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1.0 INTRODUCTION

Very homogencous microcellular foams, with average cell size of the
order of 10 pum can be produced in PVC in a two stage process. In the first
stage, a PYC sample absorbs carbon dioxide in a pressure vessel, maintained at
4.8 MPa (700 psi) and room temperature. In the second stage, the saturated
sample is removed from the mold and heated to the glass transition temperature,
causing cell nucleation and growth. The saturated samples may be heated to a
temperature higher than the glass transition temperature to produce foams of
lower density. Such a process was first conceived around 1980 by Suh [1] asa
means to reduce the amount of plastics used in mass produced items. The basic
process to produce microcellular plastics is discussed by Martini, Suh, and
Waldman [2], who used nitrogen to create a microcellular structure in polysty-
rene. The bubble nucleation, growth, and processing issues in the polystyrene -
nitrogen system have been studied by a number of investigators [3-8]. Re-
cently, Kumar and coworkers have reported results on microcellular polycar-
bonate [9-11].

Figure 1 shows a schematic of the process to produce microcellular
PVC. The process uses carbon dioxide which was chosen because of its high
solubility in PVC [12,13], and thus the potential to produce a high cell nucle-
ation density. A scanning electron micrograph of microcellular PVC is shown
in Figure 2. The micrograph shows a very uniform nucleation of bubbles across
the sample thickness. The left edge in Figure 2 shows a skin region with no
bubbles that is approximately 25 pm in thickness. The thickness of this skin
region can be controlled by allowing the carbon dioxide escape from the satu-
rated sample surfaces for a predetermined length of time prior to heating [14].
The small cell size and high cell density in microcellular foams provide the
possibility to foam thin wall parts in the 0.5 to 2 mm range, which can not be
produced with conventional processes since the fewer and larger cells produced
by these processes cause an excessive loss of strength. Additionally, in contrast
to microcellular foams, structural PVC foams are typically characterized by a
large variation in foam density across the foam thickness [15].

In this paper, we describe the process to produce microcellular PVC, and
present experimental results on the relationship between some of the key pro-
cess parameters,

2.0 EXPERIMENTAL

A rigid , transparent PVC formulation provided by the BFGoodrich
Company in the form of molded sheets with an approximate thickness of 2 mm
and a glass transition temperature of 78.2 °C was used. The density of PVC was
measured to be 1.33 g/enr’. The sheets were cut into 3 cm x 3 cm squares and
placed in a pressure vessel connected to a CO, cylinder. The samples were then
saturated with CO, gas at 4.8 MPa (700 psi) and 20 °C. During saturation, the
samples were penod.lcally removed from the pressure vessel and weighed on a
precision balance with an accuracy of 10 pg. Because the amount of gas ab-
sorbed by the samples was on the order of 10 mg, this method of monitoring gas
sorption provided sufficient accuracy. Upon saturation, the samples were
removed from the pressure vessel and immediately foamed. The samples in this
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experiment were foamed in a glycerin bath maintained at the desired foaming
temperature for a predetermined length of time. The temperature used to foam
the sample, and the amount of time the sample is held at this temperature will be
referred to as the foaming temperature and foaming time respectively. After
foaming, the samples were placed in liquid nitrogen and fractured. The frac-
tured surface, exposing the internal microstructure, was made conductive by
deposition of Au-Pd vapor, and then the samples were studied using scanning
electron microscopy (SEM). From the micrographs, the cell nucleation deasity
and the average cell size were estimated using procedures described previously
[9]. The cell density reported in this paper is the number of bubbles nucleated
per cm® of the original, unfoamed polymer.

3.0 RESULTS AND DISCUSSION

3.1 SORPTION OF CO, IN PVC AND ITS EFFECT ON THE GLASS
TRANSITION

Figure 3 shows a plot of the CO, uptake in mg CO, per g of polymer as a
funcuonofumeforasannnuonprcssmeoMSMPaUOOpﬂ) We sce that the
concentration at equilibrium reaches approximately 75 mg CO,/g of PVC, or
7.5% by weight. Because of this high CO, concentration, we would expect
significant plasticization of the polymer 0 occur, resulting in & lower glass
transition temperature. A theoretical model has been developed to predict the
glass transition in polymer - diluent systems by Chow [16], and has been shown
to be in good agreement with experimental data [17]. According to this model,
the glass transition temperature is given by
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mass fraction of diluent,

