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Dynamics of Foaming of Polystyrene Particles
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Ssummary: In this work, we address the industrially relevant problem of the foaming
of expandable polystyrene (PS) impregnated by pentane as a traditional down-stream
processing in the suspension polymerization of styrene. Once the polystyrene foam is
formed by means of a proper foaming agent, e.g., pentane or fluoro- or chloro-
hydrocarbons, the blowing agent diffuses out from the cellular structure. Environ-
mental efforts call for the reduced consumption of blowing agents. The dynamics of
foaming of polystyrene particles was recorded video-microscopically in our labora-
tory as the sequence of images of expanding particle located in the small pressure cell
placed under the microscope with sufficient depth of focus. The amount of pentane
sorbed in PS was controlled by the length of the impregnation period and was
determined independently by gravimetric measurements. Strong dependence of the
structure of the produced foam and of the foaming dynamics on the amount of
sorbed pentane, temperature and particle size is reported and explanations for some

video-miscroscopy

Introduction

Thermoplastic foams represent an impor-
tant class of materials that have advanta-
geous cost and weight effective properties
particularly in areas of impact strength,
thermal and electrical insulation and light-
weight structures. Polymeric foams can be
produced by wide variety of processes
ranging from expandable beads to injection
moulding and extrusion.'? The type of the
foam and its final properties such as
strength, density and insulating properties
are determined by the type and concentra-
tion of the dissolved blowing agent, and by
process parameters such as foaming tem-
perature and pressure, cooling rate and the
rate of pressure release or extrusion rate.
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observed foaming phenomena are provided.
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The produced foam can be brittle, soft or
resilient depending on the control of cell
structure and induced orientation.
Although there is a considerable indus-
trial expertise with foaming processes
employing various grades of polymers,
blowing agents and processing equipment,
there is a need for improved process design
when a change is required. One such
change is necessitated by the phase-out of
traditional blowing agentsm due to envir-
onmental concerns. Chlorofluorocarbons
(CFCs) were the original blowing agents
of choice but were phased out due to
concerns about their role in ozone deple-
tion. Using CFCs it is relatively easy to
produce foams with large number density
and narrow size distribution of cells.
Partially hydrogenated replacements of
CFCs have been in use for several years
as a temporary solution. Volatile organic
compounds (VOCs) are sometimes used as
physical blowing agents, but they are often
flammable and/or tightly regulated. It can
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be challenging to maintain foam product
quality while using more environmentally
benign blowing agents such as N, or CO,
which are inert but typically have a lower
solubility in the polymer. Similar difficulties
arise when a change in polymer, additives,
or equipment is required.

Nucleating agents (e.g., talc powder) are
often dispersed in the polymer matrix to
provide heterogeneous nucleation sites and
to control the number density and/or size
distribution of cells in the final foam.!?!
Comprehensive reviews of classical nuclea-
tion theory can be found elsewhere.[*> The
cell structure of expanded foam is directly
related to the number of bubbles nucleated
during the foaming. Nucleation and growth
affect the cell size distribution in synthetic
polymer foaming, with nucleation having
the strongest effect. The detailed discussion
of the nucleation phase is available in Shen
and Debenedetti,[é] Pai and Favelukis.”)
Good nucleating agents are expected to
produce desirable foams with a large
number density and narrow size distribu-
tion of bubbles.®!

The foaming of thermoplastic polymers
using physical blowing agents is a complex
process. Many effects influence simulta-
neously the rheology of impregnated poly-
mer and the microstructure of the product
during the bubble growth. Theoretical
analysis of bubble growth in polymer foams
has been carried out by Shafi and Flumer-
felt’”! and Koopmans et al."% Most of the
previous work on polymer foaming is the
theoretical study of bubble growth and only
few experiments were reported that address
the dynamic behavior of bubble growth in
the molten polymer.''"* Other experi-
mental studies have focused on the effect of
polymer properties and operating condi-
tions on the cellular structure of foams. The
morphology of cellular structure is usually
investigated experimentally after the foam
has been formed.[">"7!

