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Abstract

Experimental results on bubble nucleation in the solid-state polystyrene–nitrogen system are presented. It was found that the bubble
nucleation occurs over a period of approximately 30 s, and is not instantaneous as previously suggested. Over the range of nitrogen pressures
explored, 4–14 MPa, the cell nucleation density increased exponentially. However this increase was many orders of magnitude less than
predicted by the homogeneous nucleation model, indicating that the classical theory may not be applicable to nucleation in thermoplastic
polymers near the glass transition.
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. Introduction

Microcellular foams refer to thermoplastic foams with a
ery large number, typically exceeding 108 cells/cm3, of very
mall bubbles, of order 10�m diameter. The idea to introduce
uch small bubbles in thermoplastics was originally moti-
ated by the possibility to reduce the amount of polymer
sed in a number of applications that use solid polymers,
ut do not need the full mechanical properties of the solid
olymers.

Since the first patent on a process to make microcellular
oams was issued[9], a number of efforts have been made to
nable large-scale production of these novel materials. The
trongest emphasis has been on development of extrusion
rocesses (see, for example[10,15,16]).

Other approaches include a thermoforming process[6],
nd a sintering process where gas-saturated powder is first
ompacted and then heated to create a net-shaped part[14].
semi-continuous process to convert a roll of film to a roll of

olid-state microcellular foam has been described by Kumar

and Schirmer[8], which presents an alternative to extrus
for production of foam sheets.

As the interest in this technology grows and we get cl
to commercial realization, an understanding of the de
opment of microstructure in these processes become
portant both from the viewpoint of process control as
as for optimization of the properties of the final prod
For the extrusion-based processes, where the bubble
formed in a polymer melt, a number of studies have b
made that address the issues related to the growth of bu
(see, for example[1,5,12,13]). This subject has been recen
reviewed by Ramesh[11] where one can find the relat
bibliography.

In this paper we present experimental results on bu
nucleation in solid-state foaming of polystyrene using n
gen as a blowing agent. The basic batch process use
been described previously (e.g.[7]). The term ‘solid-state’ i
meant to convey an essential difference from the extru
processes, namely that in this process the bubbles are fo
in the rubbery state, near the glass transition tempera
and the polymer is never melted. Thus while surface ten
∗ Tel.: +1 2065435535; fax: +1 2066858047.
E-mail address:vkumar@u.washington.edu.

effects play an important role in the bubble growth dynam-
ics of extrusion foams, these effects are not important in the
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solid-state process. Instead, the viscoelastic properties of the
gas–polymer system become important.

2. Experimental

Dow XP 6065 polystyrene with average molecular weight
of 200,000 was injection molded to make circular discs of
50 mm diameter and 1.55 mm thickness. These discs were
saturated with nitrogen at 2000 psi (13.79 MPa) pressure in
a pressure vessel maintained at room temperature. The gas-
saturated discs were heated in a glycerine bath at 115◦C. A
Haake circulator/controller Model E3 was used to heat and
circulate the glycerine. The bath temperature was controlled
to ±0.2◦C.

To study the dynamics of cell nucleation and growth, the
specimens were heated for different lengths of time rang-
ing from 4 s to 4 min, and then quenched in room temper-
ature water. The specimens were fractured after dipping in
liquid nitrogen, and the exposed structure was studied us-
ing a scanning electron microscope (SEM). The micrographs
were analyzed and the cell size and cell density were deter-
mined according to procedure previously described[7]. The
cell density data reported is the number of cells per cubic
centimeter of the solid polymer.

To explore the effect of nitrogen saturation pressure on
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a ity of Fig. 1. Histogram of cell size distribution in the early stages of foaming.
ell nucleation, polystyrene samples were saturated at
ures of (a) 600 psi (4.14 MPa), (b) 1000 psi (6.89 MPa)
500 psi (10.34 MPa), and (d) 2000 psi (13.79 MPa), res

ively, and foamed at 115◦C. The cell nucleation densiti
ere determined as described above.

. Results

.1. Dynamics of bubble nucleation

One objective in performing this set of experiments
o see if there is significant additional nucleation after
nitial ‘spontaneous’ nucleation. From micrographs of fo
amples, the cell density was determined at different fo
ng times. The size of each bubble in the micrographs
etermined to get an idea of cell size distribution at diffe

oaming times.Fig. 1shows the number of cells in differe
ize ranges at foaming times of 10, 15, 20, and 30 s, re
ively. Note that up to a foaming time of 10 s, all cells
�m or less. However, at a later time, say 20 s, 18 bub
ut of 57 in the micrograph, or about 30%, are 6�m or less
uggesting that these smaller bubbles were nucleated la
0 s, only two bubbles out of a total of 47 in the microgr
re less than 5�m suggesting that the rate of nucleation
lowed down considerably by this time due to depletio
he driving force.

Cell density as function of foaming time is shown inFig. 2.
e see that the cell density rises till about 30 s foaming

nd then starts to decrease reaching a limiting cell dens
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Fig. 2. Plot of cell density as a function of foaming time.

about 2× 108 cells/cm3 after 90 s of foaming. The early cell
density rise has been plotted inFig. 3where we see that up to
about 30 s of foaming, the cell density can be considered to
increase exponentially with time. Beyond this time, the rate
of nucleation decreases, as the driving force for nucleation
gets depleted.

Our data shows that most of the nucleation of cells in the
nitrogen–polystyrene system takes place over a finite time
which is at least on the order of 30 s and is not ‘instanta-
neous’ as assumed by previous investigators[3]. The cell
density starts to decrease after the cells get large enough
to hit each other. This happens at a cell size of approxi-
mately 12�m in this experiment. As the cells grow further
they coalesce, reducing the cell density. This phenomenon
is evident inFig. 4, where cell density has been plotted
as a function of cell size. Although additional nucleation
is possible after cells begin to coalesce, it is expected to
be minimal, given that the number of ‘young’ cells, un-
der 5�m in size, at 30 s is approximately 5% of total cells
(Fig. 1).

