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ABSTRACT: We examined the formation of microcellu-
lar foam in a thermoplastic polyurethane elastomer (TPU)
with supercritical carbon dioxide. Measurements of the
permeability and impregnation with carbon dioxide sug-
gested that the impregnation of TPU with carbon dioxide
was affected by the soft-segment chain length and soft-seg-
ment concentration in TPU and that carbon dioxide was
mainly present in the soft-segment area. Thus, it seemed
likely that the nucleation and growth of the nuclei in the
microcells occurred in the soft-segment area. In addition,
scanning electron microscopy of the microcells indicated

that the higher the saturation pressure was, the smaller the
mean cell diameter was; that is, the higher the cell number
density was, the lower the foaming temperature was,
the smaller the mean cell diameter was, and the lower the
saturation pressure was, the more conspicuous this phe-
nomenon was. These results showed that the saturation
pressure and foaming temperature affected the cell
structure. � 2007 Wiley Periodicals, Inc. J Appl Polym Sci 106:
3581–3586, 2007
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INTRODUCTION

Microcellular foam (MCF) comprises closed cells
with a cell diameter of 10 mm or less and a cell num-
ber density of 109–1015 cells/cm3. To date, many
studies of MCF have been reported based on the
theory that the material can be reduced without the
lowering of its physical strength by the insertion of
numerous voids, which are smaller than defects, into
the polymer.1–20 Although conventional plastic foam
is light because of its large cell diameter and low
cell number density, it has low physical strength and
limited uses. MCF is expected to be used for various
purposes because of its lightness, heat-insulating
properties, shock-absorbing properties, and electrical
and resource-saving characteristics.

MCF is produced1 by a sharp reduction of the pres-
sure to atmospheric pressure and an increase in the
temperature after the saturation of a polymer with an
inert gas (carbon dioxide or nitrogen). Thus, the ther-
modynamic stability of the polymer is lost, and at the
same time, cell nuclei are formed in the polymer. The
difference in pressure between the inside and outside
of the material is the driving force for the growth of
cell nuclei, and the growth stops when the internal
and external pressures equilibrate.

The materials used to produce MCF include poly-
styrene, polypropylene, poly(ethylene terephthalate),
polycarbonate, poly(methyl methacrylate), poly(vinyl
chloride), styrene–acrylonitrile copolymer, and acry-
lonitrile–butadiene–styrene copolymer.2–18 Further-
more, studies have been conducted on the mechani-
cal strength of MCF,11,19 the biodegradability of
MCF,20 and so forth.

In general, a supercritical fluid exists as a noncon-
densable, high-density fluid above the critical temper-
ature and critical pressure. Supercritical fluids have
the properties of high diffusivity, high density, low
viscosity, and so forth and are characterized by con-
tinuous changes in these properties. On the basis of
these properties and characteristics, supercritical flu-
ids are used for extraction, isolation, degradation, and
reaction and as ingredients. Because carbon dioxide is
nontoxic, nonflammable, and inexpensive and readily
becomes supercritical (31.18C and 7.38 MPa), it is
widely used for extraction and isolation, as an alter-
native to organic solvents, and as an ingredient. The
use of supercritical carbon dioxide as a foaming agent
reduces the duration and increases the amount of
impregnation of a material with gas. Furthermore, as
the relationship between polymer expansion through
the dissolution of carbon dioxide and the drop in the
glass-transition temperature shows,21,22 low-tempera-
ture foam molding through a plasticization effect23 of
carbon dioxide on a polymer can be observed.

A thermoplastic polyurethane elastomer (TPU) is a
block copolymer that is composed of alternating soft
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and hard segments. The soft segment is a polyol
with an ether or ester group in the main chain,
which mediates the flexibility of the elastomer. The
hard segment contains urethane linkages generated
by the reaction of diisocyanate and short-chain diols
and influences the mechanical properties, such as
the elasticity, hardness, and tearing strength. Because
hydrogen bonding occurs between the hard seg-
ments, the soft segment and the hard segment are
incompatible with each other and form a phase-sepa-
ration structure. Through changes in the quantity
and structure of these two components, different
types of TPUs can be obtained and used for different
purposes, such as automobile parts, building materi-
als, sports goods, and medical equipment.

