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Abstract

Microcellular polystyrene (PS) foams and porous structures of the biodegradable poly(D,L-lactic acid) (PD,LLA) were prepared with the batch
foaming technique (pressure quench) using supercritical CO2 as blowing agent. The effect of pressure, temperature and depressurization rate on
the final porous structure was investigated. The results revealed that the size of the pores decreases and their population density increases with
pressure increase, or decrease of temperature, and/or increase of the depressurization rate. The results were correlated by combining nucleation
theory with NRHB model in order to account for and emphasize the physical mechanism related to nucleation of bubbles inside the supersat-
urated polymer matrix. A satisfactory agreement between correlations and experimental data was obtained indicating that the nucleation theory
yields quantitative correlations when variables such as sorption, degree of plasticization, and surface tension of the system polymeresupercrit-
ical fluid are accurately described.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Recently, various supercritical fluid processing methods
have been developed for the production of polymer-based
materials such as foams, microparticles, membranes and fibers
[1]. In this direction, cellular polymers can be formed through
the gas foaming technique. According to this method, the
polymer is saturated with a gas or supercritical fluid (usually
CO2 or N2) at constant temperature and pressure. Then, the
system is brought to the supersaturated state either by reducing
pressure (pressure induced phase separation) or by increasing
temperature (temperature induced phase separation) resulting
in the nucleation and growth of pores e cells inside the poly-
mer matrix [2,3]. In amorphous polymers, usually the growth
of the pores continues until the polymer vitrifies [3,4].
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Foaming of polymers with gases or supercritical fluids
allowed the successful production of microcellular polymers.
Such structures consist of pores with diameter smaller than
10 mm and population density larger than 109 cells per cm3

[5]. Compared to compact materials, these foams exhibit sig-
nificant advantages. They offer reduced bulk density that
induces materials’ saving and decreases transportation cost.
On the other hand, they often exhibit high impact strength,
high toughness, high stiffness-to-weight ratio, high fatigue
life as well as low dielectric constant and low thermal conduc-
tivity [5]. These unique properties indicate microcellular poly-
mers as candidate materials for many industrial applications,
which include airplane and automotive parts, sporting equip-
ment, acoustic dampening, thermal insulation, microelectronic
applications and optical devices [6].

Furthermore, foaming of polymers with gases or supercrit-
ical fluids exhibits a strong advantage especially in the pro-
cessing of polymers for various biomedical applications.
There is no need for use of harmful organic solvents that in
most cases are not easily removed from the final product
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material [7]. Porous structures of biocompatible and biode-
gradable polymers are used as scaffolds in tissue engineering,
which, among others, is aiming at the regeneration of damaged
tissue [8]. Scaffolds, which provide a temporary artificial
matrix for cell seeding, should meet certain fundamental
characteristics such as high porosity, appropriate pore size,
biocompatibility, biodegradability and proper degradation
rate [8]. Consequently, scaffold fabrication methods should
allow for the control of pore size and enhance the maintenance
of mechanical properties and materials’ biocompatibility.

The foaming of many polymers with gaseous or supercrit-
ical CO2 has been investigated. Poly(methyl methacrylate)
[3,9], polystyrene [4,10], polycarbonate [11] and poly(ethyl-
ene terephthalate) [12] are among the most studied polymers.
In some cases, the method was applied for the foaming of bio-
degradable polymers such as poly(lactic-co-glycolic acid)
[7,13], poly(3-caprolactone) [14e16] and polylactic acid
[17,18].

The modelling of bubble nucleation inside the polymer ma-
trix is usually performed on the basis of classical nucleation
theory [19,20]. Nevertheless, with this approach the nucleation
activity is often not accurately described when the foaming
occurs with temperature induced phase separation [5]. On
the other hand, homogeneous nucleation theory proved able
to describe reasonably the effect of pressure and temperature
on nucleation when the foaming is performed with pressure in-
duced phase separation [3,6]. According to Goel and Beck-
man, the latter happens because, prior to the pressure
quench, the system (polymer and dissolved gas) is in a homo-
geneous liquid state (usually much higher pressure is exercised
than needed for the plasticization of the polymer matrix at the
operating temperature) [3]. Nevertheless, often the process is
only qualitatively described and not accurate correlations are
yielded rendering the modelling of bubble nucleation inside
the polymer matrix as a challenging task.