molecular weight of the monomer,

molecular weight of the diluent,

gas constant,

glass transition of the pure polymer,

reduced glass transition,

coordination number,

excess transition isobaric specific heat of the polymer.
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For PVC, Chiou et al. [17] suggests a AC = 0.0693 cal/g °C. The glass
transition of the pure PVC formulation used in this experiment was 78.2 °C. In
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addition, Chow [ 16} recommends a value of 2 = 2, based on comparison with
experimental data. From Figure 3 we can see that at equilibrium, the concentra-
tion of CO, is approximately 75 mg/g, thus @ = 0.075. Using the above values,
the predicted Tg of PVC, saturated with a CO, concentration of 75mg/g is
approximately 14 °C. The original microcellolar process heated supersaturated
shcctsmtheglassuansidonofﬂ:cmigim]matainl,asindicatedinﬁgm 1.
However, in light of the depression of the glass transition at high CO, concen-
trations, we expected bubbles to nucleate at temperatures significantly below the
T, of the original material.

3.2 EFFECT OF TEMPERATURE ON CELL NUCLEATION AND
GROWTH

We investigated the effect of foaming temperature on cell nucleation and
growth by foaming samples for 30 seconds at subsequently higher temperatures.
When a sample is heated, foaming becomes evident as the sample turns white.
This visual observation of bubble nucleation and growth was possible since we
were using a clear, transparent formulation of PVC. As the bubbles grow to a
size where lightcanbedifﬁ'acted,mesamplcbeginstolookwhiteandbecomes
opaque. The sampies foamed at 40, 45, and 50 °C did not ‘turn white,” and

the resulting foam density. Figure 4 shows a photograph of SEM micrographs
ofPVCfoamedatirm‘singtcmpcmm. All micrographs were taken at a
magnification of 1000X in order to allow a visual cvaluation of the effect of
foaming temperature on the microstructure. As expected, we can see that
nucleation has occurred at emperatures significantly below the original glass
transition temperature, and that a microcellular structure can be achieved within
the range of foaming temperatures explored. We can also sce that the number
of bubbles in the micrograph is increasing with temperature, implying that the
nucleation density is increasing with increasing foaming temperature. Some-
what surprisingly, we note that the average cell diameter remains fairly constant
over the range of foaming temperatures, Figure 5 is a plot of the cell nucleation
density as a function of the foaming temperature. Note that the cell density in
number of cells per crr® of original polymer has been plotted on a log scale.
Fmamsmcanseethatmcnnclcaﬁondensiﬁcsmofthemde: 107 - 10°
cells/car’ in the range of foaming temperatures explored. Furthermore, we can
see that nucleation in PVC shows an Arrhenius behavior within this foaming
temperature. 'IhedataofFigumSismplotwdinFigum 6, as a function of
reciprocal temperature. From a least squares fit of the data on this plot, the
activation energy associated with cell nucleation was determined to be 63.92 kJ/
mol.

The average cell diameter is plotted in Figure 7 as & function of foaming
. We can see that over the range of foaming temperatures explored,

the average celt diameter remains fairly constant. This behavior is counter
intuitive to0 what we would expect; as the foaming temperature goes up, the
polymer viscosity decreases, Allowing the cells to grow larger. However, cell
growth must compeéte with cell nucleation for the available gas. From Figure 5,
we know that the cell density is increasing exponentially with foaming tempera-
ture. Thus more cells are being formed-at the expense of cell growth,

The foam density is plotted in Figure 8. We can see that density de-
creascslinearlyasthefon.miugtempmnmisincmased,ﬁ'omss °C o 90 °C.
This decrease in density is consistent with an increasing cell density and the
relatively constant cell diameter across the foaming temperatures explored.
Beyond 90°C, The foam density goes through a minimurm at approximately 105
°C, and then begins to increase. It appears that above 105 °C the diffusivity of
CO, has increased to a point where the gas diffuses out of the sample instead of
supporting cell nucleation and growth, From Figure 8 we can also see that the
relative density has dropped to approximately 0.15 at 105 °C, an 85% reduction
in the density of the original PVC,

3.3 RATE OF CELL GROWTH

The rate of cell growth is an important process parameter. The cell
growth rate is a complex function of the viscosity and surface tension of the
polymer, and the solubility and diffusivity of the gas within the matrix. To
determine the rate of cell growth in the PVC - CO, system, samples were
foamed at 75 °C for increasing foaming times, ranging from 10 seconds, to a
maximum foaming time of 4 minutes. The foaming temperature of 75 °C was
chosen based on the previous experiment, corresponding to a relative density of
50%, for 30 seconds of foaming time, as shown in Figure 8. Figure 9 shows
microcellular PVC samples foamed at increasing foaming times. Again, to
facilitate a visual comparison, all micrographs in Figure 9 were taken a constant
magnification of 350X. We can see that initially (micrograph a) that the cell
density is quite high, and rapidly drops as the foaming time is increased (micro-
graph d). We can also see from Figure 9 that the cells in micrographs a,b, and ¢
are subsequently larger, and from micrograph d onward, the average cell size
remains fairly constant. The average cell diameter is plotted in Figure 9 as a

