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Introduction 

Production of M icrocellular 
Polycarbonate Using Carbon 
Dioxide for Bubble Nucleation 
A process ro pr~w'rice a jami1.v of not'ef materials from po!l.rurbonate, hovrn,e a 
mrcrocellulur .rrru~-&re, is describ~d. Theprui.css utilizes the highsolubili~y ofrar!.nn 
dioxide ;in po{r,carhonafe fo ,nucleore a tlery large number of bubbles, on the ordcr 
of I ro I0 x 10' bhbhles/cm-, or temperatures well brlow the giass tronsirion fen -  
peraftrre o j  the original. linsarurared polycxrbonor~. MicrocelIular po/~,carbonore 
fo~trls with hornogeneort~ rnicrosfruc!ure and a wrde range of densirirs hove been 
produced. In this paper t'rperimentnl r~str l l r  on soiubili~v, bubble nucleation, and 
bubble growif1 I R  (he polyrarbonate-carbon dioxide sjJsrern or€ presenred, and the 
crirical run per of !he k e , ~  prows-r puramefrrs are esrabl1.7ht.d. I ,  is shown {hut the 
b~thble nuik/t)arion phenonienon m polycorbonate near fhc glass transition temper- 
aflrrc I I  rlot described by ulus~ii.td nucleation rhear,~.  

!d~c:orlellular plastics are somposite marerials made up of 
3 polymer matrix and a large number of very small >aids. 
rppically 10' or more <ells per cm', with an a%-erage diameter 
.rn the order of 10 urn. The concept of microcellular plasr~cr 
l a s  originally conceived by Suh ( 1979) as a means to reduce 
t t c  drnounl  of plastic used in mass produced i ~ e m s .  The ra- 
:~csnalr %as that if \@ids smaller than the critical flaws prc- 
:xtc!\np rn polymers can be created, then the mziterral costs 
can be reduced whtle maintaining the necessary mechanical 
:roperties. Thc first mlzrocellular roam< were produced in high 
:mpact polystyrene by Martini et al, (19S2, 1984), using nitro- 
BP-n as the  nucleating gas. 

JlicroceHular plastics have [he potential to sienificantly a(- 
Iccl !he way solid plastics are employed in a a ~ d e  variety of 
~ ~ ~ l ~ i a t i o n s .  The smal[ bubble size rlllows for Fcraming of thin-  
ualled sections. in the 1 to 2 mm ranre, which arc common 
la a number of  consumer plastic Items. Compared l o  cclid 
~ot!rners, microcellular pcrlyrners show promise of improving 
the fracture roughness as well; energy absorbed t o  I r a ~ t u r c  in 
Itn5ion tests were up to 400 percent higher for microcellular 
;'~lvatyrene compared to the unfoamed material (Waldma11. 
'982'). Further, mrcrocellular foams can be produccd u-ith an  
IWgral skin of  desired thickness, composed of the solid pol- 
!mer, allowing for the creation of a skin-core strucrure which 
can br [adored to proxide the desired mechanical properties 
lKumar  and Weller, 1992). 

" k c  procedure to p:oduce microcellular foam is a two stage 
ba[ch process. as shown rn Fig. 1 .  I n  the first stage, a polymer 

is saturated with a nonreactive gas maintained a1 a n  
elevated pressure p, for a time I, which is sufficient to irbtnin 
d u n l f ~ r m  concentralion of gas in the  polymer sample.  The -- 
. iilnrr,buted by the P ~ o d ~ ~ r t i o n  Engineering Di%.?~ion for  pub t~ca l~on  I:) ~ h e  
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gas saturation step is usually carried out at room tcn~pcrature, 
although a higher temperature below t h e  glass t r ans i t~on  tcm- 
perature of the polymer may be employed to speed up the gas 