F s of
f

Fig. 4. Cell nucleation density as a function of cell size.

3.2. Effect of nitrogen pressure on cell nucleation

Fig. 5shows micrographs of samples foamed at different
gas saturation pressures. The foaming time was kept low in
order to prevent cell growth to a point where coalescence can
occur, affecting the cell density measurements. An increase
in the number of cells with higher saturation pressure can
be seen from these micrographs. Cell density data has been
plotted inFig. 6as a function of nitrogen saturation pressure.
Note that the cell density has been plotted on a log scale. We
see that the number of cells nucleated increases exponentially
with saturation pressure, at least for the range of saturation
pressures in our experiments.The observed relationship be-
tween the cell nucleation density and the saturation pressure
can be described by

N0 = A eαPs (1)

whereN0 = number of cells/cm3, and,Ps = saturation pres-
sure in atm.

In Eq. (1) A andα are empirical constants. The solid line
in Fig. 6 is described by

N0 = (1.46× 106) e0.0454Ps (2)

4. Discussion
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ig. 3. Cell density as a function of foaming time in the early stage
oaming.
The first goal of our experiments was to establish the
ver which most of the cell nucleation takes place. Th
xperiments were done with pure polystyrene (with no
itives). As there is no second phase of another ma
resent, homogeneous nucleation is believed to be the m
nism responsible for cell nucleation. Colton and Suh[3] has
alculated homogeneous and heterogeneous nucleatio
n polystyrene at different nitrogen saturation pressure

function of the concentration of a nucleating agent
s zinc stearate. In the second part of this paper[4], Colton
ompares the predicted nucleation rates to the exper
ally obtained cell nucleation density. In order to make
irect comparison Colton made an implicit assumption
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Fig. 5. Scanning electron micrographs of microcellular polystyrene samples nucleated at different nitrogen saturation pressures: (a) 600 psi (4.14 MPa); (b)
1000 psi (6.89 MPa); (c) 1500 psi (10.34 MPa); and (d) 2000 psi (13.79 MPa). The nucleation density increases exponentially with nitrogen saturation pressure.

all nucleation occurs within one second. In other words, if we
assume that cell nucleation is ‘spontaneous’ and that all nu-
cleation occurs in the first second, then the nucleation rate also
gives the total number of cells per cubic centimeter. Colton
has implicitly made this assumption in comparing his cal-
culated nucleation rates to the experimental cell nucleation
densities. In this work, Colton[2,4] experimentally investi-
gated the effect of various concentrations of zinc stearate that
provided heterogeneous nucleation sites on cell nucleation
density. As a baseline he also got data on pure polystyrene
with no nucleating agent. Thus this baseline data with no ad-
ditives is directly comparable to the experiments in this study
where all experiments were performed on pure polystyrene
without any additives.

F ation
p

The data on cell size distribution inFig. 1shows the pres-
ence of young or recently nucleated cells up a time of 30 s.
Note that at 10 s all bubbles are young, that is, have a diameter
of 5–6�m or less. The fraction of young bubbles decreases
with time as expected. At a time of 30 s, the young bubbles
comprise less than 5% of the total cells, indicating that the
driving force for cell nucleation has largely depleted by this
time. Thus cell nucleation in this system occurs over a time
of approximately 30 s.

In Fig. 7we have plotted the predicted cell density for ho-
mogeneous nucleation and the experimental cell nucleation
data at different nitrogen saturation pressures. Colton’s base-
line data with no additives is seen to be in good agreement
with our measurements. Note that our foaming temperature

F ental
r

ig. 6. Plot of cell nucleation density as a function of nitrogen satur
ressure (1000 psi = 6.895 MN/m2).
ig. 7. Comparison of homogeneous nucleation theory and experim
esults (1000 psi = 6.895 MN/m2).
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was 115◦C while Colton’s calculations and experiments were
conducted at 110◦C. It is clear fromFig. 7 that there is a
gross disagreement between the experimental data and the
cell density predicted by the homogeneous nucleation the-
ory. For an increase in saturation pressure from 1000 psi
(6.89 MPa) to 2000 psi (13.79 MPa), the homogeneous nu-
cleation theory predicts the cell density to increase from 102

to 1010 cells/cm3—an increase of eight orders of magnitude.
The measured cell density increases from 5× 107 at 1000 psi
(6.89 MPa) to 9× 108 at 2000 psi (13.79 MPa)—a signifi-
cant, 20-fold increase, but some six orders of magnitude less
that predicted. The cell nucleation phenomenon is much less
sensitive to saturation pressure than is suggested by the homo-
geneous nucleation theory. In terms of predictions at a given
saturation pressure, the theory is not consistent. For example,
at 1000 psi (6.89 MPa) saturation pressure, the measured cell
density is about five orders of magnitude higher than the pre-
dicted value of 102 cells/cm3. At 2000 psi (13.79 MPa) satu-
ration pressure, the measured cell density is about two orders
of magnitude lower than the theoretical prediction. Clearly,
the cell nucleation phenomenon in polystyrene is not well
described by the classical homogeneous nucleation theory.

There is another phenomenon that likely has bearing on
the discrepancy between the homogeneous nucleation the-
ory and experimentally observed cell density. Initially, when
cells nucleate, there is a large surface area of bubble surfaces
c ium.
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the homogeneous nucleation model, indicating that the clas-
sical theory may not be applicable to nucleation in thermo-
plastic polymers near the glass transition.
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