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ABSTRACT: When polymer blends are foamed by phys-
ical foaming agents, such as CO, or N,, not only the mor-
phology and viscosity of the blend polymers but also the
solubility and diffusivity of the physical foaming agents in
the polymers determine the cellular structure: closed cell or
open cell and monomodal or bimodal. The foam of poly(eth-
ylene glycol) (PEG)/polystyrene (PS) blends shows a unique
bimodal (large and small) cellular structure, in which the
large-size cells embrace a PEG particle. Depending on the
foaming condition, the average size of the large cells ranges
from 40 to 500 wm, whereas that of small cells becomes less
than 20 um, which is smaller than that of neat PS foams. The
formation mechanism of the cellular structure has been in-
vestigated from the viewpoint of the morphology and vis-
cosity of the blend polymer and the mass-transfer rate of the
physical foaming agent in each polymer phase. The solubil-

ity and diffusivity of CO,, which determine the mass-trans-
fer rate of CO, from the matrix to the bubbles, were mea-
sured by a gravimetric measurement, that is, a magnetic
suspension balance. The solubility and diffusivity of CO, in
PS differed from those in PEG: the diffusion coefficient of
CO, in PEG at 110°C was 3.36 X 10~? m?/s, and that in PS
was 2.38 X 107'° m*/s. Henry’s constant in PEG was 5600
cm® (STP)/ (kg MPa) at 110°C, and that in PS was 3100 cm®
(STP)/(kg MPa). These differences in the transport proper-
ties, morphology of the blend, and CO,-induced viscosity
depression are the control factors for creating the unique
cellular structure in PEG/PS blends. © 2005 Wiley Periodicals,
Inc. J Appl Polym Sci 97: 1899-1906, 2005
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INTRODUCTION

Polymers are often blended to create new functions,
which each polymer alone cannot express, or to com-
pensate for the weakness in the mechanical properties
of each polymer. In polymeric foaming also, polymer
blends are often used to create fine cell structures.'™

Recently, environmental concern has led the plastic
foaming industries to investigate a technology with
environmentally benign foaming agents, such as CO,
and N,. Therefore, research on the foaming of blend
polymers with CO, has become important.

Foaming occurs by the dissolution of CO, into a
molten polymer under high pressure and then the
release of the pressure or an increase in the tempera-
ture to liberate the dissolved CO,. Doroudiani et al.*
studied the foaming of high-density polyethylene
(HDPE)/isotactic polypropylene (PP) blends. They
found that a fine cellular structure could be created in
the blend polymer by choosing a suitable temperature,
whereas little or no foaming took place in each neat
polymer. Rachtanapun et al.” studied the foaming of
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HDPE/PP blends and reported that the foaming ratio
was increased by blending. Lee et al.° foamed 80/20
low-density polyethylene (LDPE)/polystyrene (PS)
blends with CO, by an extruder and mentioned that
the resulting cellular structure of the LDPE/PS blends
was not changed from that of the pure polymers.
Siripurapu et al.” investigated PS/poly(vinylidene flu-
oride) (PVDF) and poly(methyl methacrylate)
(PMMA)/PVDF blends for foaming to expand the
operating windows and concluded that blending PS
with PVDF was not suitable for foaming because of
immiscibility, whereas PMMA/PVDF could be
foamed at various operating conditions. In those stud-
ies, the intent of the blending was to expand the
operating window of foaming conditions and to create
a uniform and fine cellular structure. Krause et al.®
studied a polysulfone/polyimide blend to make an
open cell structure by foaming with CO,. They suc-
cessfully created the open cell structure; however,
they could not obtain clear insight into the formation
mechanism of the open cell structure in the blends.
When polymer blends are foamed, the cellular
structure is determined not only by the morphology
and viscosity of the blend polymers but also by the
solubility and diffusivity of the physical foaming
agent in the polymers. Therefore, there is a strong
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TABLE 1
Weight Fractions of the Blend Samples
PS100 PEG10/PS90  PEG25/PS75  PEG40/PS60
PEG 0 10 25 40
PS 100 90 75 60

possibility of creating various cell structures by the
blending of polymers. In this study, poly(ethylene
glycol) (PEG)/PS blends were foamed by CO,. The
foam of the PEG/PS blends showed a unique bimodal
cellular structure, in which PEG particles were em-
braced in larger cells, whereas the average size of the
smaller cells became smaller than that created by the
foaming of PS alone at the same temperature and
pressure conditions. The mechanism of foaming such
a unique cellular structure of PEG/PS was investi-
gated from the viewpoint of the transport properties
of CO, and the viscosity and morphology of the blend.