I I 
I 1 

1% 
Time 

Fig. 1 Schematic ot the mlcmcellular process: (a) Stage 1: polymer 
saturation at  room ismperature. (b) Stagell: bubblenucleation and growih 
at airnospheric prssaure 
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absorption process. When the pressure is released, a specimen 
supersaturated with gas is produced since the absorbed gas 
cannot readily escape from the polymer matrix. in the second 
stage, the supersaturated specimen is heated to the glass tran- 
sition temperature T, of the polymer, causing a large number 
of bubbles to nucleate and grow. Bubble growth occurs during 
the foaming time t,. The relatively large polymer viscosity near 
the glass transition temperature limits bubble growth so that 
bubbles with diameters on the order of 10 pm can be produced. 

The majority of the work on microcellular foams to date 
has been conducted on the polystyrene-nitrogen system (Mar- 
tini et al., 1982, 1984; Waldman, 1982; Kumar and Suh, 1990, 
Kumar, 1988; Colton and Suh, 1987). The microcellular struc- 
ture has also been produced in other thermoplastics, including 
PVC (Kumar and Weller, 1992), PET (Kumar and Gebizlioglu, 
1991; Baldwin and Suh, 1992) and styrene-butadiene (Ramesh 
et al., 1992). Recently, Park and Youn (1992) have successfully 
used ultrasonic excitation to achieve bubble nucleation in Po- 
lyol resin supersaturated with nitrogen to create polyurethane 
foams. This novel method of activating bubble nucleation, as 
opposed to the direct heating of supersaturated polymer sam- 
ples employed by Martin et al. (1984), represents an interesting 
development towards the synthesis of a continuous process to 
produce microcellular foams. 

As polycarbonate is a widely used engineering thermoplastic, 
creation of a microcellular structure in polycarbonate is of 
special interest. Martini et al. (1984) produced microcellular 
polystyrene foams with void fractions in the 5 to 30 percent 
range using nitrogen as the nucleating gas. We chose carbon 
dioxide as the nucleating gas due to its high solubility in po- 
Iycarbonate. An order of magnitude more bubbles nucleated 
than in the polycarbonate-C02 system than in the polystyrene- 
Nz system. As a result, we were able to produce microcellular 
foams with void fractions up to 90 percent potentially offering 
a much wider range of mechanical properties to the engineer. 

Experimental 
Commercially available polycarbonate sheets of approxi- 

mately 1.5 mm thickness were used in the experiments. The 
original, unsaturated material had a density of 1.2 g/cm3 and 
a glass transition temperature of 1SO0C. Samples approxi- 
mately 25mm x 25mm were cut from the sheets, and placed 
in a pressure vessel connected to a carbon dioxide cylinder. 
The pressure within the vessel was regulated using a single 
stage regulator, and the gas sorption was carried out at room 

Tlma (hr) 1 
Fig. 2 Plot of carbon dloxide uptake at 4.8 MPa (700 psi) and 2 2 0 ~  in 
polycarbonate as a functlon of tlme 

temperature which varied between 20 and 25"C, with an av. 
erage of 22°C. The amount of gas absorbed by the samplfi 
was monitored by periodically weighing them on a precision 
balance with an accuracy of 10 micrograms. Because the 
amounts of C 0 2  absorbed were on the order of milligrams, 
this weighing method provided sufficient accuracy for moni- 
toring gas content in the polymer samples. For the 1.5mm 
thick samples used in this experiment, the time required for 
saturation was approximately 70 hours (see Fig. 2). 

Upon saturation the samples were removed from the pressure 
vessel and brought to atmospheric conditions. The samples 
were then placed in a glycerin bath maintained at the foaming 
temperature T, for a length of time I,, also referred to as the 
foaming time. Immediately after the samples were removed 
from the glycerin bath, they were quenched in room temper- 
ature water. To study the internal microstructure, the samples 
were placed in liquid nitrogen for several minutes and then 
fractured. The fractured surface was made conductive by dep- 
osition of Au-Pd vapor and studied under a scanning electron 
microscope (SEM). All micrographs were taken at the center 
of the sample. 

