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ABSTRACT: Isotactic polypropylene (iPP) and ethylene-butene (EB) copolymers were dis-
solved in supercritical propane and precipitated by rapid expansion of supercritical solution
(RESS) and isobaric crystallization from SS (ICSS). The cloud-point pressures of the
ternary solutions were found to increase as the immiscibility of PP and EB copolymer
increased (i.e., as the number of ethyl branches in the EB copolymers decreased). The RESS
process resulted in microfibers and a trace of microparticles, and the EB copolymer
domains in the blends decreased in size as the ethyl branch content in the EB copolymers
increased. The thermal stability of the copolymer domains was improved by synthesizing
thermoplastic vulcanizate (TPV) from PP and ethylene-propylene-diene terpolymer in a super-
critical propane solution followed by RESS. The ICSS process produced microcellular polymeric
foamlike materials, but the two polymers were precipitated independently by thermally in-
duced phase separation. © 2000 John Wiley & Sons, Inc. J Appl Polym Sci 77: 1478–1487, 2000

Key words: polymer blends; supercritical propane; rapid expansion of supercritical
solution; isobaric crystallization from SS; morphology

INTRODUCTION

Supercritical fluid processes have recently been
applied to polymers, resulting in unique morphol-
ogies. The new processing methods involve rapid

expansion of supercritical solution (RESS),1–6 su-
percritical antisolvent (SAS),7,8 isobaric crystalli-
zation from SS (ICSS),9,10 microcellular foam by
the critical point drying process,11,12 blends pre-
pared by supercritical carbon dioxide swelling,13

thermoplastic vulcanizate (TPV) synthesis in
SS,14 as well as other microcellular foam pro-
cesses with supercritical fluids.15,16
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The common features of these processes in-
volve dissolving or saturating a polymer in a suit-
able subcritical or supercritical fluid and then
precipitating it by triggering nucleation of the
polymer via a variety of phase separation mech-
anisms, which are controlled by adjusting process
conditions such as pressure and temperature, or
reaction in supercritical fluids. The types of mor-
phology obtained from these processes are micro-
porous fibers, microparticles, and cellular foam-
like materials.

There has been growing interest in improving
the impact strength of polypropylene (PP). Typi-
cally, PP has been blended with rubbery polymers
(e.g., ethylene-propylene copolymers) by melt
mixing.17,18 The impact strength is known to in-
crease as rubber particle size is reduced.19 The
rubber particle size can be controlled by careful
matching of the viscosity of two polymers.20 How-
ever, PP has a lower melt viscosity than ethylene
copolymers of the same molecular weight so that
selecting PP and ethylene copolymer pairs with
matching viscosity is limited and it is sometimes
inconvenient to do so. Thomann et al. studied the
melt miscibility of isotactic PP (iPP) with ethyl-
ene-butene (EB) copolymers as a function of
1-butene content to enhance the toughness of the
blends by controlling the adequate compatibility
between two polymers and reported that iPP was
melt miscible with EB copolymers for a 1-butene
content of approximately 88 wt %.21

The objectives of this study are to blend EB
copolymers and PP in supercritical propane solu-
tion and to investigate the morphology of the
polymer blends by processing the solutions via
RESS and ICSS. The approach involves measur-
ing the phase behavior of ternary solutions with a
variable volume optical batch cell and then pro-
cessing the solution directly from the batch cell
through a connecting spray unit for the RESS,
which involves the pressure quenching method.
By comparison, a thermal quenching method
(cooling the solution isobarically from the homog-

enous solution) involves crossing the solid–liquid
transition for the ICSS. The melting transitions
for the polymers resulting from each process are
analyzed with differential scanning calorimetry
(DSC). The morphological characteristics are in-
vestigated with scanning electron microscopy
(SEM). The main advantages of using supercriti-
cal fluids to process the polymers are the easy
removal of the solvent from the polymer product,
the easy recycling of the solvent, and fine control
of the polymer morphology by various phase dis-
engagement routes.