Modelling of bubble nucleation requires an accurate
description of many complex processes, such as the sorption
of CO2 and the induced plasticization of the polymer matrix
or the interfacial tension between the metastable polymeric
phase and the newly developed gas nuclei. In the absence of
extended experimental data there is a need for accurate predic-
tion of these properties by an appropriate model.

In this direction, Siripurapu et al., who studied the foaming
of PMMA films, used the SanchezeLacombe equation of state
and a proper extension of the theory to interfaces in order to
predict sorption and interfacial tension [6]. They combined
the model with the nucleation theory and correlated the exper-
imental cell population densities with improved accuracy.

Recently, the Non-Random Hydrogen-Bonding (NRHB)
theory of fluids has been proposed [21,22]. It is an equation of
state model that can be applied to liquid, vapor, as well as to
supercritical state. Also, it is applicable to complex systems
and processes such as polymer solutions, sorption of gases or
supercritical fluids into polymers, as well as to fluid interfaces.
In combination with GibbseDiMarzio proposition, it can be
used to elucidate complex phenomena such as the plasticization
of glassy polymers, including the retrograde vitrification.
Porous polystyrene structures are used in many industrial
applications which include packaging, acoustic and thermal
insulation materials. On the other hand, polylactic acid lies
among the most common polymers for bioengineering appli-
cations and its porous structures are often used as scaffolds
in tissue engineering [8,23]. In the present study, microcellular
polystyrene (PS) foams and porous structures of the biode-
gradable poly(D,L-lactic acid) (PD,LLA) were prepared with
the batch foaming technique (pressure induced phase separa-
tion). The effect of pressure, temperature and depressurization
rate on the final porous structure was investigated. The results
were discussed in the framework of classical nucleation
theory, which was applied in combination with NRHB model.

2. Experimental

2.1. Materials

PS (Mw¼ 230 000, Mw/Mn¼ 2.1) was purchased from BDH,
PD,LLA (Mw¼ 189 000, Mw/Mn¼ 2.8, 12% D(�) content) was
purchased from Gelactic and CO2 from Air Liquide Mediterra-
née (>99.98% purity). All materials were used as received and
without any further purification.

2.2. Preparation of porous structures

Pellets of the raw material were dried overnight at 55 �C
under vacuum. Discs with 15 mm diameter and uniform thick-
ness of 0.75 mm were prepared by compression-molding the
polymer at 150 and 80 �C for PS and PD,LLA, respectively.
The experimental apparatus, which is described elsewhere
[15], consists of a high pressure syringe pump (ISCO, model
100DX) and a thermostated pressure vessel (ISCO, model
SFX� 2-10). In each experiment, one compression-molded
disc was placed inside the pressure vessel and the latter was
immediately filled with CO2 at the desired temperature and
pressure. The system remained at these conditions at least
for 4 h and then it was rapidly depressurized by opening a nee-
dle valve. In this study, the mean pressure drop rate of each
experiment is reported.

2.3. Characterization

Polymers were characterized by differential scanning calo-
rimetry (Shimadzu DSC-50). PS exhibits glass-to-rubber transi-
tion around 103.8 �C and PD,LLA around 52.1 �C.

All produced porous samples were fractured in liquid nitro-
gen and their cross-sections were studied by scanning electron
microscopy (JEOL, model JSM-840A). All surfaces were
coated with carbon to avoid charging under the electron
beam. The pore size distributions were obtained by image
analysis with the use of appropriate software.