Determination of Cell Size and Density. Observations of 
micrographs of microcellular foams produced by uncon- 
strained foaming in a heated bath show fewer and relative]!' 
larger bubbles near the surface, and a higher density of smaller 
bubbles in the core region (Kumar, 1988). Thus the bubble 

N o m e n c l a t u r e  I 
A = area of the micrograph, 

cm2 
C = gas concentration at satu- 

ration, cm3 (STP) per 
gram of polymer 

CO = concentration of gas mol- 
ecules, molecules/cm3 

D = diffusivity, cm2/sec 
fo = frequency factor for gas 

molecules joining the nu- 
cleus, sec-' 

H = Henry's law constant for 
the gas-polymer system, 
cm3 (STP)/gPa 

k = Boltzman's Constant, J /  
K 

I = sample thickness, cm 
M = magnification factor of 

the micrograph 

M, = molecular weight of the 
diluent 

M, = molecular weight of the 
monomer 

n = number of bubbles in a 
micrograph 

N, = number of bubbles per 
cm3 of foam 

Nm = homogeneous nucleation 
rate, cells/cm3 sec 

No = number of bubbles nu- 
cleated per cm3 of origi- 
nal unfoamed polymer 

po = environmental pressure, 
Pa  

p, = gas saturation pressure, 
Pa  

R = gas constant 
t = saturation time, sec 

tj = foaming time, sec 
t, = saturation time, hr 
T = foaming temperature, K 

T, = reduced glass transitlonl 
" C 

T ,  = glass transition of the 
pure polymer, 'C 

Vf = the volume occupied by 
the voids in one cm3 of 
foam 

z = coordination number , 

LCpp = excess transition isobaric 
specific heat of the poly 
mer, cal/g0C 

AG' = activation energy, J 
= surface energy of the PO'- 

ymer, J/m 
w = mass fraction of diluenl 
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' m, 3 Plot of equilibrium carbon dioxide concentration in polyearbon. 
8 ,  a functlon of saturation pressure. Experiments were conducted 

room trmprrature. 
1 

density can change with position across the specimen thickness. 
the bubble density at a given location, we first 

, define the number of bubbles per cm3 in the foam NF The Nf 
is  [hen corrected by the local void fraction Vf to obtain the 

/ number of bubbles nucleated per cm3 of the original, unfoamed 
polymer, No. Defining the bubble nucleation density with ref- ' erence to the unfoamed polymer allows one to compare the 

] densities achieved under different processing con- 1 ditions. 
N,, Vfl and No are estimated from the scanning electron 

micrographs according to the following procedure. First a mi- ! crograph showing 100 to 200 bubbles is obtained, and the 
number of bubbles, n ,  in the micrograph is determined. If A 
is the area of the micrograph in cm2 and M is the magnification 
factor, then ( ~ / A / M ~ )  gives the area bubble density or the 
number of bubbles per cm2 of the foam. Assuming an isotropic 

1 bubble distribution, the square root of the area density gives ' a line-density or the number of bubbles per cm of the foam. 
By cubing the line density, the number of bubbles per cm3 of 
[he foam. Nf, can be estimated 

A second micrograph at a higher magnification is obtained 
at the same location in the sample as the first micrograph, so 

I [hat the average bubble diameter D can be determined. Because 
many bubble diameter measurements can be made on a single 
micrograph, the mean and standard deviation of the bubble 

, diameter can be determined. In our experiments, the major 
and minor diameters of approximately 25 bubbles were meas- 
ured in each of these micrographs. After determining the av- 
crage bubble diameter, the volume occupied by the voids in 
One cm3 of foam Vf can be estimated as 

; )nd the volume occupied by the polymer in one cm3 of foam 
I IS $wefore approximated by (1 - Vf). Thus Nf bubbles in one Cm of the foam must have nucleated in (1 - Vf) cm3 of the 