To date, there have been few reports on polyur-
ethane MCF.24,25 Once the production of MCF using
polyurethane is established, the uses should increase
dramatically. Accordingly, in this study, we initially
used measurements of the gas permeability and the
quantity of impregnated carbon dioxide to determine
the existence area (soft or hard segment) of carbon
dioxide needed for the nucleation and growth of
nuclei in TPUs, with the aim of producing MCF in
TPUs with supercritical carbon dioxide. Then, using
supercritical carbon dioxide as a foaming agent, we
examined the effects of the temperature and satura-
tion pressure on the process of introducing micro-
cells into TPUs and on the cell structure.

EXPERIMENTAL

Materials

The following chemicals were used: the polyol poly
(oxytetramethylene) a,o-diol [PTMG; number-average
molecular weight (Mn) 5 1000, 2000, or 3000; Hodo-
gaya Chemical Co., Ltd., Japan], the diisocyanate
hexamethylene diisocyanate (Tokyo Chemical Indus-
try Co., Ltd., Japan), and the chain extender 1,3-pro-
panediol (PD; Kanto Chemical Co., Inc., Japan). TPUs
with different soft-segment concentrations were syn-
thesized through the variation of Mn of the polyol
and the molar ratio of the polyol, diisocyanate, and
chain extender.

Synthesis

TPU synthesis was conducted according to the pre-
polymer technique. An isocyanate-terminated ure-
thane prepolymer was obtained by the addition of a
certain amount of diisocyanate to the vacuum-dried
polyol and mixing at 1008C for 90 min. A certain
amount of PD was added to the prepolymer; the
mixture was mixed vigorously for 2 min and cured
at 1008C for 24 h.

Thermal analyses

The thermal behaviors of the TPUs were measured
with aluminum cells at a rate of temperature
increase of 58C/min with a measurement range of
2130 to 2508C in a nitrogen atmosphere with a
model DSC220 differential scanning calorimeter
(Seiko Instruments, Inc., Japan).

Gas permeability measurements

The gas permeability coefficient [P (barrer)] of a
TPU, with the thickness adjusted to 1 mm with a
model HP-100TE hot press (Nisshin Kagaku Kogyo
Co., Ltd., Japan), was determined by the assessment
of its permeability at the measurement temperature
of 31.18C with a model MT-C1 gas permeability ap-
paratus (Toyoseiki Co., Ltd., Japan) after 24-h vac-
uuming. The diffusion coefficient [D (cm2/s)] and
solubility coefficient [S (cm3 cm23 cmHg21)] were
then determined from eqs. (1) and (2):

P ¼ D� S (1)

D ¼ d2=6t (2)

where d represents the TPU thickness (cm) and t
represents the time taken for diffusion (s).

CO2 impregnation measurements

A specimen of 10 mm 3 10 mm was cut from the
1-mm-thick TPU. The specimen was placed with a
certain amount of dry ice in a model MMJ-200 auto-
clave (OM Lab-Tech Co., Ltd., Japan) and impreg-
nated with carbon dioxide at 408C for 1–25 h under
a pressure of 2–10.5 MPa. The quantity of impregna-
tion with carbon dioxide was determined from the
difference in the weights before and after impregna-
tion.

Foaming

A specimen with dimensions of 10 mm 3 10 mm 3
1 mm (length 3 width 3 thickness) was placed in
an autoclave with a certain amount of dry ice and
was impregnated with carbon dioxide at 408C under
a pressure of 5–10 MPa for about 6 h. After a drastic
pressure reduction to atmospheric pressure, the
specimen was removed from the autoclave, soaked
at 100–1208C in glycerin for 20 s, and cooled in an
ice–water bath.