The microstructure of polymer foam,
and the kinetics of the bubble growth within
a pentane loaded molten PS sample is of
relevance to the commercial foaming of
polymers conducted by pressure release at
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the exit of an extruder. The foaming of
expandable PS beads (impregnated by
pentane) produced by the suspension
process is also of industrial interest. The
bubble growth data for polymeric foams are
important for understanding the foam
growth process and for testing the validity
of models. Tuladhar and Mackley[lg] car-
ried out optical experiments using a Multi-
pass Rheometer to follow the time evolu-
tion for melting the pentane loaded
polystyrene beads. They were able to follow
the growth kinetics of bubbles together
with rheological measurements and formu-
lated a model of the early stage of foaming
including gas diffusion to fit the experi-
mental data.

Here we report the results of video-
microscopy observations of polystyrene
(PS) particles impregnated by pentane
expanding during their foaming. We
describe the initial foaming experiments
and then discuss the effects of temperature,
particle size and concentration of pentane
in PS on the dynamics of foaming.

Experimental

Experimental equipment for the video-
microscopy observation of polystyrene
particles expanding during their foaming
consists of the observation cell equipped
with two glass windows and of Nikon
microscope with attached digital camera
Nikon CoolPix 4500 (Figure 1). Two glass
windows in the observation cell have a
diameter 30 mm, thickness 8 mm and are
kept in the distance 4 mm by the distance
ring (Figure 2). The thickness of glass
windows unavoidably causes some optical
dispersion of images. The observation cell
was designed as self-sealing so that high
pressure forces both glass windows against
O-rings placed in the metal part of the
observation cell. It was found that the
observation cell seals well also at vacuum
conditions. The observation cell has an
internal volume approx. 3 cm?, is equipped
with inlet and outlet capillaries, tempera-
ture and pressure probes and is thermo-
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Experimental apparatus for visual observation of particle foaming.

stated. Capillaries for the inlet and the
outlet of gases/vapors and holes for tem-
perature and pressure sensors cross the
distance ring to the measuring space
between the glass windows. The observed
particles are placed into the observation
chamber between the two glass windows
and they are illuminated by a light source
either from the top or from the bottom. The
light applied from the bottom yields sharp

contours of the particle, but the details of
particle morphology are not visible. The
illumination from top is employed in
experiments reported in this paper because
it was necessary to place the observed
particle on the metal grid to prevent its
lateral movements.

The observation vessel is heated by the
circulation coil of the thermostat to the
desired temperature. All inlet and outlet

glass windows separated
by distance ring

head cover

input of silicon oil
from thermostat

Figure 2.
The detail of the observation pressure cell.
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capillaries and valves of the pressure cell
are heated electrically by the resistance
wire and their temperature is maintained by
PID controller to prevent the condensation
of pentane. The observation cell is partially
thermally insulated from the environment
and is protected from ambient light condi-
tions by the cylindrical shield.

The digital camera is connected to the
computer equipped with digital image-
processing software LUCIA from Labora-
tory Imaging company. Changes in the area
of particle image correspond to particle
swelling or foaming. The first prototype of
our experimental equipment was equipped
with an analog camera attached to the
microscope and the analog video signal was
grabbed by the computer.

Experimental Procedure

Two different modes of particle foaming
were carried out experimentally. Most
experiments were run at constant tempera-
ture of the observation cell (between 85°C
and 105 °C). The particle of pure polystyr-
ene was inserted into the observation cell,
heated up to the required temperature and
the observation cell was evacuated. Then
the sorption of pentane in polystyrene
particle(s) took place at specified pressure
of pentane vapors for a predefined period
of time fimpreg and finally the pressure was
quickly released and the expansion of
particle caused by the foaming was
recorded. The advantage of this methodol-
ogy is a well defined initial condition and
starting time of the foaming. The dynamics
of polystyrene impregnation by pentane
was measured independently in our gravi-
metric apparatus.[w] The vapor pressure of
pentane in the observation cell during the
impregnation stage of measurement was
controlled by a small pressure cylinder
partially filled with liquid pentane and
immersed into a thermostated bath with
hot water. The pressure fluctuations during
the charging of the observation cell by
pentane lasted only several seconds and
were weak so that they haven’t caused the
movement of the observed polystyrene
particle.
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The second mode of particle foaming
was carried out at increasing temperature.
The cold polystyrene particle impregnated
by pentane was placed at a room tempera-
ture into the observation cell and the cell
was hermetically sealed. The observation
cell was then heated up and the particle
foaming started suddenly at -elevated
temperature.