OUBinal polymer. Therefore, the number of bubbles nucleated 
Per cm3 of original unfoamed polymer No can be estimated 

( from 

The cell density reported in this paper is given by Eq. (3). Note ! 'hat, in this procedure, we are likely to  underestimate the 
) average bubble diameter since the fracture surface will most 
, likely not pass through a diametral plane for every bubble in 

the micrograph. Hence the local void fraction Vf, as well as 
the bubble density NO, are underestimated by Eqs. (2) and (3), 
respectively. There are established methods to make statistical 
and stereographic corrections to the average bubble diameter 
determined from a micrograph (see, for example, Underwood, 
1970). However, these corrections were not applied to the data 
reported in this paper, as our main purpose was to establish 
a qualitative understanding of the key process variables. 

Experimental Results 

Solubility of Carbon Dioxide in Polycarbonate. The 
amount of gas dissolved in a polymer is given by Henry's law 
(Durril and Griskey, 1969) 

where 
C = gas concentration at saturation, cm3 (STP) per gram 

of polymer 
H = Henry's law constant for the gas-polymer system, cm3 

(STP)/g Pa  
p, = gas saturation pressure, Pa 

Figure 2 shows carbon dioxide uptake in mg of COz per 
gram of polycarbonate as a function of sorption time for five 
polycarbonate samples placed under 4.83 MPa (700 psi) carbon 
dioxide at room temperature. The limiting solubility is seen to 
be approximately 90 mg/g, or 9 percent by weight at this 
pressure, reached in approximately 70 hours. This experiment 
was repeated at a number of gas saturation pressures. Figure 
3 shows the equilibrium concentration in units of cm3 (STP) 
per gram of polycarbonate as a function of the saturation 
pressure. We can see that the equilibrium gas concentration 
increases linearly with the gas saturation pressure, as predicted 
by Eq. (4). Thus carbon dioxide sorption obeys Henry's Law 
in polycarbonate for the range of saturation pressures ex- 
plored. From the experimental data, the Henry's Law constant 
for the olycarbonate-COz system was determined to be !2 9.5 x 10- cm3 (STP)/g Pa. 

Effect of Saturation Pressure on Cell Nucleation. Colton 
and Suh (1987a. 1987b) have suggested that bubbles in the 
microcellular process may nucleate either homogeneously or 
heterogeneously. Heterogeneous nucleation occurs when a sec- 
ond phase is present in the polymer due to an insoluble additive 
or a nucleation agent. Homogeneous nucleation occurs when 
a sufficient number of dissolved gas molecules come together 
for a long enough time to produce a stable bubble nucleus. In 
the polycarbonate used in this study, there were no nucleating 
agents used, so the expected nucleation mechanism is homo- 
geneous nucleation for which the rate of nucleation has been 
proposed by Colton and Suh (1987a) as 

where 
NHoM = number of bubbles nucleating/cm3 sec 

Co = concentration of gas molecules, molecules/cm3 
fo = frequency factor for gas molecules joining the 

nucleus, sec- ' 
k = Boltzman's Constant, J/K 
T = temperature, K 

AG** = activation energy, J 
The activation energy for homogeneous nucleation is ap- 

proximated by (Colton and Suh, 1987b) 

where 
y = surface energy of the polymer, ~ / m '  

ps = gas saturation pressure, Pa  
po = environmental pressure, Pa  
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Table 1 Summary of experimental conditions and results at different 
saturation pressures with foaming temperature and foaming time held 
constant at 150°C and 10 sec, respectively 

Bubble Diameter Foam c(?2 
Ps No x lop9 Avergage Standard Deviation Density Concentration 

Sample (MPa) (cells/cm3) ( ~ m )  ( ~ m )  (p/cm3) (mug) 

p, - 2.1 MPa p, - 2.8 MPa p, = 3.4 MPa 

p, - 4.0 MPa p. - 6.5 MPa 

Fig. 4 Scanning electron micrographs of polycarbonate samples sat. 
urated with carbon dioxide at different pressures. The samples were 
foamed at 150°C for 10 sac (see Table 1). 