The bulk density of the foamed samples was measured by
the buoyancy method (ASTM D-792) with triethylene glycol
as liquid with known density. Liquid uptake in the foamed
samples was not observed due to the dense skin surrounding
the porous structure.
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The cell density (number of cells per unit of volume) was cor-
related considering spherical pores from the following equation:

Nc ¼
6

p

1

d3

�
1� rf

rp

�
ð1Þ

where d is the mean pore diameter, rf the foam density and rp

the neat polymer density.

3. Theory

3.1. Nucleation theory

According to the nucleation theory, in a closed isothermal
system in chemical equilibrium the difference of the free en-
ergy per unit volume related to the formation of new phase
cluster is given by the following equation [24,25]:

DG¼� 4pr3

3
DPþ 4pr2g ð2Þ

where r is the radius of the spherical cluster, g is the interfacial
tension, and DP is the pressure difference between the two
sides of the interface. Eq. (2) is derived assuming homoge-
neous nucleation and also that the new phase cluster has prop-
erties as a bulk phase in the same physical state. It reflects the
sum of the gain in the free energy related to the formation of
the new phase and the cost of the free energy due to the intro-
duction of the interface.

When DG is plotted against cluster size, one obtains a curve
that shows a maximum at a critical radius rc:

dDG

dr
¼ 00rc ¼

2g

DP
ð3Þ

Eq. (3) is the well known YoungeLaplace equation. The max-
imum value of DG for homogeneous nucleation is obtained by
substituting Eq. (3) into Eq. (2), or:

DG�hom ¼
16pg3

3DP2
ð4Þ

The rate of nucleation can be described by the following equa-
tion [3]:

No ¼ C0 f0 exp

�
�DG�hom

kT

�
ð5Þ

where C0 is the concentration of the dissolved fluid inside the
polymer matrix (expressed as number of molecules per
volume), k the Boltzman constant and T the temperature.
The parameter f0 is a frequency factor for the gas molecules,
which describes the rate at which nuclei with critical radius
are transformed into stable bubbles [24]. This frequency factor
can be expressed as a function of the critical radius [3]:

fo ¼ ZRimp

�
4pr2

c

�
ð6Þ

In this equation, Z is the Zeldovich factor and Rimp the rate of
impingement of the gas molecules per unit area.
As proposed by Goel and Beckman [3], the total number of
nuclei that are generated during the nucleation time is calcu-
lated by the integration of the nucleation rate, No:

Ntotal ¼
Zt;vitr

0

No dt ¼
ZP;vitr

P;sat

No

dP

dP=dt
ð7Þ

where the sat and vitr denote saturation and vitrification,
respectively.

According to Eqs. (4)e(7), in order to apply the nucleation
theory, the amount of the dissolved fluid, the induced plastici-
zation of the polymer matrix, and the interfacial tension are
required. Consequently, in the absence of extended experimen-
tal data there is a need of an appropriate model.

3.2. NRHB model

In what follows, we will summarize the essential formalism
of the NRHB model. Details may be found elsewhere [21,26].
According to this model, the molecules are assumed to be
arranged on a quasi-lattice of coordination number z and of Nr

sites, N0 of which are empty. Each fluid of type i in the system
is characterized by three Lattice-Fluid scaling constants and
one geometric or surface-to-volume-ratio factor. The three
scaling constants are: the mean interaction energy per seg-
ment, 3�i , the hard-core volume per segment, n�i , and the
hard-core density, r�i ¼ 1=n�sp;i. Each molecule occupies ri sites
of the quasi-lattice and has qi¼ siri external intermolecular
constants, where si is its geometric factor. The number of sites
ri is given by:

ri ¼
Mwi v�sp;i

v�i
ð8Þ

where Mwi is the molecular weight of the i component.
Similar scaling constants, indicated without subscript, are

defined for the mixture through the following combining and
mixing rules:

3� ¼ P�v� ¼ RT� ¼ q2
13�1 þ q2

23�2þ 2q1q23�12; ð9Þ

3�12 ¼ ð1� k12Þ
ffiffiffiffiffiffiffiffi
3�13�2

p
ð10Þ

v� ¼ f2
1v�1þ 2f1f2v�12þf2

2v�2 ð11Þ

v�12 ¼
 

v�
1=3

1 þ v�
1=3

2

2

!3

ð12Þ

where k12 is a binary interaction parameter, while the site frac-
tions fi and the surface fractions qi are defined as following:

fi ¼
riNi

rN
¼ xiri

r
ð13Þ

and
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qi ¼
qiNiP

k

qkNk

¼ qiNi

qN
¼ fisiP

k

fksk

¼ fisi

s
ð14Þ

where

r ¼
X

i

xiri ð15Þ

while xi is the mole fraction of component i.
In order to correlate phase equilibrium, one needs the equa-

tion of state and the equations for the chemical potentials of
each component i at different phases. The equation of state
has the following form [21,26]:

~Pþ ~T

"
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2
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while the chemical potential for component i is given by
[21,26]:
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where

~T ¼ T

T�
; ~P¼ P

P�
; ~r¼ r

r�
¼ 1

~n
ð18Þ

li ¼
z

2
ðri� qiÞ � ðri� 1Þ ð19Þ

and

Qr ¼ 1�Q0 ¼
q=r

q=rþ~v� 1
ð20Þ

ui is a characteristic quantity for each fluid i that takes into
account the flexibility and symmetry of the molecule. Further-
more, G00 and Grr are factors for the non-random distribution
of empty sites around an empty site and for the distribution
of molecular segments around a central molecular segment,
respectively. These non-randomness factors are obtained
through Guggenheim’s quasi-chemical condition and are given
by:
Q0G00 þQrGr0 ¼ 1

QrGrrþQ0Gr0 ¼ 1 ð21Þ

and

Gr0 ¼
2

1þ ½1� 4Q0Qrð1�AÞ�1=2
ð22Þ

where

A¼ GrrG00

G2
r0

¼ exp

�
23�=z

RT

�
ð23Þ

The determination of the sorption-induced plasticization,
namely the pressure (or the concentration) of the gas at a spe-
cific temperature, for which glass transition occurs, can be
achieved by adopting GibbseDiMarzio rationale [27]. Ac-
cording to this the total entropy of the system becomes zero
at the glass transition. The entropy of a binary system is
obtained from the equation:

S

rNR
¼
X

i
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ri

ln diþ ð1� ~vÞlnð1� ~rÞ þ
lþ lnðr~vÞ �
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� z

2
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where

l¼
X

i

xili; ð25Þ

ln di ¼ lnðZ=2Þ � ðri� 2Þlnð1� fiÞ þ fiðri� 2Þ ui

RT
; ð26Þ

fi ¼
ðZ� 2Þexpð� ui

RT

�
1þ ðZ� 2Þexp

�
� ui

RT

� ð27Þ

In these equations d is the number of different configurations
available to the chain of the polymeric fluid, Z is the number
of discrete conformations available to each bond and f is the
fraction of the r� 2 bonds of the chain molecule that is in
high-energy states. Finally, u is the increase of the intramolecu-
lar energy that accompanies the ‘‘flexing’’ of a bond in the chain
molecule. This ‘‘flex’’ energy is a characteristic parameter of
each polymer and is calculated usually by zeroing S at the glass
transition temperature of the neat polymer at ambient pressure.

The interfacial tension between two phases a and b at equi-
librium is obtained from the following equation [21]:

g¼ ð2þ bÞ
Zrb

ra

½cDj0�
1=2

dr ð28Þ

where
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c¼ 3�ðv�Þ5=3
k ð29Þ

In these equations g is the interfacial tension, r the density and
jo the Helmholtz free energy density. Parameters b and k are
characteristic for each fluid [21].