EXPERIMENTAL
Materials

PS with a weight-average molecular weight of 3.21
X 10° was obtained from Idemitsu Petrochemical Co.,
Ltd. (Chiba, Japan). PEG with a weight-average mo-
lecular weight of 4 X 10° was purchased from Wako
Pure Chemical Industries, Ltd. (Osaka, Japan). A twin-
screw extruder (TSEl6mm, Prism, Staffordshire, UK)
was used to blend PEG with PS at different weight
fractions at the screw rotating speed of 300 rpm. The
weight fractions of the blends and their abbreviations
are listed in Table I. CO, (Kyoto Teisan, Kyoto, Japan;
99.9% pure) was used as a physical foaming agent.
The glass-transition temperature or melting temper-
ature of each sample was measured with a differential
scanning calorimeter (Pyris 1, PerkinElmer, Wellesley,
MA) at the rate of 10°C/min above room temperature.
The resulting melting and glass-transition tempera-
tures of the neat polymer samples are listed in Table II.

Measurements of the solubility and diffusivity

Physical polymeric foaming can be divided into four
processes: (1) the dissolution of the physical foaming
agent into the polymer, (2) bubble nucleation in the
polymer, (3) bubble growth, and (4) bubble coales-
cence and stabilization. The mass-transfer properties
of the foaming agent in the polymer, that is, the solu-
bility and the diffusivity of CO, in the polymer, are the
key parameters in all four processes and determine the
final cell structure. We used a magnetic suspension
balance (MSB; Rubotherm and Bel Japan, Osaka, Ja-
pan) to measure the solubility and diffusivity of CO,
in the polymer. When CO, dissolves in the polymer,
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the weight of the polymer increases because of the
weight of dissolved CO,. Thus, weighing the polymer
in pressurized CO, allows us to determine the solu-
bility and diffusion coefficient of CO,. The MSB makes
it possible to weigh samples under high-pressure and
temperature environments without the balance being
held in the environments. The measurement scheme is
detailed elsewhere.” When CO, dissolves in the poly-
mer, it swells the polymer. Because the buoyancy
caused by the swelling affects the solubility measure-
ments, the specific volume of the polymer/CO, mix-
ture should be estimated accurately to obtain the true
transport properties. The specific volume at a given
temperature and a pressure can be calculated with the
Sanchez-Lacombe equation of state (S-L EOS) and a
mixing rule with a binary interaction parameter.'®'!
The characteristic parameters of S-L EOS of each poly-
mer were determined from pressure-volume-temper-
ature data and/or the literature.”'? The resulting pa-
rameter values are listed in Table IIl. The solubility
and the diffusivity of CO, in PEG and PS were mea-
sured at 110°C and in a pressure range of 4-15 MPa.

Rheometry

To measure the storage and loss moduli of both PEG
and PS, a temperature scan of a dynamic frequency
sweep test with a tensing fixture was carried out with
a Rheogel-E4000 (UBM, Kyoto, Japan). The frequency
was set at 10 Hz for all measurements. The tempera-
ture was changed from 50 to 150°C at the rate of
3°C/min.

Foaming
Batch physical foaming

The following procedure was used to foam the blend
polymers in a high-pressure vessel. Disk-shaped sam-
ples, 20 mm in diameter and 3 mm thick, were made
by the polymer blends being kept in a hot press at
200°C and 10 MPa for 5 min. Then, a sample was
placed in the high-pressure vessel. The vessel was
heated to the desired foaming temperature, 110°C,
which was above the melting temperature of the semi-
crystalline polymer, PEG. Then, the vessel was pres-
surized by CO, up to 10 MPa. After equilibrium was
established, the pressure in the vessel was quickly

TABLE II
Melting Temperature (T,,) and Glass-Transition
Temperature
Material T, °C) T, (°C)
PS — 104
PEG 68 —
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TABLE III
Characteristic Parameters of S-L EoS
Density p* Interaction

Temperature T* (K) Pressure P* (MPa) (kg/m?) Parameter k;, Reference
PS 697.6 344.1 1093 0.1377 —
PEG 646.0 506.0 1189 0.0513 12
CO, 3412 369.1 1253 9

released (at a rate of ca. 5 MPa/s) to nucleate bubbles
in the polymer.