Determination of the cell number density

The specimen was frozen in liquid nitrogen and
cracked. The fracture surface was coated with gold
with ion-sputtering equipment (model SC-701, Sanyu
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Electron Co., Ltd., Japan). The fracture surface was
examined with a model JSM-5310LV scanning elec-
tron microscope (JEOL, Ltd., Japan). From the scan-
ning electron microscopy images, the cell count and
mean cell diameter were determined, and the cell
number density was determined with the following
equations:2

Nf ¼ ðn=AÞ3=2 (3)

Vf ¼ p=6�D3
ANf (4)

N0 ¼ Nf=ð1� Vf Þ (5)

where Nf represents the cell number density in the
foamed polymer (cm23), n represents the cell count
in the analysis range, A represents the analysis range
(cm2), Vf represents the volume fraction of cells in
the foamed polymer (cm3 of cell/cm3 of foam), DA

represents the mean cell diameter (cm), and N0 rep-
resents the cell number density in the polymer before
foam formation (cells/cm3). The cell number density
of the specimen after foam formation was evaluated
with eq. (5) to eliminate the effects of differences in
the multiplying factor for foam formation.

RESULTS AND DISCUSSION

The permeability behavior of carbon dioxide was
examined with TPUs for which Mn of the polyol and
the component ratios of the soft segment to hard
segment were changed (Table I). The higher Mn was
for the polyol, the higher P and D were for the

TPUs. This probably reflects increases in the chain
free volume and diffusivity due to an increase in the
number of the oxytetramethylene units that made up
the soft-segment chain. It has been reported that the
gas permeability of a TPU affects the chain length of
the soft segment.26–29 McBride et al.26 showed by
measurements of the gas permeability for ether or
ester TPUs that the gas diffusivity affects the amount
of the hard segment, the chain length of the soft seg-
ment, and the type of soft segment. Furthermore,
Xiao et al.27 showed that the amount of the hard seg-
ment and the chain length of the soft segment affect
the gas permeability of TPUs. Galland et al.28 mea-
sured the gas permeability of TPUs with different Mn

values, PTMG as a polyol, and five types of gases,
and they showed that the gas diffusivity depends on
the soft-segment chain. Matsunaga et al.20 showed
that the molecular structure or Mn of the polyol
affects the gas diffusibility. As shown in Table I, an
improvement in the diffusivity can be observed after
an increase in the soft-segment concentration. Differ-
ential scanning calorimetry measurements show that
the temperature of the soft segment is above the
melting temperature during the gas permeability
measurements. This means that the soft-segment
chain is mobile and that the gas can pass through
the spaces between the molecular chains. On the ba-
sis of the findings that the melting point of the hard
segment is much higher than the measurement tem-
perature and that the hard segment is of the domain
structure formed by hydrogen bonding between ure-
thane groups and intermolecular interactions, it
appears that gas diffusion in the hard segment is
very limited. Because no conspicuous differences in

TABLE I
Thermal Behavior and CO2 Gas Permeability, Diffusivity, and Solubility of the TPUs

Mn of PTMG Molar ratioa SSC (%)b Tgs (8C)
c

Tms

(8C)d
Tmh

(8C)e P (bar) D (1027 cm2s)
S

(1024/cm3/cm23/cmHg21)

1000 1.0/4.3/3.3 50 268.4 10.2 150.7 17.6 9.31 18.9
1.0/2.9/1.9 60 267.1 12.1 142.1 27.1 12.2 22.3
1.0/1.9/0.9 70 268.2 11.1 123.8 37.6 15.4 24.4
1.0/1.2/0.2 80 270.4 17.3 112.8 48.8 19.0 25.6
1.0/4.0/3.0 51.8 269.7 11.1 150.7 22.7 10.3 22.0

2000 1.0/8.0/7.0 50 272.7 8.4 159.7 28.5 12.8 22.3
1.0/5.4/4.4 60 272.4 7.5 154.3 37.3 18.2 20.5
1.0/3.5/2.5 70 273.5 19.2 150.7 49.1 25.9 19.0
1.0/2.1/1.1 80 271.5 22.7 125.6 59.6 38.9 15.3
1.0/4.0/3.0 67.1 270.7 19.2 157.0 46.8 23.3 20.1