In both modes of foaming measurements
the polystyrene particle was placed on the
grid from the stainless steel coated by
palladium black and located on the bottom
glass in the observation cell. The grid
prevented the particle movement, but the
particle foaming was not restricted by the
grid. The observation cell was hermetically
closed by the upper flange and the whole
equipment was put under the microscope
lens. The pressure-leak test of the appara-
tus was done by nitrogen. Setting of
video-microscopy equipment was adjusted
to have the sharp image of the observed
particle.

After the temperature has stabilized at
the predefined constant value, the vacuum
was applied and the unchanging size of
particle was verified by the digital proces-
sing of several images captured during
10 min. The high depth of focus was achieved
by means of the optic adaptor mounted
between the microscope and the digital
camera with the variable length of focus.
Thus a low magnification (and therefore
high depth of focus) was set at the
microscope and the magnification was
enhanced by the optical zoom of the digital
camera. The setting of the microscope, i.e.,
its focusing, magnification and intensity of
illumination was kept constant during the
experiments. Figure 3 shows an example of
the digital image of the particle during its
foaming.

During the measurements, the auto-
matic scanning of images was set in regular
time intervals of 10 s. The sequences of
images of polystyrene particles were pro-
cessed by the LUCIA software in several
steps. First, the contrast of the image was
adjusted to the level suitable for the image
binarization and a threshold function for
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Figure 3.
The image of expanding polystyrene particle taken in
the observation cell by the digital camera.

the binarization of the image was deter-
mined. This threshold function analyses the
colors of the image and distinguishes the
particle from the background. In the case of
sufficient contrast, the results of image
processing are almost independent of
image binarization parameters. We haven’t
employed the possibility of the calibration
of the actual length scale because we were
interested only in relative changes of
particle area during its foaming.

After the binarization the software
LUCIA evaluates a particle size and
reports it as the equivalent diameter of
the perfect sphere with the same area like
the observed (non-spherical) particle. This
method is automatically repeated for the
recorded sequence of images and the
evolution of the particle equivalent dia-
meter is obtained both for the sorption of
pentane and for the foaming. The change of
particle volume can be simply characterized
with the third power of the equivalent
particle diameter.

The experimental apparatus for video-
microscopy observation of particle foam-
ing has been continuously improved
during the measurements. The most
important changes were the installation
of digital camera and associated increase of
the depth of focus and the stabilization of
the illumination.
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Results and Discussion

The polystyrene powder with a trade name
Koplen provided by KAUCUK company
was pre-sieved into fractions. The fractions
with particle size 0.63 to 0.90 mm and 0.90
to 1.25 mm were chosen for foaming
experiments, but some experiments were
conducted with smaller or larger particles.
n-pentane of purity 97% was employed as a
blowing agent for impregnation of PS
particles. The primary objective of our
measurements was to determine the depen-
dence of foaming dynamics of a single PS
particle on: (i) the amount of pentane
sorbed in particle, (ii) on the temperature,
and (iii) on the particle size. In our
measurements the amount of pentane
sorbed in PS particle depends on the period
of impregnation fmpree and on the condi-
tions of impregnation. The foaming is
described quantitatively by the foaming
ratio (V/V,) defined as the ratio of the actual
particle volume V and the volume of the
compact particle before the foaming V.

Initial Foaming Experiments

In the initial series of constant-temperature
experiments, the impregnation of PS par-
ticle(s) by pentane was not carried out at a
constant pressure of pentane. The observa-
tion cell was charged by pentane only at the
start of impregnation and the pressure was
freely decreasing as the pentane sorbed into
the particle. After the impregnation period
timpreg» the pressure cell was evacuated and
the particle has expanded on the time scale
of several minutes as a consequence of its
foaming. After several minutes the particle
size has reached its maximum and then it
slightly decreased in some experiments.
The first successful foaming experiment
with the PS particle of approx. 1 mm
diameter impregnated for fiypreg = 63.6 min
at 95 °C by pentane with the initial pressure
po=4.2 bar is displayed in Figure 4. The
pressure of pentane has decreased during
the impregnation from 4.2 bar to 3.38 bar as
a result of sorption. The foaming ratio in
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Figure 4.