4. Results and discussion

Uniform cross-sections were observed for all the produced
PS and PD,LLA porous structures. The porous core was
surrounded by a dense unfoamed skin (at the edges of the
sample). This is a typical behaviour in the foaming of poly-
mers with gases or supercritical fluids. According to Goel
and Beckman the formation of a dense nonporous skin results
due to the rapid diffusion of the dissolved fluid from the
sample edges [28]. The molecules of the blowing agent, that
are sorbed near the edges, diffuse out of the sample faster
than they can join nuclei. Representative porous structures
are presented in Figs. 1 and 2 for the PS and PD,LLA,
respectively.

4.1. Effect of pressure

The effect of pressure on the final porous structure was
studied at constant temperature and using a constant depres-
surization rate. PS porous structures were produced at two
temperatures, 80 and 100 �C, while pressure ranged between
180 and 380 bar. PD,LLA porous structures were produced at
35 �C, while pressure varied between 70 and 200 bar. In all
cases the depressurization was taking place quickly, in less
than 20 s.
Fig. 1. Porous PS structures (temperature: 80 �C; pressure: (a) 180, (b) 230, (c) 280, (d) 330, (e) 380 bar; depressurization time: <20 s).
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Fig. 2. Porous PD,LLA structures (temperature: (a) 35, (b) 40, (c) 45, (d) 50, (e) 55 �C; pressure: 150 bar; depressurization time: <20 s).
As presented in Figs. 3e6 the mean pore diameter and the
bulk foam density decreased, while the cell density increased
with increase of pressure. At constant temperature, as the pres-
sure increases, more fluid is dissolved into the polymer matrix
and causes more pronounced plasticization and viscosity re-
duction. More pronounced plasticization implies that the inter-
val between saturation and vitrification pressure is increased,
while the viscosity reduction facilitates the growth of pores.
The longer period that cells have to grow before vitrification,
coupled with easier growth due to viscosity reduction, trend
towards the formation of larger pores [3,4]. Nevertheless, the
experimental results indicate that these effects are likely neg-
ligible. The key factor that controls the cell size is the
generation of more nuclei as pressure increases, which in
turn leads to structures with increased cell density (see Figs.
5 and 6). In other words, when larger pressure is applied not
only there is more dissolved fluid into the polymer matrix
available for the nucleation and growth of pores, but also
a larger number of nuclei (that should share this fluid) are
formed. Consequently, much more cells with smaller size
are produced [3,4]. Finally, the decrease in the bulk foam den-
sity that is observed in Figs. 5 and 6 could be attributed to the
enhancement of the fluid solubility into the polymer matrix.

As shown in Figs. 3 and 5, microcellular PS structures were
produced in most cases.

4.2. Effect of temperature

The effect of temperature on the final porous structure was
studied at constant pressure and using constant depressurization
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rate. PS porous structures were produced at 330 bar, while tem-
perature ranged between 80 and 120 �C. PD,LLA porous struc-
tures were produced at 150 bar, while temperature varied
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Fig. 5. Effect of pressure on the bulk foam and cell density for PS at 80 �C.
between 35 and 55 �C. In all cases the depressurization was
taking place quickly, in less than 20 s.

As presented in Figs. 7e10 the mean pore diameter
increased, while the bulk foam density and the cell population
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density decreased with increase of temperature. When foam-
ing occurs at higher temperatures, the CO2 diffusivity is in-
creased rendering the cell growth faster. Also, the interval
between saturation and vitrification pressure is increased re-
sulting in longer growth periods which in turn lead to the for-
mation of larger cells and foams with reduced bulk density [3].
Finally, as the temperature increases, the CO2 solubility in the
polymer matrix decreases. Also the cell density decreases as
indicated in Figs. 9 and 10. In other words, at higher temper-
atures there is less dissolved fluid into the polymer matrix
available for the nucleation and growth of pores, but fewer nu-
clei (that should share this fluid) are formed. The net effect of
all these factors is an exponential increase in the pore size with
increase in temperature.