The effect of gas saturation pressure on the cell nucleation 
density can be qualitatively seen from Eqs. (5) and (6). Equa- 
tion (6) shows that a higher saturation pressure leads to a lower 
activation energy which causes a higher nucleation rate. There- 
fore, a higher gas saturation pressure leads to a higher cell 
nucleation density. 

Polycarbonate samples were saturated with carbon dioxide 
at various pressure ranging from 2.07 MPa (300 psi) to 6.55 
MPa (950 psi) at 22°C. The samples were foamed at 150°C 
for 10 seconds and then examined under a scanning electron 
microscope. Table I summarizes the experimental conditions, 
the average cell sizes and the cell nucleation densities deter- 
mined from the micrographs. 

Figure 4 shows SEM micrographs of samples that were sat- 
urated at different C02  pressures and foamed under the con- 
ditions noted above. It is evident that more bubbles nucleate 
and the average bubble diameter gets smaller as the gas sat- 
uration pressure is increased. The cell nucleation density has 
been plotted on a log scale in Fig. 5 as a function of the gas 
saturation pressure. For the range of saturation pressures ex- 
plored in these experiments, we can say that the number of 
cells nucleated increases exponentially with the gas saturation 
pressure. Figure 6 shows a comparison of the measured cell 
nucleation density and homogeneous nucleation theory, Eq. 
(5). The value used for fo, the frequency factor for gas mol- 
ecules joining the nucleus, is given by Colton and Suh (1987), 
and is on the order of 10-~/sec. The concentration of gas 
molecules, Co, is a function of the saturation pressure, and is 
given by Henry's Law, Eq. (4). The foaming temperature used 
was 150'C (T= 323 K), and the surface energy of the polymer 

I 

Fig. 5 Plot of bubble nucleation denslty as a function of carbon die"@ 
SatUratlon pressure. Sample were foamed for 10 sec at 150°C. 

at the foaming temperature is 35.6 x J / ~ ~  (BrandruF 
Immergut, 1989). Finally, the nucleation rate is m u l r i ~ l ~ ~ j  " 
the length of time during which bubbles are nucleating A \'I-' 
of 1.0 sec was used following the procedure of Colton 
Sub (1987). We see from Fig. 6 that the hom0geneou' '- 
cleation theory does not agree with the experimental dal3 

I 
example, a gas pressure of 60 MPa is needed to nuclef'' 
bubbles/cm3 according to the model, yet we observe 10 
bles/cm3 at a far lower saturation pressure of 3 MPa. I 

416 1 Vol. 116, NOVEMBER 1994 Transactions of the bsME 1 



Smhlrmtlon Prmemun (MPa) 

nO. 6 Comparison of the measurrd bubble nucieatlon density shown ,,, fig, 5 and the homogeneous nucleatlon theory 

An alternative nucleation mechanism has been proposed by 
gweeder et al. (1991) which does not rely on the classical 

1 nucleation theories. The model assumes a log-normal distri- 
bution of extremely small microvoids in the polymer matrix. 
The nucleation density is calculated by determining which mi- 
c r o v ~ i d ~  within the initial distribution are large enough to 

as stable nuclei. The theory predicts substantial nu- 
&ation at the saturation pressures used in the rnicrocellular 
process, a significant improvement over homogeneous theory. 

1 However, this model uses a prescribed size distribution of 
mlcrovoids, and the mean and standard deviation of the dis- 
lributiOn are tuned to fit the experiment. Although this ap- 
proach represents an improvement over the classical nucleation 
model there is, as yet, no confirmation of the existence of 
microvoids or the assumed size distribution. 