Foaming of PS particle impregnated with pentane into vacuum at T=95 °C. Impregnation of PS particle with
diameter approx. 1 mm was done by pentane with initial pressure p, = 4.2 bar at 95 °C for timpreg = 63.6 Min.

this experiments was (V/Vy)=(28.5/
12.0)>=13.4 which is a number smaller
than a typical foaming ratio in industry. Let
us note that a significant expansion of the
particle started with a certain delay after
the sudden application of the vacuum in the
observation cell. The time on the horizontal
axis of Figure 4 starts by the application of
vacuum.

The growth of individual bubbles (cells)
was also observed. The images representing
the evolution of the particle structure during
the foaming are shown in Figure 5. The
quality of images in Figure 5 is limited by
the depth of the focus of the microscope
with attached analog camera. Nevertheless
we can observe the formation and growth of
relatively large bubbles.

We were not able to estimate the
swelling of PS particles by pentane, i.e.,
the dependence of particle diameter on
impregnation time, due to the large uncer-
tainty of digital image processing of results
of these measurements. PS particles have
changed their color from white to gray
during the impregnation by pentane so that
the contrast between the particle and the
background has diminished and it was thus
not possible to obtain sharp and unambig-
uous contours of particles in the binariza-
tion step of digital image processing.
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Figure 6 shows the dynamics of pentane
sorption into PS powder at 95°C and
pentane pressure 4 bar, i.e., at conditions
employed typically in our video-micro-
scopy measurements of foaming. This
Figure relates the impregnation period
and the amount of pentane sorbed in PS.
For example, impregnation time fimpreg =
60 min at 95 °C and pentane pressure 4 bar
results in 8.0 wt.% of pentane in PS.
However, the radial concentration profile
of pentane in individual particles is not
uniform. We performed number of sys-
tematic measurements of both concentra-
tion and temperature dependent transport
of pentane in PS and of equilibrium
sorptions of pentane in PS in the tempera-
ture range from 45 to 120°C. However
results of these measurements do not fit to
the limited size of this paper.

Effect of Impregnation Time
on Particle Foaming

The effect of impregnation time on the
foaming of PS particles has been investi-
gated in a systematic series of measure-
ments. The particles were impregnated by
pentane at constant pressure p =4.0 bar and
temperature 95 °C for a period fimpreg = 10,

www.ms-journal.de
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Figure 5.

The sequence of images for experiment described in Figure 4. Foaming started by application of vacuum after
the impregnation of PS by pentane for a period timpreg = 63.6 min.

20, 30 or 60 min. In this series of experi-
ments the pressure of pentane was main-
tained at constant level by thermostating
the cylinder containing liquid pentane and
keeping it connected with the observation

0.0 7+

cell. The amount of sorbed pentane can be
estimated from the sorption dynamics
determined by gravimetric measurements,
cf. Figure 6, but the characteristic size of
particles has to be taken into account.

0.00 4y
0 20 40

Figure 6.

60 80 100
time / min

Dynamics of pentane sorption in approx. 1g of PS powder (fraction of particle size 0.90 to 1.25 mm) at 95 °C and
constant pressure of pentane 4 bar determined gravimetrically. Vertical axis is the ratio of the mass of sorbed

pentane Am to the mass of pure polymer mp.
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The comparison of the dynamics of
foaming for the considered cases is sum-
marized in Figure 7, which displays the time
evolution of the foaming ratio (V/V,). The
pentane was suddenly evacuated at time
t=0 s and the foaming has started at this
time. The intensive growth of cells has
appeared approximately 30 s after the evacua-
tion of the observation cell. The expansion
of PS particles was nearly complete at
t=200 s regardless the impregnation time
preceding the foaming. The foaming ratio
(V/Vy) increases with increasing impregna-
tion time of PS particles by pentane.