4.3. Effect of depressurization rate

The effect of depressurization rate on the final porous struc-
ture was studied at constant temperature and pressure. PS po-
rous structures were obtained at 80 �C and 330 bar, while
PD,LLA porous structures were obtained at 35 �C and
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Fig. 9. Effect of temperature on the bulk foam and cell density for PS at

330 bar.
150 bar. Keeping a constant depressurization rate is a very dif-
ficult experimental task, mainly, due to the CO2 density
change [29]. In this study, the mean pressure drop rate of
each experiment is reported.

As presented in Figs. 11e14, the mean pore diameter de-
creased, while the cell population density increased with in-
crease of the depressurization rate. This could be attributed
to the coalescence of neighboring cells that is thermodynami-
cally favored due to the reduction of the interfacial area [4]. At
lower depressurization rates the growth period of pores e the
time period between nucleation and ‘‘locking’’ of the porous
structure due to vitrification e is larger. Consequently, the
coalescence of neighboring pores is more pronounced.

Furthermore, Guo et al. used a high pressure vessel equipped
with a visualization window and applied an appropriate image
analysis in order to study the effect of depressurization rate on
nucleation [29]. The authors report that at higher pressure
drop rates, more gas is used for cell nucleation instead for cell
growth. Consequently, at higher depressurization rate more
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nuclei are generated resulting in the formation of more pores
with smaller size.

4.4. Theoretical correlations

According to Eqs. (2)e(5), the nucleation rate depends on
the amount of the dissolved fluid, the induced plasticization of
the polymer matrix and the interfacial tension between the
metastable polymeric phase and a gas bubble.

Contrary to the system PD,LLAeCO2, the system PSeCO2

has been thoroughly investigated. The sorption of supercritical
CO2 in atactic PS and the induced plasticization of the poly-
mer matrix have been reported in many studies [4,26,30,31].
On the other hand, experimental data for the interfacial tension
of polymeresupercritical fluid systems are rather rare and re-
fer to temperatures higher than those usually applied in the
batch foaming procedure. Nevertheless, surface tension of
polystyrene melts in supercritical CO2 was measured at tem-
peratures between 210 and 230 �C [32,33]. Due to the absence
of experimental data, nucleation theory was not applied for the
system PD,LLAeCO2. Nucleation theory was only used for the
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density for PS at 80 �C and 330 bar.
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correlation of the experimental results that refer to the foaming
of PS.

In order to estimate the interfacial tension, the polymer ma-
trix after the CO2 dissolution was considered as a homoge-
neous liquid mixture. Considering that the surface tension of
a supercritical fluid is essentially zero, the mixture’s surface
tension was calculated from the following empirical equation
[34]:

g
1=r
mix ¼ ð1�wCO2

Þg1=r
pol ð30Þ

where g is the surface tension and wCO2
the weight fraction of

the dissolved fluid. Subscripts mix and pol denote the mixture
and the pure polymer, respectively. The parameter r was esti-
mated to be equal to 13 by fitting the experimental data [33].
On the other hand, the surface tension of the pure polymer, the
sorption of CO2 at the foaming temperatures, and the plastici-
zation of the polymer matrix were correlated using NRHB
model. The results are illustrated in Figs. 15e17. The
NRHB pure fluid scaling parameters are presented in Table 1
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[21]. The parameters k and b, that are needed in Eqs. (28) and
(29), are characteristic for each fluid and were set equal to
0.121 and 2.00, respectively, values that were adopted from
Ref. [21]. For the mixture calculations one binary interaction
parameter, k12, equal to 0.074 was used. This parameter was
calculated by fitting the predictions of the theory to the experi-
mental data for the sorption of CO2 into polystyrene. Finally,
the flex energy, u, in Eqs. (26) and (27) was calculated equal to
4102.9 J mol�1 by fitting the predictions of the theory to the
experimental glass transition temperature of pure PS [21].