EXPERIMENTAL

Materials

The iPP was synthesized with a metallocene cat-
alyst. The EB copolymers were classified in terms
of their mole percent of butene comonomer, which
was characterized by 1H-NMR. The EB9 was syn-
thesized with a metallocene catalyst. EB23 and
EB60 were hydrogenated polybutadienes synthe-
sized with an anionic initiator in the presence of a
polar modifier to control the vinyl content.22 The
number following the EB indicates the mole frac-
tion of 1-butene in the EB copolymer. EB9 is a
semicrystalline polymer and EB23 has a trace of
crystallinity, while EB60 is an amorphous poly-
mer. Ethylene-propylene-diene (EPDM) is a sta-
tistical terpolymer, which has 70 wt % ethylene,
23–27 wt % propylene, and 3–7 wt % ethylidene
norbornene. The characteristics of the polymer
samples used in this work are summarized in
Table I. Solvent propane (99.9%) was obtained
from Matheson Gas Co., and tert-butyl peroxide
(99.4% purity) was obtained from Aldrich Chem-
ical Co. Both were used without purification.

Apparatus and Procedure

Phase transitions of the polymer solutions were
determined with a high pressure variable volume

Table I Characteristics of Polymers

Sample Mw Polydispersity
Tm

(°C)
Density at 23°C

(g/mL)

EB9 94,900 2.0 98 0.8986
EB23 87,200 1.1 46 0.8573
EB60 86,000 1.1 Amorphous 0.8648
EPDM 198,000 2.0 45 0.8940
PP 91,000 2.0 161 0.9065
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optical batch cell unit described in detail else-
where.23,24 For the cloud-point determination
(liquid–liquid transition), known amounts of two
polymers were inserted into the cell and then
charged with propane solvent at room tempera-
ture. The solution was heated above the melting
temperatures of the polymers in the preexpansion
oven and pressurized by a piston to a homoge-
neous solution while stirring. After equilibrium,
the pressure was slowly lowered under isother-
mal conditions by withdrawing the piston. The
cloud-point pressure was the pressure where the
solution became completely hazy. For the solid–
liquid transition, the solution was heated and
pressurized to a homogenous solution well above
the melting temperatures of the polymers. Then
the solution was isobarically cooled below the
crystallization temperature of the polymers until
the solution became hazy. The solid–liquid tran-
sition temperatures recorded were below the crys-
tallization temperature of the polymers that was
determined by DSC.

The high pressure optical batch cell unit was
modified by the spraying unit for the RESS pro-
cess as shown in Figure 1. The spraying unit
consisted of 1.58-mm o.d. stainless tubing with a
0.254-mm i.d. (Valco Instruments Co. Inc.), a zero
dead volume chromatographic valve (Valco In-
struments Co. Inc.), and a fused silica capillary
tube (Chrompack). The 1.58-mm o.d. tube line
was insulated and maintained at the same con-
stant temperature as the preexpansion oven tem-
perature by using heating tape and a thermocou-
ple. The fused silica capillary tube was directly

connected to the valve with the fused silica
adapter that consisted of two components: a liner
that slides over the fused silica tubing and a fer-
rule. Both of them were made of polyimide (Valco
Instruments Co. Inc.). The i.d. of the silica tube
was 75 mm, and the length of the silica tube was
approximately 2.5 cm. For the RESS experiment
of the TPV gel, 125-mm i.d. stainless tubing (Valco
Instruments Co. Inc.) was used.

In the RESS process a homogenous solution in
the cell inside the preexpansion oven was pres-
sure quenched on a time scale of microseconds,4

spraying the solution into the ambient pressure
in the postexpansion oven through a fused silica
tube. During the RESS process the polymer solu-
tion in the cell was maintained as a homogeneous
solution to keep the polymer concentration con-
stant by limiting each sampling time to less than
a few seconds. The precipitated polymers were
collected by a glassware trap in the postexpansion
oven. For the RESS process of the TPV gel a
homogenous polymer solution was crosslinked at
175°C and 650 bar for 1 h by injecting tert-butyl
peroxide through a feed line, followed by rapid
expansion of the solution at the same tempera-
ture to ambient pressure. The detailed setup and
TPV synthesis conditions were reported else-
where.14 In the ICSS process a homogeneous so-
lution above the melting point of the two poly-
mers was cooled and crystallized at a tempera-
ture below the solid–liquid transition of PP under
isobaric conditions. After the polymer precipi-
tated because of crystallization, the solvent in the
cell was slowly released to ambient pressure and
then dried. The precipitated polymer blends were
collected from the cell for further examination.
The processing paths for the RESS, ICSS, and
TPV synthesis are shown in Figure 2.