The amount of pentane sorbed in PS
particle influences also the morphology of
the arisen foam, cf. Figure 8. The evolution
of the foam structure in this Figure depends
on the impregnation period fimpree preced-
ing the application of vacuum. The cellular
structure of the expanded particle is homo-
geneous for a short impregnation period
and individual cells in the foam are
relatively small. On the other hand, at long
impregnation periods the final cellular struc-
ture of the expanded particle is heteroge-
neous and large semi-transparent bubbles
randomly arise close to the particle surface.

A similar series of experiments investi-
gating the effect of impregnation period on

foaming was performed at 95°C with the
older experimental setup where the obser-
vation cell was charged by pentane with
initial pressure py and then the pentane
pressure was slowly decreasing because of
pentane sorption in PS and because of the
small volume of the observation cell. After
60 min of impregnation the pressure of
pentane vapors has decreased about 0.5 bar.
Vacuum conditions were again applied
during the foaming of impregnated PS
particles, cf. Figure 9.

In Figure 9 we observe that the foaming
is counter-intuitively faster and the parti-
cle foaming ratio (V/Vy) higher during the
shorter impregnation time of pentane
timpreg = 30 or 60 min than during the long
impregnation time fimpree = 90 min. Expla-
nation of this observation shall take into
consideration: (i) amount of pentane and
concentration profile of pentane in the
particle, (ii) concentration- and tempera-
ture-dependent rate of pentane diffusion in
polymer and out of particle, (iii) cooling of
particle as a consequence of phase separa-
tion of pentane from PS, (iv) temperature
and concentration-dependent visco-elastic
properties of PS impregnated by pentane,
and (v) rate and density of formation of
nucleation centers.
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Figure 7.

time / min

Foaming dynamics of polystyrene particle (taken from size fraction 0.63 to 0.90 mm) impregnated by pentane at
temperature 95°C and pressure 4.0 bar for time timpreg. FOaming was carried out at 95°C and at vacuum

conditions.
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The formation of the foam structure during the expansion after various periods of impregnation. The conditions
of impregnation and foaming are described in Figure 7. Each vertical column of images corresponds to a slightly

different setting of a microscope.

The foaming ratio (V/V;) in Figure 9 is
similar for finpreg =30 min and fimpreg =
60 min because the initial pressure of
pentane p at 60 min was smaller. Our work-
ing hypothesis explaining the different

22

dynamics of foaming with a long induction
period for fimpreg =90 min is the strong
concentration dependence of pentane
transport in PS and visco-elastic properties
of PS impregnated by pentane. As we show

20 -
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= 9500, r|mpreg = 90 min
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Figure 9.

15

20 25 30 35
time / min

Foaming of PS particle (taken from size fraction 0.90 to 1.25 mm) impregnated with pentane into vacuum at
temperature 95 °C. PS particle was impregnated at 95 °C by pentane with initial pressure p, = 4.1 bar for period

timpreg = 30 Min, p,=3.8 bar for tinpreg = 60 Min, and p,=3.5 bar for timpreg =
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below, the higher fraction of pentane
sorbed in PS does not necessarily translate
into larger foaming ratio (V/Vy) and is
sometimes associated with a longer induc-
tion period of foaming similarly as in the
case shown in Figure 9. Relatively small
initial pressure of pentane py,=3.5 bar for
timpreg = 90 min might also contribute to
counter-intuitive behavior displayed in
Figure 9.

Effect of Temperature
on Particle Foaming

The effect of temperature on the foaming of
polystyrene particles has been investigated
at temperatures 85, 90, 95, 100 and 105 °C
and is summarized in Figure 10. The im-
pregnation of particles by pentane lasted
timpreg = 60 min and was done at the same

temperature as the subsequent foaming.
The attempts to foam the impregnated
particle at 85°C by the sudden release of
pressure were not successful or were not
reproducible. The rate of foaming slows
down and the foaming ratio (V/Vy)
decreases with the increasing temperature,
cf. Figure 10 and Table 1. Figure 10a
compares two almost identical foaming
experiments carried out at 90 °C. The rate
of foaming has been the same in both
experiments but the foaming ratio was
different because of the initial pressure of
pentane py set at the start of the impreg-
nation stage. Some variability of experi-
mental results is also caused by small
differences in diameters of employed poly-
styrene particles.

