
that are added to blends. We have recently shown that gradient
copolymers are highly effective in compatibilizing microstruc-
tured polymer blends when added at low levels to blends during
melt mixing [53,55]. Finally, by comparing morphologies ob-
tained in PS/PMMA, PS/poly(n-butyl methacrylate) (PnBMA)
and PS/high-density polyethylene (HDPE) blends using con-
stant SSSP process conditions, we comment on the possible
effects of polymer properties on the achievement of nanostruc-
tures in a broad range of blends via SSSP.

2. Experimental
2.1. Materials

Polystyrene was from BASF (polystyrol pellets; M, =
116,000 g/mol, M, = 280,000 g/mol, determined by gel per-
meation chromatography (GPC; Waters Breeze) relative to
PS standards). Poly(methyl methacrylate) was from Atohaas
(pellets; M, = 54,000 g/mol, My, = 100,000 g/mol, determined
by GPC using universal calibration in conjunction with PS
standards in tetrahydrofuran (THF)). Poly(n-butyl methacry-
late) was from Aldrich (powder; M,, = 337,000 as reported
by the supplier). Styrene and MMA were from Aldrich and
were deinihibited using inhibitor remover (Aldrich) and dried
over CaH, before use. The unimolecular initiator alkoxyamine
29 (2,2,5-trimethyl-3-(1-phenylethoxy)-4-phenyl-3-azahexane)
[61], the same as that synthesized in Ref. [53], was used in
synthesizing S/MMA gradient copolymer.

2.2. Synthesis and characterization of SIMMA gradient
copolymer

A semi-batch, nitroxide-mediated CRP of S and MMA was
employed for the S/MMA gradient copolymer synthesis. In
around bottom flask, S (70 ml; 0.61 mol) was combined with al-
koxyamine 29 (4.8 x 10> mol/l), and the flask was sealed using
a rubber septum. A needle was inserted to blow dry N into the
reaction flask. Following a 30 min N, purge, polymerization
was started by placing the flask in an oil bath (93 °C) while a sy-
ringe pump was delivering MMA into the reaction flask (flow
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rates of MMA: 10 ml/h for the initial 3 h, 15 ml/h for the middle
3 h, and 20 ml/h for the last 3 h). Aliquots (~ 0.5 ml) of the re-
action mixture were collected every 2 h during polymerization
and precipitated into methanol in order to analyze the apparent
molecular weight and cumulative styrene mole fraction (Fg) in
each copolymer. The semi-batch copolymerization was per-
formed for 9 h under N, atmosphere, and the resulting S/
MMA gradient copolymer was washed via several cycles of dis-
solution in THF and precipitation into excess methanol. The
powdery copolymer was isolated by filtering and dried at
room temperature for a day followed by drying under vacuum
at 70—80 °C for a second day.

The relative integral values from "H NMR spectra (Varian
Inova 500 MHz; CDCl;) corresponding to benzyl H’s (SH
from styrene; 6.2—7.2 ppm) and to all other H’s (3H from sty-
rene and 8H from methyl methacrylate; 0.6—3.6 ppm) were
analyzed to determine Fg of each intermediate aliquot and
the final S/MMA gradient copolymer (SgradMMA). The ‘ap-
parent’ molecular weight (relative to the calibration using PS
standards in THF) of each intermediate and final copolymer
was obtained from GPC.

2.3. Processing

The PS/PMMA, PS/PMMA/SgradMMA, and PS/PnBMA
blends were initially dry blended and then processed by SSSP
using a Berstorff PT-25 twin-screw pulverizer with a screw di-
ameter of 25 mm and a length-to-diameter ratio of 26.5. Details
on the pulverizer and associated chiller unit can be found in
Refs. [42,62]. All pulverization was done with the ethylene gly-
col/water mix used for coolant maintained at a temperature of
—7°C and a screw speed of 300 rpm. The screw design con-
sisted of conveying elements immediately below the hopper,
two bi-lobe elements (conventional mixing elements used in
twin-screw extrusion), more conveying elements, and seven
tri-lobe elements (referred to pulverization elements) just prior
to output. Both bi-lobe and tri-lobe elements can be described as
forward, reverse (providing back flow), or neutral. The two bi-
lobe elements were forward elements, while the tri-lobe ele-
ments consisted of four forward, two neutral, and one reverse.