After the samples were dried at 50°C in vacuo for
24 h, the cell structure of the resulting foamed sample
was observed with a scanning electron microscope
(Tiny-SEM, Technex Lab Co., Ltd., Tokyo, Japan) at an
acceleration voltage of 15 kV. The cut section was
coated with Au-Pd before microscopy observations.
To determine the effect of the morphology of the
polymer blends on the cell structure, the morphology
of a nonfoamed sample was also observed with scan-
ning electron microscopy (SEM).

Visual observation of batch physical foaming

To observe bubble nucleation and growth rates in each
polymer phase in situ, visual observation experiments
were performed. The details of the experimental setup
have been given elsewhere.'>'* To observe the differ-
ences in these rates at each polymer phase, PEG and
PS samples were foamed under the same conditions.
That is, a rectangular piece 10 mm long, 5 mm wide,
and 0.6 mm thick was made from each polymer, and
these were welded into one piece by the hot press at
200°C and 10 MPa. The sample piece was placed on
the visual observation apparatus, and then it was
foamed at 110°C by the release of CO, pressure from
10 to 0.1 MPa at a rate of 0.5 MPa/s. The bubble
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Figure 1 Solubility of CO, in PEG and PS at 110°C and
pressures ranging from 5 to 15 MPa.

nucleation and growth behaviors were observed in the
PS and PEG phases simultaneously.

RESULTS AND DISCUSSION
Solubility and diffusivity of CO, in PEG and PS

Figure 1 shows the solubility of CO, in PEG and PS. It
was measured at 110°C from 5 to 15 MPa. The solu-
bility of CO, in PEG was 1.8 times as large as that in PS
at 10 MPa. Henry’s constants of PS and PEG were 3100
and 5600 cm® (STP)/ (kg MPa), respectively.

Figure 2 shows the diffusion coefficient of CO, in
PEG and PS at 110°C. Each diffusion coefficient was
measured with stepwise pressure increases of 1.0 MPa
from a saturated state. The mutual diffusion coeffi-
cient was then determined by the measurement of the
time evolution of the weight of the molten polymer in
the course of reaching a new steady state from an old
one. For example, the diffusion coefficient at 5 MPa
was determined from the time evolution data of the
sample weight obtained by a change in the MSB cham-
ber pressure from 4 to 5 MPa. The average diffusion
coefficients, illustrated by solid lines, were 3.36 X 107?
m?/s for PS and 2.38 X 10 '° m?/s for PEG. The
diffusion coefficient of CO, in PEG was 14.1 times as
fast as that in PS.
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Figure 2 Diffusion coefficient of CO, in PEG/PS at 110°C
and at pressures ranging from 5 to 12 MPa.
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Figure 3 Storage and loss moduli of neat PEG and PS by
tensing fixtures.

Rheological properties

The analysis of storage and loss moduli is useful in
ascertaining the performance of a sample under stress
and temperature conditions. Figure 3 shows the stor-
age and loss moduli of PEG and PS. Both the storage
and loss moduli of PEG decreased sharply above the

500 pm
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melting temperature, and those of PS decreased above
the glass-transition temperature. At the foaming tem-
perature, 110°C, those of PS were larger than those of
PEG, and the differences between PEG and PS were
quite large.

Foaming
Batch physical foaming

Figure 4 shows the SEM micrographs of nonfoamed
PEG/PS blends and foamed PEG/PS blends. The mi-
crographs in the left column show the morphology of
the PEG/PS blends before foaming. The micrographs
in the middle column show the cell structure of the
foamed blends, and those of the right column are
enlarged pictures of the middle column.

Because PEG and PS are immiscible with each other,
the island-sea morphology was established at these
weight fractions: PEG particles became islands, and PS
made the matrix. Some PEG particles were lost when
the samples were prepared for SEM observations, and
this resulted in voids in the matrix. As can be seen in
the picture in the left column, an increase in the PEG
weight fraction made the number of the island in-
crease.