Microscopy Analysis

The morphological characteristics of precipitated
polymers were studied by scanning microscopy
(Jeol JSM-35C and JSM-6320F). Prior to the SEM
study, the samples were coated with gold–palla-
dium to a thickness of 10 nm by a sputter coater
(Hummer X, Anatech Ltd.). The PP sample was
analyzed without coating with a field emission SE
microscope at 1 kV. Phase contrast optical micros-
copy with polarizers (Leitz, Inc.) was also applied
to investigate the morphology of polymer blends
made into thin films.

DSC Analysis

The melting transition behavior of the polymers
was studied with a DS calorimeter (Seiko,

Figure 1 A schematic of a high pressure optical batch
cell and the RESS unit.
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RDC220). The sample was heated from 2110 to
200°C at a heating rate of 10°C/min. The melting
temperature was taken as the melting peak en-
dotherm in the DSC thermogram.

RESULTS AND DISCUSSION

Phase Behavior of Binary and Ternary Systems

The cloud-point pressures of the phase diagram
determine the minimum pressure required to
maintain a homogeneous polymer solution. Fig-
ures 3–5 illustrate the phase behavior of binary
and ternary polymer solutions in propane based

on this cloud-point pressure data. As the number
of ethyl branches in the EB copolymers increases,
the cloud-point pressures of EB copolymers in the
binary solutions of propane decrease and the type
of phase transition changes from upper critical
solution temperature (UCST) type behavior [i.e.,
(P/T)x , 0] to lower critical solution tempera-
ture type behavior [i.e., (P/T)x . 0]. The short
chain branching effects on the cloud-point pres-
sures of ethylene copolymers in the binary solu-
tions of propane were investigated in detail by

Figure 2 The processing paths of RESS, ICSS, and
TPV synthesis.

Figure 3 A binary and ternary pressure–tempera-
ture diagram for EB9 and propane, PP and propane,
and EB9, PP, and propane at various compositions (wt
%); S-L, solid–liquid transitions of PP.

Figure 4 A binary and ternary pressure–tempera-
ture diagram for EB23 and propane, PP and propane,
and EB23, PP, and propane at various compositions (wt
%); S-L, solid–liquid transitions of PP.

Figure 5 A binary and ternary pressure–tempera-
ture diagram for EB60 and propane, PP and propane,
and EB60, PP, and propane at various compositions (wt
%); S-L, solid–liquid transitions of PP.
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Han et al.24 In short, as the solubility parameters
of ethylene copolymers decreased, their cloud-
point pressures decreased. The solubility param-
eters of EB copolymers and PP are shown in Fig-
ure 6. The solubility parameters were calculated
from the internal pressure of the polymers using
experimental thermal expansion coefficients and
compressibility.25 As the number of short chain
branches increased in the polymers, the solubility
parameters decreased in the temperature range
of 160–200°C. The solubility parameters of a wide
range of polyolefins are summarized elsewhere.26

The cloud-point pressures of the ternary solu-
tions investigated were higher than the binary
solutions at the compositions used in the ternary
systems. This was because the two polymers were
thermodynamically immiscible, causing the mu-
tual solubility of the ternary solution to be de-
creased. The short chain branching effect also
influenced the phase behavior of the ternary sys-
tems. The cloud-point pressures of the ternary
solutions also decreased from about 650 to about
450 bar as the number of ethyl branches in-
creased in the EB copolymer in the ternary sys-
tems, then became substantially constant for

EB23 and EB60 as also seen in comparing Fig-
ures 3–5.

The solid–liquid transition of PP in the binary
solution was determined by isobaric cooling. Ini-
tially, the solution was a homogeneous solution at
170°C and 550 bar or higher. On cooling, the
solid–liquid transition occurred near 65°C, essen-
tially independent of pressure. Because the nor-
mal melting temperature of the iPP is 161°C, the
melting temperature of the PP was lowered be-
cause of the plasticization effect of excess pro-
pane. The solid–liquid transitions of ternary sys-
tems including EB23 and EB60 also showed val-
ues very close to that of the binary system of PP in
propane, suggesting that PP precipitated inde-
pendently from the solutions while EB23 and
EB60 remained in solution. It must be noted that
the ternary solution including EB9 showed a
UCST type phase behavior at 150°C or above so
that liquid–liquid phase separation occurred on
cooling before the solid–liquid transition of PP.