Pulverized PS/PMMA, PS/PMMA/SgradMMA, and PS/
PnBMA blends were then consolidated by short-residence-
time single-screw extrusion (Randcastle Extrusion Systems,
Inc. RC 0625; die temperature =200 °C). These blends were
also subjected to static high-temperature annealing at 190 °C
for 10 and 60 min using a differential scanning calorimeter
(Mettler-Toledo DSC 822e). For purposes of comparison, PS/
PMMA and PS/PnBMA blends were also made by melt mixing
in a cup and rotor mixer (Atlas Polymer Evaluation Products
LMM Laboratory Mixing Molder) at 210 °C for 10 min. In order
to optimize mixing efficiency, three steel balls were added to the
cup prior to mixing, following the protocol in Ref. [63].

2.4. Sample preparation and morphological analysis

Both PS/PMMA and PS/PnBMA pulverized outputs, which
were in the form of powders, were cold pressed using a platen

press (Farrel 100 ton Hydraulic Laboratory Press) at room
temperature to form sample disks. For the purposes of scan-
ning electron microscopy (SEM), samples were fractured by
cutting sample disks in liquid N, using razor blades. Acetic
acid was used to wash away the PMMA phase in the fractured
surface of a PS/PMMA blend. 2-Propanol was used to wash
away the PnBMA phase in the fractured surface of a PS/
PnBMA blend. The fractured surfaces were then coated with
a ~3.5-nm layer of gold using a Cressington 208HR high-
resolution coater in order to minimize sample charging effects
due to the electron beam. In order to characterize the blends
with nanostructured morphologies, a high-resolution field-
emission scanning electron microscope (Hitachi S4500 equip-
ped with a cold field-emission gun) was employed with a 2 kV
accelerating voltage. A conventional scanning electron micro-
scope (Hitachi S3500) equipped with a thermal emission gun
was used to observe microstructured morphologies. Scion Im-
age Beta 4.0.2 image analysis software was used to determine
the number-average dispersed-phase diameter, D, from the
calculation of the area of ~300 particles.

2.5. Molecular weight characterization of pulverized
PS/PMMA blend

The M, and M,, values of each polymer were characterized
by GPC relative to PS standards in THF. In order to measure
the molecular weight of PS in a pulverized PS/PMMA blend,
a dilute solution of the blend in THF was injected into the
GPC. An ultraviolet absorbance detector with wavelength set
at 254 nm was employed because PS absorbs strongly and
PMMA absorbs negligibly at that wavelength. In order to mea-
sure the molecular weight of PMMA in a pulverized PS/
PMMA blend, the PMMA was first extracted from the blend
by use of acetic acid, in which PMMA is soluble and PS is
totally insoluble. A dilute solution of the recovered PMMA
in THF was injected into the GPC, with detection of the
PMMA by refractive index.

3. Results and discussion

Fig. 1 compares the morphologies of 80/20 wt% PS/PMMA
blends prepared by SSSP with those prepared by melt mixing
in a minimax mixer (with three steel balls added to the mixer
in order to optimize mixing as described in Ref. [63]). The
pulverized blend resulted in a powdery particulate product
that was subjected to room-temperature pressing via a platen
press to form a fully consolidated sample. Thus, the sample
shown in Fig. la was not subjected to any processing above
the glass transition temperatures (7,s) of the polymers consti-
tuting the blend. As a result, an unusual morphology for
a blend is obtained in the pulverized sample, which involves
a 3D irregular structure with some indications of co-continuity.
When the blend is glassy, the dispersed-phase PMMA domains
are not impacted by interfacial tension effects; thus, it is rea-
sonable for such an irregular morphology to be achieved after
the numerous repeated fragmentation and fusion steps in-
volved in SSSP. In contrast, the blend made by melt mixing
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Fig. 1. Scanning electron micrographs of an 80/20 wt% PS/PMMA blend
prepared via (a) SSSP followed by platen pressing without melt processing
and then extraction of PMMA by acetic acid (size bar =500 nm), and (b)
melt mixing in a minimax mixer with three steel balls and then extraction
of PMMA by acetic acid (size bar = 6 um).