1 The average cell diameter has been plotted in Fig. 7 as a 
1 function of the gas saturation pressure. The data in Fig. 5 

I represents an average from 25 to 50 bubbles, and the error 
bars represent one standard deviation at each condition. Note 
that the bubble size decreases nearly linearly as the gas satu- 
ration pressure is increased. This may at first be counter-in- 
tuitive, since at higher saturation pressures there is more gas 1 m the sample which is able to support cell growth. The bubble 
size, however, is intimately related to the number of cells that 
nucleate. As the cell nucleation density increases (see Fig. 5), 
more bubbles compete for the available gas volume, and the 
average cell diameter decreases. This behavior was first noted 
in microcellular polystyrene by Kumar (1988), and has been 
predicted by other authors (Arefmanesh et a]., 1992a). 

I Effect of Foaming Temperature on Cell Nucleation. The 
original rnicrocellular process (Martini et al., 1984) heated 
supersatured thermoplastic sheets to the glass transition tem- 
Perature of the original, unsaturated material to cause cell 
nucleation and growth. However, because of the high con- I centration of gas in the polymer, significant plasticization oc- 
curs, resulting in a lower glass transition temperature. A 1 [heororetical model has been developed to  predict the glass tran- 
sltion in polymer-diluent systems by Chow (1980). and has 
been shown to be in good agreement with experimental data 
(Chiou et a]., 1985). According to this model, the glass tran- 
Sltion temperature is given by 

1 where 

Smturmtlon Pressure (MPs) 

Fig. 7 Plot of average cell diameter as a function of carbon dioxide 
saturation pressure. Samples were foamed for 10 sec at 150°C. 

w = mass fraction of diluent, 
Mp = molecular weight of the monomer, 
Md = molecular weight of the diluent, 

R = gas constant, 
T@ = glass transition of the pure polymer, 
T, = reduced glass transition, 
z = coordination number, 

ACpp = excess transition isobaric specific heat of the pol- 
ymer. 

For polycarbonate, Chiou et al. (1985) suggests a 
ACpp=0.0585 cal/g0C. The glass transition of the pure po- 
lycarbonate used in this experiment was 150.0°C, and Mp is 
254 g/mol. In addition, Chow (1980) recommends a value of 
z = 2, based on comparison with experimental data. From Fig. 
3 we can see that for a saturation pressure of 4.8 MPa (700 
psi), the concentration of COz is approximately 90 mg/g, thus 
w = 0.090. Using the above values, the glass transition tem- 
perature of polycarbonate, saturated with a C 0 2  concentration 
of 90 mg/g is calculated from Eq. (7) to be 87'C. We therefore 
expected that bubble nucleation in polycarbonate saturated 
with carbon dioxide may occur at temperatures significantly 
below 150°C, the T, of unsaturated polycarbonate. 

To investigate the effect of foaming temperature on cell 
nucleation, samples were foamed at successively lower tem- 
peratures, starting at 160°C, for a period of 30 seconds in the 
glycerin bath. The lowest temperature at which cell nucleation 
was observed in this experiment was 60°C. Figure 8 shows 
SEM micrographs of foamed samples from this experiment, 
arranged in the order of increasing foaming temperatures (60 
to 160°C). Figure 8 shows that there is cell nucleation at tem- 
peratures substantially below the glass transition temperature 
of the original material, confirming a significant increase in 
the mobility of the polymer due to carbon dioxide sorption. 
Note that the cell nucleation density in micrographs, a, b, and 
c of Fig. 8 appears to be nonhomogeneous. The cells have 
nucleated along certain lines, like beads on a string. This be- 
havior is in marked contrast with the behavior modeled by the 
homogeneous nucleation theory. 