Foaming ratios (V/V,) are summarized in
Table 1 and were calculated as the ratio of

35 22
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Figure 10.

Foaming of PS particles impregnated by pentane for a period of 60 min in dependence on temperature: a) 90 °C
(two experiments), b) 95 °C, c) 100 °C, d) 105 °C. Detailed conditions of experiments are listed in Table 1.
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Table 1.

Conditions of impregnation/foaming experiments investigating the effect of temperature.

Temperature Size fraction Pentane pressure in Impregnation Foaming ratio
of PS particle impregnation p, period timpreg (V/ V)
90°C 0.90 to 1.25 mm 3.6 bar 60 min (29.2/1.7)* =15.6
90 °C 0.90 to 1.25 mm 4.0 bar 60 min (32.4/m.1)>=24.9
95°C 0.90 to 1.25 mm 3.8 bar 60 min (20.3/10.4)* =7.4
100 °C 0.90 to 1.25 mm 4.0 bar 60 min (19.9/10.5)* = 6.8
105 °C 0.90 to 1.25 mm 3.0 bar 60 min (19.1/1.6)> = 4.5

third powers of evaluated equivalent dia-
meters of particles (in arbitrary units). For
example, in the case of the second experi-
ment listed in Table 1 the particle equiva-
lent diameter has expanded almost three
times which roughly corresponds to indust-
rially relevant requirements on foaming.
At 90 °C the PS particle expands imme-
diately after the application of vacuum and
most of volume expansion is over after
5 min of foaming, cf. Figure 10a. At higher
temperatures (especially at 100°C and
105°C) we observe the delay in foaming,
i.e., the presence of an induction period of
slow particle expansion after the applica-
tion of vacuum, cf. Figure 10c,d. The
foaming dynamics for the first experiment
from Table 1 is shown in Figure 11. A gray
color of PS particle impregnated by pen-

tane can be observed. The best results with
foaming ratio (V/V,) =25 were achieved at
temperature 90 °C maintained both during
the impregnation and foaming stage of the
experiment. The foaming dynamics at
temperatures higher than 90°C became
worse with the size of particles used in this
study.

The explanation of foaming profiles in
Figure 10 has to take into consideration not
only temperature, but also faster diffusion
of pentane out of the impregnated PS
particle at higher temperature and larger
fraction of pentane in PS particles impreg-
nated at higher temperatures. We suggest
that at higher temperatures the individual
cells expand but a significant fraction of
pentane diffuses out of the particle and the
polymer impregnated by pentane is soft to

Figure 11.

The sequence of images taken during the foaming of PS particle (size fraction 0.90 to 1.25 mm) impregnated for
60 min by pentane with initial pressure p,=3.6 bar at 90 °C and then subjected to vacuum at the same

temperature.
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Table 2.

Conditions of impregnation/foaming experiments investigating the effect of particle size.

Size fraction
of PS particle

Temperature

Pentane pressure
in impregnation p

Impregnation
period timpreg

Foaming ratio

(V/Vo)

95°C 0.40 to 0.63 mm 4.2 bar 30 min (1.45/0.53)> = 20.4
95°C 0.63 to 0.90 mm 4.1 bar 30 min (2.73/0. 78)3:42 4
95°C 0.63 to 0.90 mm 4.1 bar 30 min (2.76/0.79)> = 41.9
95°C 0.90 to 1.25 mm 4.2 bar 30 min (4.13/1.12)* =50.9
95°C 1.25 to 1.60 mm 4.2 bar 30 min (5.71/1.44) = 61.9
95°C 1.60 to 2.50 mm 4.0 bar 30 min (8.71/2.17)* = 64.9
95°C 1.60 to 2.50 mm 4.0 bar 30 min (7.34/2.10)* = 42.6

hold the bubbles permanently. Therefore
the optimum temperature and other con-
ditions for particle foaming are conditions
where the expanded cellular structure will
quickly become “frozen’. The presence of
the induction period in the foaming profile
does not depend only on temperature but
also on the initial pressure of pentane p, set
at the start of the impregnation period.