exhibits spherical dispersed-phase domains; this is due to the
impact of interfacial tension in melt-state materials leading
to dispersed-phase domains of minimal interfacial area.

Another striking difference between the blends made by
SSSP and by melt mixing is the size of the dispersed-phase do-
mains. Most of the dispersed-phase domain sizes observed in
the melt-mixed blend are ~ 1 pm, which is a common length
scale for dispersed-phase domains in PS/PMMA blends made
by melt mixing [53,64,65]. However, in the case of the PS/
PMMA blend made by SSSP, the dispersed-phase PMMA do-
main sizes are ~ 100 nm, an order of magnitude smaller than
those obtained in the melt-mixed samples. The production of
nanostructured blends or nanoblends via SSSP is significantly
associated with the fact that SSSP eliminates key limitations
associated with melt mixing of blends, such as interfacial ten-
sion effects and mismatched viscosities. Thus, if the many re-
peated fragmentation and fusion steps associated with SSSP
occur under appropriate conditions for a particular polymer
blend, it is possible for SSSP to yield dramatically improved
dispersion of a minor polymer phase in a major polymer phase
as compared with melt mixing.

Because final products made from thermoplastic blends
generally involve a melt-processing stage, a concern associ-
ated with the production of nanoblends by SSSP is whether
the nanoscale dispersed phase is maintained during melt pro-
cessing. Comparison of Figs. 1a and 2a shows how the nano-
structure obtained in the 80/20 wt% PS/PMMA blend made by

Fig. 2. Scanning electron micrographs of 80/20 wt% PS/PMMA blends
prepared via SSSP followed by (a) single-screw melt extrusion (size
bar =500 nm), (b) single-screw melt extrusion and static annealing at
190 °C for 10 min (size bar =1 pum), and (c) single-screw melt extrusion
and static annealing at 190 °C for 60 min (size bar =2 pm). In each case,
PMMA was extracted using acetic acid.
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SSSP is modified by processing in a short-residence-time
single-screw extruder with a 200 °C die temperature. After
single-screw extrusion, the vast majority of the PMMA dis-
persed-phase domains are observed to have 50—200 nm diam-
eters, and image analysis of the dispersed-phase particles
yields a number-average dispersed-phase domain diameter,
D,, of 155 nm (estimated error of +10 nm). (We note that
the etching technique employed in the present study involving
the washing away of the PMMA dispersed phase by acetic
acid does not necessarily allow the determination of the pres-
ence of PMMA dispersed-phase domains with length scales of
20—30 nm or less. This is due to an interfacial PS/PMMA
layer formed around the PMMA dispersed phase during melt
extrusion; this PS/PMMA interfacial layer has a thickness of
~5nm at equilibrium [66]. Because acetic acid is not ex-
pected to dissolve away the interfacial regions in which PS
is present, the etching technique is thus limited in its ability
to reveal the presence of very small nanodomains in the
blend.) While it is not possible to calculate accurate D,, values
for the highly irregularly shaped minor-phase domains in
the pulverized blend never subjected to melt processing
(Fig. 1a), it appears that there is little growth in the average
domain size during the single-screw melt extrusion of the pul-
verized blend (Fig. 2a). However, because interfacial tension
effects are operative during melt extrusion, after melt process-
ing of the pulverized blend the dispersed-phase domains are
largely spherical (Fig. 2a), and there is a loss of the somewhat
interconnected nature of the minor phase observed in the
pulverized blend (Fig. 1a).