The cell nucleation density has been plotted in Fig. 9 as a 
function of the foaming temperature. We see that the cell 
nucleation density lies between 1 and 5 x 10' cells/cm3 over the 
entire 10O0C range of foaming temperatures used, and shows 
no particular trend with respect to foaming temperature. To 
a first approximation, the number of cells nucleated can be 
considered to be independent of the foaming temperature. This 
insensitivity of the cell nucleation density to increases in the 
foaming temperature is very striking, for if the bubble nu- 
cleation process has an Arrhenius-type dependence on tem- 
perature as suggested by classical nucleation theory, Eq. (5), 
then reducing the foaming temperature from 160 to 60°C should 
reduce the number of bubbles nucleated by approximately three 
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Fig. 8 Scannlng c 
foamed at different 
MPa (700 psi) and fc 

blectron mlcrographs of poly 
temperatures. The samples w 

jamed for 30 sec (see Table 11). 

Foamlng Temperature (OC) 

Fig. 9 Plot of bubble nucleation density as a functlon of foaming tem- 
perature. Samplrs were saturated at 4.8 MPa (700 psi) and foamed for 
30 sec. 

orders of magnitude. Once again, we find that the classical 
nucleation theory does not describe the observed data even in 
a qualitative way. 

In Fig. 10, the average cell diameter as a function of foaming 
temperature has been plotted. As expected, the cell size in- 
creases with increasing foaming temperature, which has been 
predicted by Arefmanesh et al. (1992b). Figure 11 shows the 
foam density as a function of foaming temperature. The foam 
density decreases monotonicaIly with temperature, which is 
consistent with a relatively constant cell nucleation density and 

carbonate samples 
rere saturated at 4.8 

Foamlng Temperature PC) 1 
Flg. 10 Plot of average bubble diameter as a function of foaming "" 
peraturr. Samplrs were saturated at 4.8 Mpa (700 psi) and foamed 
30 sec. 1 
an increase in the average bubble diameter with tempera1urc 
It is worth noting that at 160°C, a foam has been produ'": 
with a density of 0.1 g/cm3, representing a 90 percent redu!ri''' 
in density relative to unfoamed polycarbonate. In addluoc' 
the cells, on the average, are below 10Ctm in diamete' ThpL'. 
it is possible to create low density polycarbonate foams ha\'n! 
a microcellular structure by nucleating a very large number " 
bubbles. 

Bubble Growth with Time. The rate at which bubbler g r s  
with time at a particular foaming temperature is an impo' 
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process parameter. This rate is a function of the gas concen- 
tration available for growth, the polymer viscosity and surface 

and the pressure inside the bubbles at a given instant 

lsble 2 Summary of experlmental condltlons and results at different 
losmlng temperatures with saturatlon pressure and foaming time held 
,,,,stant at 4.8 MPa and 30 sec, respectively - 

I Foaming Bubble Diameter Foam 

I Temp. No x los9 Average Standard Deviation Density 
~ m p l e  0 (ceudcm3) (w) Orm) (ucm3) 

Table 3 Summary of experlmental condltlons and results at dlfferent 
lasmlng times with saturation pressure and foamlng temperature held 

at 4.8 MPa and 150°C, respectively 

Foaming Bubble Diameter Foam 
Tim No x Average Standard Deviation Density 

sample (cells/cm3) (w) tvm) (g/cm3) 

a 5.0 4.3 5.12 1.62 0.72 

b 10.0 3.2 6.15 1.81 0.49 

c 20.0 2.3 6.97 2.83 0.32 

d 130.0 1.3 8.14 3.20 0.25 

e 40.0 1.6 9.86 4.09 0.22 

f 60.0 2.5 8.66 3.13 0.17 

g 90.0 1.8 10.32 3.92 0.15 

h 120.0 0.71 13.13 4.61 0.15 

i 240.0 0.95 9.7 1 4.44 0.18 

of time The Pressure inside the bubbles in turn changes as the 
bubbles grow, and is affected by the rate at which gas molecules 
diffuse into the bubbles from the surrounding polymer. 

To establish the rate of  cell growth, a number of samples 
were saturated at 4.83 MPa (700 psi) and foamed for different 
lengths of time at a foaming temperature of 150°C. The re- 
sulting structure was studied under a scanning electron micro- 
scope. The experimental conditions for the samples as well as 
the resulting cell nucleation density, cell size, and density of 
the foam are summarized in Table 3. 