Effect of Particle Size on Foaming

The effect of particle size on dynamics of
particle foaming was investigated in
another series of experiments. The size of
particles affects both the space-averaged
concentration of pentane in the particle and
the concentration profile of pentane in the
particle. The content of pentane in PS thus
depends both on the impregnation time and

on the particle size. The experimental
procedure for the impregnation of PS
particle by pentane and subsequent foam-
ing by subjecting the particle to vacuum
remained the same. Both impregnation and
foaming were carried out at the same
temperature. The pressure of pentane was
kept constant at approx. 4 bar during the
impregnation, cf. Table 2.

The summary of foaming experiments
with particles of different diameters
impregnated for a period of 30 min by
pentane at temperature 95 °C and pressure
approx. 4 bar is given in Figure 12. We have
intentionally used the impregnation period
timpreg = 30 min because we supposed that
this relatively short impregnation time will
affect the foaming of large particles.
However, we were surprised to observe
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Figure 12.

Foaming of PS particles impregnated by pentane in dependence on particle size (size fractions of particles are
given). PS particles were impregnated by pentane for period timpreg =30 min at 95°C and then subjected to
vacuum at the same temperature. Detailed conditions of experiments are listed in Table 2.
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that the foaming ratio (V/Vp) has increased
for larger particles. The variability of the
foaming ratio (V/V,) at last two rows of
Table 2 is caused by the uncertainty in the
binarization step of image processing, i.e.,
in the automatic identification of the
boundary of the foamed particle.

The dependence of foaming ratio (V/V,)
on particle diameter again points out on the
importance of pentane transport in PS
during the foaming. Larger particles have
smaller surface-to-volume ratio and hence
the diffusion flux of pentane into surround-
ing vacuum scaled per the unit volume of
particle is smaller. Large particles are thus
losing relatively small amount of pentane

110

by the diffusion to the surrounding vacuum
and hence more pentane is involved in the
formation and growth of individual cells.

Foaming of Impregnated PS
Particles at Increasing
Temperature

We use the term foaming at increasing
temperature for experiments where the
cold PS particle already impregnated by
pentane was heated in the observation cell
and started to expand during its heating. A
typical experiment with the PS particle
originally containing 7.2 wt.% of the
“frozen” pentane is shown in Figure 13.
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Figure 13.
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Foaming of PS particle (size fraction 0.90 to 1.25 mm) impregnated originally with 7.2 wt.% of pentane at

increasing temperature.
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Vacuum conditions were not applied dur-
ing the experiment and the pressure was
allowed to freely develop in the hermeti-
cally closed observation cell. The final
pressure measured in the sorption cell at
105°C was 1.74 bar. We can observe the
dramatic expansion of particle at tempera-
ture between 80 and 90 °C and subsequently
the expanded particle slightly shrinks. The
shrinking can be caused by the partial
collapse of cells of the softened polymer
impregnated by pentane, or by the defor-
mation of the cellular structure by the
external pressure.

In reality all our foaming experiments,
even those run at a constant temperature of
the observation cell, were non-isothermal
with respect to the expanding particle.
Pentane desorbing from the particle into
the gas phase consumes the heat required
for its phase transfer from the polymer-
solvent mixture into the vapor phase. The
expanding particle is thus cooled down
during its foaming.

Conclusions

The dynamics of foaming of individual
polystyrene beads was investigated in the
pressure observation cell and was recorded
by video-microscopy. The effects of the
impregnation time (related to concentra-
tion of pentane in polystyrene), tempera-
ture and particle size were examined. The
main difference from typical manufacturing
conditions employed in the foaming of PS
beads was the absence of steam used for
heating of expandable beads. In our
experiments the foaming was conducted
at vacuum conditions because the presence
of steam partially condensing on glass
windows in the observation cell would
impair the quality of images.

We have demonstrated the importance
of pentane transport in PS both during the
impregnation and during the foaming on
the quality of the resulting cellular struc-
ture, on the dynamics of foaming and on the
foaming ratio (V/V,)) defined as the ratio of
the actual particle volume V and the volume

Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

of the compact particle before the foaming
Vo. For certain conditions (e.g., at higher
temperature) the foaming does not start
immediately after subjecting the impreg-
nated particle to vacuum, but after some
delay. The cellular structure of the
expanded particle is homogeneous and
individual cells are small in the case of a
short impregnation time.
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