Fig. 2a—c illustrates how the morphology of the blend sub-
jected to SSSP followed by short-residence-time single-screw
extrusion is affected by high-temperature static annealing. After
10 min annealing at 190 °C, the majority of the dispersed-
phase domains have diameters in the range of 300—1000 nm.
After 60 min annealing at 190 °C, image analysis of several
hundred dispersed-phase domains indicates that D,, = 1.17 pm,
which is a factor of 7—8 times larger than the value of D,
observed prior to high-temperature static annealing. Thus,
while SSSP can be used to produce nanoblends that remain
as nanoblends during short-residence-time melt processing,
the nanostructured morphology may not be maintained during
long-residence-time melt processing allowing for the possibil-
ity of significant coarsening.

However, if it is possible to compatibilize the blend during
SSSP without significantly affecting the nanostructure devel-
opment during pulverization, it may then be possible to pro-
duce nanoblends via SSSP that maintain nanostructured
morphologies during any melt processing to which they are
subjected. Previous works by Lebovitz et al. [44,45] have
shown that under certain circumstances SSSP can be used to
achieve in situ compatibilization of immiscible polymer
blends. The SSSP screw design and pulverization conditions
(feed rate, screw rotation rate, and screw temperatures) need
to be optimized so that both measurable levels of chain scis-
sion and sufficiently long-residence times in the pulverizer
can be achieved, as both are prerequisites for interpolymer
radical coupling reactions leading to block copolymer

formation at blend interfaces [45]. With the screw design
and pulverization conditions employed in the current study,
the pulverized PS/PMMA blend exhibited relatively little
chain scission. This is evident from Table 1 which shows the
molecular weight averages of the PS and the PMMA in the
blends before and after SSSP. Based on the reduction in M,
values after being subjected to SSSP, ~10% of the PS chains
and ~30% of the PMMA chains underwent scission during
SSSP. The combination of the relatively short-residence-time
associated with the SSSP screw design and the modest level
of polymer radical formation during SSSP (caused by chain
scission accompanying SSSP) is apparently insufficient to
yield in situ blend compatibilization.

Recently, we demonstrated that compatibilization of a 90/
10 wt% PS/HDPE blend could be achieved by the addition of
a commercially available styrene/ethylene—butylene/styrene
(SEBS) triblock copolymer to the blend during SSSP [47].
(Without the addition of a triblock copolymer as a compatibiliz-
ing agent, the 90/10 wt% PS/HDPE blend exhibited significant
coarsening during high-temperature static annealing; the coars-
ening was nearly eliminated in the blend produced by the addi-
tion of 5 wt% SEBS.) Since S/MMA block copolymers are not
commercially available (at prices that justify their use in blend
processing), we have chosen to use S/MMA gradient copoly-
mers as compatibilizers that can be added to our blend during
SSSP. We have recently synthesized S/MMA gradient copoly-
mers using nitroxide-mediated controlled radical polymeriza-
tion, and we have shown that gradient copolymers can serve
as highly effective compatibilizers of microstructured PS/
PMMA blends made by melt mixing [53].

The S/MMA gradient copolymer employed in the current
study has an apparent M, of 102,000 g/mol and has 55 mol%
S and 45 mol% MMA. The proof of the composition gradient
in the gradient copolymer is provided in Fig. 3, where the
cumulative styrene mole fraction in the gradient copolymer is
observed to decrease as a function of apparent normalized chain
length. (The apparent normalized chain length is determined by
the ratio of the apparent M,, of the copolymer recovered from
a sample aliquot taken at a specific time during the synthesis
of the full gradient copolymer to the apparent M,, of the full
gradient copolymer.)