Figure 5 shows an enlarged SEM micrograph of the
PEG10/PS90 blend foamed at 110°C and 10 MPa. It
clearly shows a bimodal cell size structure, in which

500 pm

Figure 4 Micrographs of foamed and nonfoamed blends: PEG10/PS90, PEG25/PS75, and PEG40/PS60.
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Figure 5 Cellular structure of the PEG10/PS90 blend foam
prepared at 110°C and 10 MPa.

the average diameter of the smaller cell was less than
30 um and the size of the larger cell was about 400 um.
A PEG particle was located at a large cell in the foams.
Counting the cells whose diameters were larger than
40 um at the six different positions in each micrograph
and averaging the counted numbers gave the average
number of large cells. The number density of large
cells (Ny) was then calculated as follows:*®

N;= (nM?/ A)*"? (M

where 7 is the number of cells in the micrograph, M is
the magnification, and A is the actual area of the
micrograph.

Figure 6 shows the relationship between the num-
ber density of large cells and the weight fraction of
PEG in the blend. As the fraction of PEG increased, the
number of large cells increased. This indicated that the
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Figure 6 Relationship between the PEG weight fraction
and number density of large cells in PEG/PS blends foamed
at 10 MPa and 110°C.
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Figure 7 Size distributions of cells of PS foam and small
cells in PEG10/PS90 foam.

large cells originated in the PEG phase and the small
cells originated in the PS phase of the blend.

As can be seen in the micrographs of the PEG10/
PS90 foam, there existed many smaller cells around
larger cells. The diameter of the smaller cells was
calculated from the cross-sectional area of the cells,
under the assumption that a cell took a spherical
shape. The cell size distribution of the PEG10/PS90
foam is illustrated in Figure 7 together with that of a
neat PS foam for reference. As illustrated in Figure 7,
the size of smaller cells in the foamed PEG10/PS90
blend became smaller than that of neat PS foamed
under the same conditions. Blending PEG with PS
created numerous large cells originating in the PEG
islands, and at the same time, it reduced the size of the
cells nucleating at the PS matrix. Taking the cell size at
the peak of the distribution as the average cell size of
small cells in the blend foam, we analyzed the effects
of the PEG fraction on the size and density of the small
cells. Figure 8 shows how the cell diameter and den-
sity of the small cells in the blend foam were changed
by the weight fraction of PEG. As the PEG fraction
increased up to 25%, the cell size decreased, and the
number density increased. Then, when the fraction
went over 25%, the cell size increased, and the number
density decreased.

Visual observation of batch physical foaming

Figure 9 shows a series of micrographs obtained by
visual observation experiments of PEG/PS foaming.
The left-hand side of the micrograph is the PEG phase,
and the right is the PS phase. The black dots are
bubbles. In Figure 9, an arrow indicates the interface
between the PEG and PS phases. After CO, pressure
was released, numerous bubbles were nucleated and
grown in the PEG phase. Slightly after the foaming of



1904

p—
w

60 T . T T T T T

s0p m -

n
o
T
1
—
(el

—m—D,
—O—N,

O

I\\_/./l

10+ 5

1 2
(%}

Small-cell diameter, D, [um]

Number density of cells, N, [1/em]

fes]

0 Q 1 1 1 1
0 10 20 30 40

PEG weight fraction [wt. %]

Figure 8 Effect of the PEG weight fractions on the average
diameter and number density of small cells.

the PEG phase, nucleation and bubble growth oc-
curred in the PS phase. The interface between the PEG
and PS phase moved toward the PS phase because of
the time difference of the foaming at the two phases.
The bubbles in the PEG phase coalesced easily.

The bubble nucleation and bubble growth rates at
each phase were analyzed quantitatively with image
processing. Figure 10 shows the change in the cumu-
lative number of bubbles against the time elapsed
from the pressure release. Figure 11 shows the bubble

(by&s

(c)10s

d)15s

Figure 9 Series of micrographs obtained from the visual
observation experiments of PEG/PS foaming. The micro-
graphs were taken at (a) 0, (b) 8, (c) 10, and (d) 15 s. The size
of the view is 1.2 mm X 1.6 mm.
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Figure 10 Number density of bubbles in PEG/PS foamed
at 110°C and 10 MPa.

growth rates in the PEG and PS phases. Each plot
represents an average growth rate of the bubbles born
at the time, that is, the rate of change in the cross-
sectional area of bubbles that were newly observed at
the time indicated.