In the remaining correlations, one basic approximation was
made. The pressure difference between the two sides of the
bubble interface that is used in Eqs. (3) and (4) was set equal
to the difference of the initial (the saturation pressure at the
start of depressurization) and the final (the ambient) pressure
[2,3]. This pressure difference reflects the supersaturation of
the polymer matrix and the above approximation is valid
only in the limit of very fast depressurization. Very high pres-
sure drop rate was applied for the study of the effect of satu-
ration pressure and foaming temperature. On the other hand, in
order to study the effect of depressurization rate, porous struc-
tures were produced using both high and very low depressuri-
zation rates. As a consequence, the application of nucleation
theory in order to predict the effect of depressurization rate
is challenging indeed.

The energy barrier for homogeneous nucleation and the
critical nuclei radius are presented in Figs. 18 and 19, respec-
tively. The energy barrier for nucleation decreases exponen-
tially with increase in pressure. This means that at higher
saturation pressures nuclei are more easily generated inside
the polymer matrix and consequently the final porous structure
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Table 1

Scaling constants for pure fluids [21]

Fluid 3* (J mol�1) v* (cm3 mol�1) n�sp (cm3 g�1) s

CO2 3040 5.970 0.707 0.909

PS 5828 8.418 0.916 0.667
has more cells. This could explain the increase of the cell pop-
ulation density with increase of saturation pressure that was
observed experimentally (see Fig. 5). The energy barrier for
nucleation is very high at lower pressures and this could ex-
plain the difficulties of foaming polymers at such conditions
[3]. On the contrary, the energy barrier reaches a plateau of
very low values at higher pressures (greater than 30 MPa for
the studied system) that could explain the leveling of cell den-
sity and pore size at these pressures (see Fig. 5).

On the other hand, at constant pressure the nucleation
energy barrier increases with increase in temperature. The
main reason for this is the implied increase of interfacial
tension. It is reasonable to expect that as the temperature in-
creases, the surface tension of the polymer matrix decreases.
Nevertheless, as predicted from Eq. (30), this happens only
at low pressures, where the sorption of CO2 is not very high.
At higher pressures the decrease of the CO2 solubility that is
caused by the temperature increase is more pronounced and
results in an increase in the interfacial tension. Fig. 20 presents
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the interfacial tension of the system CO2ePS as predicted by
Eq. (30).

As the energy barrier increases at higher temperatures, the
generation of nuclei becomes more difficult and, consequently,
fewer cells are observed in the final porous structure. This
could explain the decrease of the cell population density
with increase of the foaming temperature that was experimen-
tally observed (see Figs. 9 and 10).

In previous studies [3,6], homogeneous nucleation theory
proved is able to predict a pressure and temperature trend in
nucleation similar to the trend of the experimentally observed
cell population density. Usually, an adjustable parameter was
incorporated in order to account for the growth or the coales-
cence of pores and subsequently the correlated nuclei density
could be directly compared to the experimentally observed
cell population density [3]. Nevertheless, often the process
was only qualitatively described and not accurate correlations
were obtained [3].

In this study, the nucleation theory was combined with
NRHB model, in order to correlate the experimentally ob-
served cell population density as a function of pressure and
temperature. As previously described, the term ZRimp of Eq.
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(6) served as temperature dependent adjustable parameter
[3]. The results are summarized in Figs. 21 and 22. As ob-
served, a good agreement between experimental and corre-
lated values is obtained.

5. Conclusions

In this work microcellular PS foams and porous structures
of the biodegradable PD,LLA were successfully prepared using
supercritical CO2 as a blowing agent. The results revealed that
the size of the pores decreases and their population density in-
creases with pressure increase, or decrease of temperature,
and/or increase of the depressurization rate.

The results were correlated by combining nucleation theory
with NRHB model. A satisfactory agreement between correla-
tions and experimental data was obtained indicating that the
nucleation theory not only describes qualitatively the foaming
process but also yields quantitative correlations when variables
such as sorption, degree of plasticization, and surface tension
of the system polymeresupercritical fluid are accurately
described.
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