Fig. 4 shows the effect of the addition of 5 wt% S/MMA
gradient copolymer to the PS/PMMA blend. The micrographs
are of blends that were made by SSSP (with gradient copoly-
mer added during SSSP) and then melt processed by short-
residence-time single-screw melt extrusion (Fig. 4a) followed
by high-temperature static annealing (Fig. 4b and c). Image

Table 1
Molecular weight averages of PS and PMMA before SSSP and after SSSP of
an 80/20 wt% PS/PMMA blend

PS before PS after blending PMMA before PMMA after
SSSP via SSSP SSSP blending via
SSSP
M, (g/mol) 116,000 105,000 54,000 41,000
M,, (g/mol) 280,000 273,000 100,000 79,000
PDI 2.4 2.6 1.9 1.9
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Fig. 3. Cumulative styrene mole fraction (Fs) of S/MMA gradient copolymer
as a function of normalized chain length achieved during the synthesis. The
evolution of Fg as a function of apparent normalized chain length is proof
of the composition gradient achieved along the copolymer chain length.

analysis of several hundred dispersed-phase domains reveals
prior to static annealing D, =180 nm (estimated error of
410 nm); this is within ~15% of the value of D, obtained
in the blend lacking gradient copolymer that was subjected
to SSSP followed by single-screw extrusion. Thus, the addi-
tion of S/MMA gradient copolymer to the PS/PMMA blend
during SSSP does little to affect the quasi-nanoscale disper-
sion achieved in the blend.

However, the addition of the gradient copolymer has a major
effect on the coarsening that occurs during high-temperature
static annealing. Image analysis of several hundred dispersed-
phase domains reveals that D,=245nm (£10nm) after
60 min static annealing at 190 °C, a 36% increase in D,, due to
coarsening that accompanied annealing. In contrast, in the blend
made without added gradient copolymer, there was a ~650%
increase in D,, due to coarsening that accompanied annealing
for 60 min at 190 °C. Thus, the addition of gradient copolymer
to the blend during SSSP results in strong suppression of
coarsening.

This effect may be quantified by comparing the values of
the coarsening rate parameter, K, associated with the following
equation [67—69]:

D;(r) = D;(0) + Kt (1)

where ¢ is annealing time. (We note that our K value differs from
that described by Crist and Nesarikar [67] by a factor of 8 due to
the fact that our equation involves the cube of the average diam-
eter while their equation involved the cube of the average
radius.) Eq. (1) is valid whether the coarsening mechanism is
coalescence, Ostwald ripening, or some combination of the
two mechanisms. Assuming the simplest of pictures (Brownian
motion only) responsible for coarsening by coalescence [67], K
is proportional to the quantity Tf/n, where T is the absolute

- - d

(a)

. ey -8

. P
Fig. 4. Scanning electron micrographs of an 80/20 wt% PS/PMMA blend with
5 wt% S/MMA gradient copolymer added during SSSP and then subjected to
(a) single-screw melt extrusion, (b) single-screw melt extrusion and static an-
nealing at 190 °C for 10 min, and (c) single-screw melt extrusion and anneal-

ing at 190 °C for 60 min. In each case, PMMA was extracted using acetic acid,
and the size bar = 500 nm.

temperature, f is the volume fraction of the dispersed phase,
and 7 is the matrix viscosity. Assuming the simplest of pictures
responsible for coarsening by Ostwald ripening [67], K is pro-
portional to the quantity Dy /T, where D is the molecular diffu-
sion coefficient of the dispersed-phase polymer through the
matrix polymer and 7 is the interfacial energy between the
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two phases. Analysis of our experimental data using Eq. (1) re-
veals that K = 2.7 x 10~ 2 um*/min in the blends without gradi-
ent copolymer, while K = 1.5 x 10~* pm*/min in the blends
with 5 wt% gradient copolymer. Thus, the addition of gradient
copolymer to the blend during SSSP results in a coarsening rate
constant that is a factor of 180 smaller than that for the blend
made without gradient copolymer. This outcome is somewhat
better than the result obtained by Kim et al. [53] upon the addi-
tion of SMMA gradient to a PS/PMMA blend during melt mix-
ing; in that case the coarsening rate constant for the blend with
the added gradient copolymer was reduced by a factor of 110 as
compared with the blend made without gradient copolymer.
Thus, not only is gradient copolymer a highly effective blend
compatibilizer, but the use of SSSP as a means of dispersing
the gradient copolymer with a goal of achieving blend compa-
tibilization can be as effective if not more so than the use of melt
mixing. This means that after processing by SSSP a sufficient
quantity of the gradient copolymer is at or near the blend
interfaces to yield compatibilization.