Morphology of Polymer Blends by RESS

Solutions of PP and EB copolymer in propane
were heated above 150°C and pressurized until
they became homogeneous. The RESS unit and
the postexpansion oven temperature were main-
tained at the same temperature as the preexpan-
sion oven. As Mawson et al.6 reported for a RESS
system of crystalline fluoropolymers in carbon di-
oxide, microfibers dominant the morphology of
resulting polymer blends when a high ratio of
length over nozzle diameter (L/D . 300) was
used. The RESS experimental conditions are
summarized in Table II for a capillary i.d. of 75
mm and L/D of 330 for the nozzle.

During the RESS process, the solutions in the
cell were maintained as one phase to keep the
polymer concentration constant by limiting the
RESS sampling time to less than a few seconds.
The actual phase separations occur in the capil-
lary nozzle in microseconds, followed by the ex-

Figure 6 Solubility parameters of the polymers be-
tween 160 and 200°C.

Table II RESS Experimental Conditions and Morphology of Polymer
Blends

Ternary Solution Composition
Tpreexpansion

(°C)
Ppreexpansion

(bar) Morphology

PP : EB9 : propane 5 5 : 1 : 94 175 700 Fibrils
PP : EB23 : propane 5 5 : 1 : 94 151 600 Fibrils
PP : EB60 : propane 5 5 : 1 : 94 175 600 Fibrils
PP : EPDM : propane 5 4 : 1 : 94 (TPV) 175 680 Fibrils
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pansion of propane because of the large pressure
drop at the tip of the nozzle. The high L/D ratio,
the processing temperatures, and high gas flow
imposed high shearing stresses on the polymer
melt, which was subsequently drawn into short
fibers. Typical examples of blended fibers pro-
duced by the RESS process are presented in Fig-
ure 7. The diameter of the fibers ranged from
approximately 10–50 mm. The surface of the fi-
bers showed oriented microfibrils in the direction
of shear flow, which again suggested the orienta-
tion of polymer chains in the capillary nozzle by
the shearing action.

The microfibers were melted between two glass
slides at 190°C for 2.5 min to form a film and
cooled to ambient temperature to study the bulk
phase morphology. Figure 8 illustrates the phase
morphology of the RESS-process polymer blends

via phase contrast optical microscopy. The poly-
mer blends were phase separated and the domain
sizes of the minor EB copolymer decreased in the
blends as the concentration of ethyl branches in-
creased, suggesting better miscibility of the two
polymers. The DSC thermograms in Figures 9–11

Figure 7 Surface morphologies of blended fibers by
the RESS process: (a) PP : EB9 5 5 : 1, (b) PP : EB23
5 5 : 1, and (c) PP : EB60 5 5 : 1.

Figure 8 Phase morphologies of polymer blends by
the RESS process after annealing in a 190°C oven for
2.5 min: (a) PP : EB9 5 5 : 1 and (b) PP : EB60 5 5 : 1.

Figure 9 DSC thermograms of polymer blends by the
RESS process: (a) PP, (b) EB9, and (c) PP : EB9 5 5 : 1.
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showed slight depressions of PP melting peaks in
the blends after film formation, suggesting lim-
ited mixing. The thermal transitions of minor
components in the blends were also evident in the
DSC thermograms, suggesting that phase sepa-
ration by thermodynamic immiscibility was still
dominating the process. The portion of miscible
EB copolymers in iPP is calculated from the melt-
ing point depression relationship27 expressed by

1/Tf 2 1/Tf
0 5 ~R/DHf!XB (1)

XB 5 ~1/Tf 2 1/Tf
0!~DHf /R! (2)

where Tf, Tf
0, R, DHf, and XB are the melting

point of the polymer, the melting point of the pure
crystalline polymer, the gas constant, the heat of
melting transition, and a mole fraction of the
impurity (i.e., the part of the EB copolymer mis-
cible with PP). The melting-point depression cal-
culations suggest that at most 0.1–0.2 mol % of
the EB copolymers was dissolved in the crystal-
line portion of the iPP after the RESS experi-
ments.

Thermal stability of RESS-process blends was
examined by annealing a blend sample at 190°C.
Figure 12 shows the coarsening of EB23 domains
after aging at 190°C for 2.5 versus 5 min. Al-
though EB copolymer domain sizes can be re-
duced by blending PP with EB copolymer with a
high ethyl branch content, thermodynamic im-
miscibility between the two polymers leads to
phase separation, eventually resulting in larger
domains in the blends. To improve the thermal

Figure 10 DSC thermograms of polymer blends by
the RESS process: (a) PP, (b) EB23, and (c) PP : EB23
5 5 : 1.