3000 1.0/12/11 50 278.2 21.8 157.9 — — —
1.0/8.2/7.2 60 276.4 23.6 158.7 43.2 18.3 23.6
1.0/5.3/4.3 70 273.3 22.7 158.8 53.8 21.6 24.9
1.0/3.2/2.2 80 275.5 24.5 142.6 71.1 31.1 22.8
1.0/4.0/3.0 75.8 275.0 23.6 144.4 61.3 26.9 22.8

a Polyol/diisocyanate/chain extender.
b Soft-segment concentration.
c Glass-transition temperature of the soft segment.
d Melting point of the soft segment.
e Melting point of the hard segment.
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S have been observed among the various types of
TPUs, we conclude that the diffusivity has an effect
on the gas permeability behavior in the TPUs.
Accordingly, it seems that the increase in the concen-
tration of the soft segment has an effect on the diffu-
sivity, which leads to an improvement in the gas
permeability. Thus, it is suggested that in the course
of gas permeation of TPUs, carbon dioxide selec-
tively diffuses and permeates the soft segment.

Figure 1 shows the rates of carbon dioxide
impregnation of TPUs with polyols of different mo-
lecular weights. The amount of impregnation
increases as the molecular weight of the polyol
increases. The increase in the free volume of the
soft-segment chain and the decrease in the quantity
of the hard segment due to the lengthening of the
soft-segment chain affect the amount of carbon diox-
ide impregnation of the TPUs. As for the amount of
the hard segment, it has been reported that a
decrease in the quantity of the hard segment
increases the amount of carbon dioxide impregna-
tion of a TPU.30 The soft segment seems to be the
main area impregnated with carbon dioxide on the
basis of the relationship between the chain length of
the soft segment and the amount of impregnation.
From these results, it is clear that the gas permeation
behavior correlates with the amount of impregnation
of a TPU with carbon dioxide, and it is suggested
that carbon dioxide is mainly present in the soft-seg-
ment area. Thus, it is likely that the nucleation and
growth of nuclei in MCF take place mainly in the
soft-segment area.

Figure 2 shows the relationship between the satu-
ration pressure and the amount of carbon dioxide
impregnation of a PTMG3000-based TPU. When the
pressure is equal to or less than 6 MPa, the satura-
tion pressure is proportional to the amount of
impregnation, and when the pressure is equal to or

more than 7 MPa, the amount of impregnation
increases dramatically. At a pressure equal to or
more than 7 MPa, carbon dioxide is in the supercriti-
cal state, and it appears that the absorption of carbon
dioxide facilitates plasticization or swelling and
increases the amount of impregnation.

Figure 3 shows the internal structure of a foamed
TPU. The electron micrograph reveals that the TPU
comprises numerous microcells. Although the inside
of the TPU contains microcells, there are none on the
surface. It appears that a sudden temperature change
in the foaming of a TPU affects the gas diffusion
rate and the growth rate of nuclei both inside and
on the surface of a TPU. Figure 4 shows the relation-
ship between the mean cell diameter and saturation
pressure, and Figure 5 shows the relationship be-
tween the cell number density and saturation pres-
sure. The higher the saturation pressure is, the
smaller the mean cell diameter is and the higher the
cell number density is. We hypothesize that with an
increase in the saturation pressure, the activation
energy for nucleation decreases, and this leads to an
increase in the cell number density. In addition, the
increase in the saturation pressure probably causes
the rate of nucleation to increase exponentially, and
this leads to a decrease in the availability of the gas
needed for growth of the bubble nuclei and reduces
the mean cell diameter. At a pressure of 5 MPa, the
higher the foaming temperature is, the greater the
mean cell diameter is, but at higher saturation pres-
sures, this effect is smaller. The lower the saturation
pressure is, the lower the number is of nuclei
formed. Therefore, it appears that a rise in the foam-
ing temperature causes a drop in the polymer vis-
cosity and increases the effect on the cell diameter.