In order to determine the effect of polymer material charac-
teristics on the ability of SSSP to yield nanostructured blend
morphologies, we also pulverized two other blend systems,
PS/PnBMA and PS/HDPE, using exactly the same SSSP screw
design, screw speed, and pulverization temperatures employed
for the PS/PMMA blends described above. Fig. 5a and b com-
pares the morphologies of 85/15 wt% PS/PnBMA blends
made by SSSP (sample experienced room-temperature platen
pressing but no melt processing before scanning electron mi-
croscopy) and by melt mixing in a minimax mixer with three
steel balls. Fig. 5c and d compares the morphologies of 70/
30 wt% PS/PnBMA blends made by SSSP (sample experi-
enced room-temperature platen pressing but no melt process-
ing before scanning electron microscopy) and by melt
mixing in a minimax mixer with three steel balls. The mor-
phologies developed in the 85/15 wt% and 70/30 wt% blends
made by SSSP have similarly sized and irregularly shaped
dispersed-phase domains. These dispersed-phase domains,
with many having length scales in the range of 300—400 nm,
are somewhat larger than those observed in the PS/PMMA
blends and thereby disallow the classification of these systems
as nanoblends (or blends near the nanoscale border). The ab-
sence of a significant dependence of the dispersed-phase do-
main size on the level of minor phase in the blends made by
SSSP was previously reported by Lebovitz et al. [46] in a study
of PS/polyethylene (PE) wax blends (with the PE level varying
from 1 to 15 wt%). Smith et al. [36] also observed that the
length scale of the dispersed phase in blends of poly(ethyl-
ene-alt-propylene) or polyisoprene with PMMA was largely
unaffected by the blend composition when the blends were
made by cryogenic ball milling.

In contrast, the 85/15 wt% and 70/30 wt% PS/PnBMA
blends made by melt mixing yield much larger dispersed-
phase domain sizes than the blends made by SSSP and also
exhibit a significant increase in domain size with an increasing
level of the minor phase. The increase in domain size with
minor-phase content is attributable to the presence of coales-
cence and Ostwald ripening during the melt mixing; both

Fig. 5. Scanning electron micrographs of 85/15 wt% PS/PnBMA blends pre-
pared via (a) SSSP followed by platen pressing without melt processing,
and (b) melt mixing in a minimax mixer with three steel balls. Scanning elec-
tron micrographs of 70/30 wt% PS/PnBMA blends prepared via (c) SSSP fol-
lowed by platen pressing without melt processing, and (d) melt mixing in
a minimax mixer with three steel balls. In (a)—(d), PnBMA was extracted
with isopropanol, and the size bar =2 pm.
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coarsening mechanisms will yield larger dispersed-phase
domains with increasing dispersed-phase content. As neither
coarsening mechanism is present during solid-state processing,
there is no significant change in dispersed-phase domain size
with minor-phase content during SSSP or cryogenic ball mill-
ing of blends.

The results of the 90/10 wt% PS/HDPE blend system were
previously reported in Ref. [47]. The microstructure of the PS/
HDPE blend system was evaluated by taking the output of the
pulverized blend and melt processing it via a short-residence-
time single-screw melt extruder. The D,(0) value obtained in
that case was 490 nm [47], small by the standards of conven-
tionally produced, microscale blends but beyond the size scale
associated with nanoblends.