As shown in Figure 10, bubbles started nucleating at
6 s in PEG and at 7 s in PS. The number density of
nucleating bubbles in the PEG phase was larger than
that in the PS phase. The bubble nucleation was en-
hanced in the PEG phase because the solubility of CO,
in PEG was larger than that in the PS phase, as illus-
trated in Figure 1.

As shown in Figure 11, the bubble growth rate in the
PEG phase was faster than that in the PS phase. Our
previous study on batch foaming experiments found
that bubble growth was a mass-transfer-controlled
process.'* In other words, the mass-transfer rate of
CO, from the polymer to a bubble determines the
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Figure 11 Bubble growth rates in the PEG phase and in the
PS phase of the blend foamed at 110°C and 10 MPa.
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Figure 12 Schematic diagram of the formation mechanism of the bimodal cellular structure: (a) initial state, (b) bubble
nucleation and growth, (c) bubble coalescence, and (d) particle formation.

bubble growth rate. Higher solubility and higher dif-
fusivity make the bubble growth rate faster. As illus-
trated in Figures 1 and 2, the solubility and diffusivity
of CO, in PEG were both larger than those in PS. The
mass transfer of CO, from the polymer to a bubble
became faster in the PEG phase than in the PS phase,
and this resulted in the difference of the bubble
growth rates illustrated in Figure 11.

Our previous study also indicated that shear and
elongational viscosities controlled the coalescence of
bubbles.'® As shown in Figure 3, both the storage and
loss moduli of PEG were smaller than those of PS. This
means that bubble coalescence occurred easily in the
PEG phase. As we could observe at the visual obser-
vation experiments, the bubble coalescence occurred
frequently after the number of bubble nucleation
ceased and eventually became close to a two-phase
(gas and polymer) separation.

A formation mechanism of the cellular structure
observed in the PEG/PS blend foaming is summa-
rized in Figure 12. Before the foaming, the island (PEG
particles)-sea (PS) morphology was established be-
cause of the immiscibility of both polymers. The dis-
persibility of PEG in the PS matrix was changed by the
weight fraction and could be controlled by mixing.
When the PS/PEG blend polymer was foamed, be-
cause of the high solubility of CO, in PEG, bubble
nucleation and growth occurred in the PEG phase
followed by those in the PS phase at the initial stage of
foaming. Because of the higher diffusivity of CO, in

PEG, the bubbles originating in the PEG phase grew
faster and become larger than the bubbles nucleated in
the PS matrix. The lower viscosity easily led to the
PEG bubbles coalescing and to a two-phase separation
in the PEG phase. As the temperature decreased, the
cell structure stabilized. PEG in the large cells formed
a particle because of the wettability of PEG against PS.
These phenomena created a bimodal cell structure, in
which the larger cell embraced a PEG particle.

At this point, there is no clear explanation for the
experimental results that the existence of PEG reduced
the cell size in the PS phase. However, because dis-
solved CO, reduces the viscosity of a polymer,'” > we
can speculate about the reason as follows: larger cells
originating in the PEG phase consume CO, faster and
take up the CO, dissolved in the PS phase faster. The
average concentration of CO, in the PS phase de-
creases faster, and the plasticization effect induced by
CO, disappears faster at 110°C. As a result, the vis-
cosity of the PS matrix suddenly increases and sup-
presses the bubble growth in the PS phase.

CONCLUSIONS

PEG/PS blends were physically foamed at 110°C and
10 MPa with CO,. The foam showed a unique cellular
structure in which large cells embraced a PEG particle
and small cells existed around large cells. The mech-
anism of creating such a cell structure could be ex-
plained by the morphology of the blends, the solubil-
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ity and diffusivity of CO, in each polymer, and the
viscosity. This study might lead to the development of
an efficient nucleating agent of polymer foaming. The
number of large cells embracing a PEG particle was
not large. However, because the dispersibility of large
cells in a polymer foam strongly depends on the initial
morphology, an enhancement of the mixing ability to
homogeneously disperse PEG in a blend can create a
fine bimodal cell structure and eventually create an
open cell structure at will.
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