Figure 12 shows SEM micrographs of foamed samples, ar- 
ranged in the order of increasing foaming time, ranging from 
5 sec for sample (a) to 4 minutes for sample (I). Note that the 
distance between bubbles, which is approximately 2 Fm in 
sample (a), decreases as the bubbles grow. Beyond 10 seconds 
of foaming, sample (b),  the bubbles begin to interfere with 
each other, and as growth progresses, the general structure 
changes from spherical bubbles to cells with a polyhedral shape. 
Bubbles also coalesce as growth proceeds, as shown by oc- 
casional bubbles several times larger than their neighbors (see 
for example, the top left corner o f  sample (I)). 

The average bubble diameter has been plotted in Fig. 13 as 
a function of foaming time. The bubbles are observed to grow 

Foarnlng Tarnparatun (OC) 

Flg. 11 Plot of foam density as a functlon of foaming temperature. 
Samples were saturated at 4.8 MPa (700 psi) and foamed for 30 sec. 

Fig. 12 Scannlng electron micrographs of polycarbonate samples 
foamed at 150°C for dlfferent lengths of time. The samples were  at^. 
rated at 4.8 MPa (700 psl) (refer to Table 3). 
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Fig. 13 Plot of average bubble dlameter a s  a function of foamlng tlme. 
Samples  were saturated a t  4.8 MPa (700 psi) and  foamed at  150°C. 

Flg. 14 Plot of foam density as a functlon of foaming tlme. Samples  
were saturated a t  4.8 MPa (700 psi) and  foamed a t  160°C. 

rapidly at first, and then at a decreasing rate until finally the 
driving force for bubble growth has been depleted and a stable 
structure has been attained. An important observation from 
Fig. 13 is that nearly half of the eventual cell diameter is 
achieved in the first 10 to 15 seconds of growth. The structure 
appears to stop growing after approximately 100 seconds of 
foaming. In Fig. 14 the foam density has been plotted as a 
function of foaming time. The foam density appears to reach 
a steady state after approximately 100 seconds, which is con- 
sistent with the observations from Fig. 13 on bubble growth. 

Concluding Remarks 
The microcellular structure was successfully created in po- 

lycarbonate using carbon dioxide as the nucleating gas. Cell 
nucleation densities in the range of 1 - l o x  10' per cm3 can be 
achieved, allowing for the synthesis of polycarbonate foams 
with densities as low as 10 percent of the density of original 
polymer. The foam density was found to vary linearly with 
foaming temperature, allowing for simple yet accurate control 
of this important foam property. 

Microcellular nucleation in the polycarbonate-C02 system 
can be achieved at temperatures well below the glass transition 
temperature of the original material due to a lowering of the 
glass transition temperature by the plasticizing effect of ab- 
sorbed carbon dioxide. Bubble nucleation was observed at 
60°C, which is 90'C below the glass transition temperature of 
the original polymer. Our success in introducing a new struc- 
ture in the polymer under the influence of a very high con- 

centration of gas molecules, approximately 10 percent of gas I 
by weight in the polymer, may lead to a new way of processing 1 polymers and of changing their structure. 

The classical bubble nucleation theories are not applicable 1 to the nucleation mechanisms in polymers near the glass Iran. 4 

sition temperature. In the foaming temperature range 60-16ooc, 
the bubble nucleation density was found to be essentially in- 

the Arrhenius-type temperature dependence for nucleation rates 
I dependent of temperature, which is in marked contrast with , 

predicted by the classical theories of nucleation. Similarly, [he 1 
experimental data on cell nucleation density as a function or 1 gas saturation pressure was found to be many orders of mag- . 
nitude away from predictions based on the homogeneous nu. 
cleation theory. Thus, new theoretical approaches are needed 
to describe the bubble nucleation phenomena in the micro- 
cellular process. I 
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