Figure 11 DSC thermograms of polymer blends by
the RESS process: (a) PP, (b) EB60, and (c) PP : EB60
5 5 : 1.

Figure 12 Phase morphologies of polymer blends (PP
: EB23 5 5 : 1) by the RESS process after annealing in
a 190°C oven for (a) 2.5 or (b) 5 min.
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stability of the EB copolymer domains, TPV from
PP and EPDM was synthesized in supercritical
propane, followed by RESS. The TPV gel solution
also produced microfibers very similar to other
blends by the RESS process. The RESS-processed
TPV did not show any significant coarsening of
rubbery EPDM domains after aging at 190°C for
30 min because of the crosslinking of rubbery
domains as in Figure 13.

Morphology of Polymer Blends by ICSS

The ICSS conditions are summarized in Table III.
The ICSS process produced the microcellular
foamy morphology as shown in Figure 14. The
microcellular foam consists of porous micro-
spheres in the range of 10–50 mm. This microcel-
lular foamy structure can be explained by the
following mechanism. Initially, the PP in the ho-
mogeneous SS starts to form nuclei as the system
is thermally induced to crystallize by cooling be-
low the solid–liquid transition. Then the EB poly-
mers precipitate as the isobaric cooling continues.
The solvent propane plasticized the microspheres
and they were welded together by coalescence.
The evaporation of the propane at the final step
resulted in microcellular foams as shown in the
Figure 14. EB9 appeared as a coating of micro-
particles on top of the PP foam. EB23 partially
covered the PP foam, and EB60 nearly completely
covered the surface of the PP foam. These electron
micrographs suggest that the PP precipitated
first during the ICSS process and was followed by
the precipitation of EB copolymers on the final
reduction of the pressure. The EB9 resulted in
powdery flakes because of its crystallinity, while
other EB copolymers were viscous because they
were nearly amorphous or amorphous. The mor-
phology of pure iPP is shown in Figure 15. The
pore radii of PP microspheres range from approx-
imately 50–100 nm. Whaley et al.28 recently
showed that the microspheres consist of a dense
core and dendritic porous structures. In impor-
tant ways, the microspheres resemble prototype
spherulites. It is likely that the lamellae grow
outward, resulting in the porous structure.

CONCLUSIONS

The mixing of short chain branched EB copoly-
mers and iPP in supercritical propane solutions

Figure 13 Phase morphologies of TPV (PP : EPDM
5 4 : 1) by the RESS process after annealing in a 190°C
oven for (a) 5 or (b) 30 min.

Table III ICSS Experimental Conditions and Morphology of Polymer Blends

Ternary Solution Composition
Tinitial

(°C)
Pinitial

(bar)
TICSS

(°C)
PICSS

(bar) Morphology

PP : EB9 : propane 5 5 : 1 : 94 175 700 55 700
Powdery coating on

cellular foam

PP : EB23 : propane 5 5 : 1 : 94 175 600 60 600
Partial layer coating on

cellular foam

PP : EB60 : propane 5 5 : 1 : 94 175 600 55 600
Complete layer coating

on cellular foam
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produced strong effects on the cloud-point pres-
sures of these materials in binary and ternary
solutions. The cloud-point pressures of ternary
solutions were higher than the corresponding bi-
nary solutions of the same concentration and in-
creased as the ethyl branch fraction in the EB
copolymers decreased.

The RESS process resulted in 10–60 mm diam-
eter microfibers. The phase domain sizes of EB
copolymers in the blends from the RESS process
decreased as the content of ethyl branches in the
EB copolymers increased. According to the DSC
study, the melting temperatures of EB copoly-

mers and PP were changed only modestly, indi-
cating only a slight thermodynamic miscibility of
the two polymers. The RESS-processed TPV
showed reduced domain growth of rubbery do-
mains due to the crosslinking of EPDM. The ICSS
process resulted in microcellular polymeric
foams, which were phase separated. Each poly-
mer was precipitated independently by the ther-
mally induced phase separation.

Figure 15 Surface morphologies of iPP by the ICSS
process (10 wt % solution at 25°C and 500 bar): (a)
microspheres, (b) the interface between microspheres,
and (c) the porous surface of the microsphere.

Figure 14 Surface morphologies of polymer blends by
the ICSS process: (a) PP : EB9 5 5 : 1, (b) PP : EB23 5 5
: 1, and (c) PP : EB60 5 5 : 1.
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