Figure 1 CO2 impregnation for the three TPU soft-seg-
ment lengths as a function of the saturation time (polyol/
diisocyanate/chain extender molar ratio 5 1 : 4 : 3; satura-
tion pressure 5 8 MPa; saturation temperature 5 408C):
(~) PTMG1000-based TPU, (n) PTMG2000-based TPU,
and (^) PTMG3000-based TPU.

Figure 2 CO2 impregnation as a function of the satura-
tion pressure for PTMG3000-based TPU (polyol/diisocya-
nate/chain extender molar ratio 5 1 : 4 : 3; saturation tem-
perature 5 408C; saturation time 5 12 h).

3584 ITO ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



Furthermore, it appears that an increase in the satu-
ration pressure causes an exponential increase in the
number of nuclei formed and reduces the gas sup-
ply, and this reduces the effect on the cell diameter.

CONCLUSIONS

We have examined the production of MCF, using
supercritical carbon dioxide, and investigated the
effects on the cell structure. The measurements of
the carbon dioxide permeability show that the gas
diffusivity increases because of increases in the
chain length and concentration of the soft segment.
Furthermore, the measurements of the amount of
carbon dioxide impregnation show that the amount
of carbon dioxide impregnation increases with an

increase in the chain length of the soft segment.
These results show that the carbon dioxide perme-
ability correlates with the amount of impregnation
and suggest that carbon dioxide is mainly present
in the soft-segment area. Thus, it appears that the
nucleation and growth of nuclei in MCF composed
of a TPU take place mainly in the soft-segment
area. Meanwhile, the amount of supercritical carbon
dioxide impregnation improves dramatically. After
the impregnation of a TPU with carbon dioxide
under high pressure, MCF with a high cell number
density develops. It has been shown that changes in
the saturation pressure result in cell structure
changes, and the higher the pressure is, the smaller
the cell diameter is and the higher the cell number
density is of MCF.

Figure 3 Scanning electron micrographs of PTMG3000-based TPU (polyol/diisocyanate/chain extender molar ratio 5
1 : 4 : 3; blowing temperature 5 1208C; saturation pressure 5 8 MPa; saturation temperature 5 408C; saturation time 5 6 h).

Figure 4 Plot of the average cell size as a function of the
saturation pressure for PTMG3000-based TPU (polyol/di-
isocyanate/chain extender molar ratio 5 1 : 4 : 3). The blow-
ing temperatures were (^) 100, (n) 110, and (~) 1208C.

Figure 5 Plot of the cell number density as a function of
the saturation pressure for PTMG3000-based TPU (polyol/
diisocyanate/chain extender molar ratio 5 1 : 4 : 3). The
blowing temperatures were (^) 100, (n) 110, and (~)
1208C.
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APPENDIX

Nucleation within a polymer is classified as uniform
nucleation or nonuniform nucleation.1,2,11 Uniform
nucleation refers to the case in which gas molecules
that are dissolving in the polymer form a second
phase of stable cells. Nonuniform nucleation refers
to the case in which cells are formed at the interface
between the polymer and additive. Colton and
Suh1,2 expressed the state of uniform nucleation in
the following equations. The cell number density
resulting from uniform nucleation (NHOM) is shown
in eq. (A.1), and the activation energy for nucleation
(DG*) is shown in eq. (A.2):

NHOM ¼ C0 � f0 exp�DG�

KT
(A:1)

DG� ¼ 16pg3

3ðPS � P0Þ2
(A:2)

where C0 represents the gas molecule density (cm3/
g), f0 represents the frequency constant of the cluster-
ing of gas molecules around the nuclei, K represents
the Boltzmann constant, T represents the temperature,
g represents the surface formation energy, PS repre-
sents the saturation pressure (Pa), and P0 represents
the environmental pressure (Pa). Equations (A.1) and
(A.2) show that the higher the saturation pressure is,
the lower DG* is and the higher NHOM is.
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