function of the foaming time. We can see that the average cell size grows

rapidly in mcﬁJmSOsecondsandmenreachcsalimiﬁngvalucofapproxi-
mately 18 pm after the driving force for growth has been depleted. The cell
density as a function of the foaming time is plotted in Figure 11. We can see
that the cell density drops by an order of magnitude within the first 50 seconds
of growth due to bubble coalescence. The cell density and average cell diam-
cter determine the void fraction, and thus the density of the foam. The relative
density is plotted as a function of foaming time in Figure 12. We can sec that
the relative density approaches a limiting value after approximately 100 sec-
onds, which is consistent with the data shown in Figures 10 and 11. We note
also that for a foaming time of 30 seconds in this experiment, a foam relative
density of 0.49 is obtained, which is consistent with the data in Figure 8.

4.0 CONCLUSIONS

We have presented details of a process to produce microcellular PVC
foams with a wide range of foam relative densities. In this study, foam relative
densities obtained ranged from 0.15 t0 0.94. The following conclusions can be
drawn regarding the PVC - CO, system:

1. Bubble nucleation and growth can occur at temperatures well below the
glass transition temperature of the original polymer. The lowest temperature
at which a significant bubble growth occurred was found to be 55 °C for
PVC sawrated with 4.8 MPa carbon dioxide.

2. Over the temperature range of 55 - 120 °C, the bubble nucleation density
appears to increase exponentially, showing an Arrhenius - type dependence
on temperature. The average bubble diameter was found to be relatively
constant with temperature.

3. The density of microcellular PVC decreases monotonically with
in the range of 55 °C to 105 °C. Therefore, accurate control of the foam
density is possible by controlling the foaming X

4. Much of the cell growth takes place within the first 60 seconds of foaming.
Beyond this time, the foam structure does not appear to change significantly,
A foaming time of 20 to 30 seconds is adequate to obtain bubbles of ap-
proximately 10 um in diameter.

4.1 FUTURE RESEARCH

We believe that the discovery of microcellular PVC has the potential to
significantly impact the vinyl industry. Microcellular PVC with relative densi-
ties in the 0.7 to 0.9 range may be able to replace solid PVC now used in a
number of applications, offering significant reduction in materials costs. In
lower relative density ranges, microcellular PVC is expected to offer a new
range of properties to the engineer due to its extremely homogeneous micro-
structure.

Our research plans call for continued investigation of the key process
parameters, particularly the effect of gas saturation pressure on the resulting
microstructure. In the next phase of the program we plan to measure the me-
chanical properties of these novel materials,
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Figure 1. Schematic of the process to produce microcellular PVC.

1484 /ANTEC 92

Appendix A - Diffusivity ot Carbon Dioxide in PVC

The diffusivity of carbon dioxide in PVC was measured in a desarption
experiment. A PVC sample, 2.05 mm thick, was sawrated with CO, maintained
at 4.8 MPa (700 psi) and 20 °C . The samples were then withdrawn from the
pressure vessel and weighed periodically until the amount of carbon dioxide
remaining in the samples was approximately 80 pexcent of the equilibrium value
at saturation. For early states of diffusion of gas from the disks, the amouat of
gas rcmaixsxi]ng in the disk at any time is related to the diffusion coefficient
Dby [1

M, _4_(8 r)
M. 2 (A1
V=, )
where
M, = amount of gas remaining in the polymer at time ¢, g,
M_ = amount of gas at equilibrium saturation, g,
&8 = diffusion coefficient, cmm?/sec,
2 = sample thickness, cm,
t = elapsed time in seconds.

M )
If jf is plotted against 4/ 7 2 , then the slope R is given by

2
R wa
Wit (A2)
and the diffusion coefficient can be found from
2
Iy ._T"l“ (A3)

M
Figure Al shows a plot of 7 ss a function of 4/ ‘;zz for our desorp-

tion experiments. From this data an average diffusion coefficient for carbon
dioxide-polycarbonate system was determined to be 1.3 x 10* coo?/sec.

Figure 2. Scanning elecron micrograph of microceiluiar PYC. showing
2 homogeneous structure across the thickness.
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Figure 4. Scanning electron micrographs of microcellular PVC
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Figure 9. Scanning electron micrographs of microcellular PVC {oamed at
different tmes: a( 10 sec), (20 sec), c30 sec), a(40 sec), e(60 sec),
£(90 sec), g(120 sec), 240 sec).
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Figure 10. Plot of average cell diameter as a function of foaming time.
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