Thus, it is apparent that there are significant differences in
the length scale associated with the dispersed phase of PS/
PMMA, PS/PnBMA, and PS/HDPE blends when they are pro-
cessed via SSSP using identical screw designs, screw speeds,
and temperatures. Why is it that a certain set of SSSP condi-
tions yield a PS/PMMA blend that can be classified either
as a nanoblend or a blend near the nanoscale border
(D,(0) = 155 nm for an 80/20 wt% PS/PMMA blend without
gradient copolymer and D,(0) =180 nm for an 80/20 wt%
PS/PMMA blend with gradient copolymer) while pulveriza-
tion of PS/PnBMA and PS/HDPE blends under identical
conditions yields blends with D,, values of 300—500 nm? At
present, we do not have a definitive answer. However, we
hypothesize that the nanoscale dispersion achieved in the PS/
PMMA blend is attributable in part to the fact that both blend
components are deep in the glassy state during pulverization,
which may result in a finer dispersion during the repeated frag-
mentation and fusion steps accompanying SSSP. In contrast, in
the other two blends, the dispersed phase is either close to its
T, during SSSP (in the case of PnBMA, T, = ~15 °C) or is in
a semi-crystalline state with a rubbery amorphous phase dur-
ing SSSP (in the case of HDPE, its T, is below 0 °C while
its melt transition temperature is well in excess of 100 °C).

Greater study of this issue will be undertaken in the near
future. This will involve the study of morphology in other
glassy/glassy blends, glassy/near-T, blends, and glassy/semi-
crystalline blends made by SSSP. The roles of SSSP process
parameters, including screw design, screw speed, and temper-
ature at various locations along the pulverizer screw, in achiev-
ing nanoscale blends will also be investigated.

4. Conclusions

A new process method is demonstrated for achieving nano-
structured polymer blends. This approach is based on solid-
state shear pulverization, which yields a fine dispersion of
a minor phase in a major phase due to repeated fragmentation
and fusion steps within the pulverizer; this solid-state process
eliminates certain limitations to the production of nanoblends
by melt-state processes, e.g., interfacial tension effects leading
to coarsening or coalescence. When an 80/20 wt% PS/PMMA
blend is made by SSSP, the morphology of the SSSP output is
characterized by consolidating the sample by platen pressing

(without any melt-state processing) followed by extraction
of the PMMA phase and field-emission scanning electron
microscopy. This blend exhibits many irregular, minor-phase
domains with length scales of ~ 100 nm or less. When the pul-
verized blend is subjected to short-residence-time single-
screw extrusion, the resulting nanoblend exhibits spherical
dispersed-phase domains with D, =155 nm. Thus, SSSP
followed by short-residence-time melt-processing operations
can yield products that are nanostructured blends.

However, upon exposure to long-term, high-temperature
static annealing, the pulverized blend exhibits significant
coarsening of the dispersed-phase domains, meaning that
SSSP followed by other melt processes may yield microstruc-
tured blends. In order to arrest coarsening, an S/MMA gradient
copolymer is synthesized by controlled radical polymerization.
When 5 wt% gradient copolymer is added to the PS/PMMA
blend during SSSP, the result is a compatibilized nanoblend
which exhibits a nanostructure nearly identical to that of the
blend without gradient copolymer but with a nearly total sup-
pression of coarsening during high-temperature annealing.
Thus, compatibilized nanoblends can be achieved by SSSP
combined with gradient copolymer addition. This is one of
the first, if not the first, industrially scalable approaches to yield
compatibilized, thermoplastic nanoblends that do not rely on in
situ polymerization or reactive processing. The morphology of
the PS/PMMA blends is also compared to those obtained in
other blends subjected to identical SSSP conditions, allowing
for commentary on the potential impact of blend components
in achieving nanoblend morphologies.
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