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Synopsis 
Gasification behavior and its effects on mechanical properties were determined for 

amorphous polycarbonate (PC) and poly(viny1 chloride) (PVC). Nitrogen-gasified PC 
and PVC exhibit interior regions containing gas bubbles surrounded by surface layers of 
void-free polymer, while in the helium-gasified polymers no gas bubbles could be ob- 
served. Scanning electron microscope (S,EM) observations of the bubbles in nitrogen- 
gasified PC indicate that the bubble walls are smooth and featureless (in contrast to the 
diffuse walls with fibrils of polymer extending into the bubbles observed previously in 
gasified polyethylene). For both PC and PVC, neither the yield stress nor the elonga- 
tion to fracture showed any appreciable variation between gasified and ungasified 
material. The lack of a significant effect of gas bubbles on the drawing behavior in 
these glassy polymers stands in contrast with the pronounced effect noted with semi- 
crystalline polyethylene. The origin of this difference in behavior and its relation to the 
crystallization process in polyethylene are discussed. 

INTRODUCTION 
Work reported in previous papers'v2 has been concerned with the effects 

of gasification treatments on the semicrystalline polymers, high-density 
polyethylene, and low-density polyethylene. Attention was directed to 
the conditions required for the formation of gas bubbles in the polymers, 
to the morphologies of the bubbles, and to their effects on the mechanical 
properties. In the present paper, we shall report on investigation of the 
effects of similar gasification treatments on two essentially amorphous 
polymers, bisphenol A polycarbonate (PC) and poly(viny1 chloride) (PVC). 

Work reported elsewhere in the literature (see summary in ref. 3) has 
dealt with foams based on both PVC and PC. As in the case of poly- 
ethylene foams, however, all of the attention appears to have been directed 
to foams with densities less than about half the densities of the bulk poly- 
mers. The present study was concerned with high-density materials, 
characterized by densities above 80% of those of the bulk polymers. No 
information appears to be available on the behavior of such materials. 
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EXPERIMENTAL 

The polycarbonate used in the present investigation was Lexan PC, 
supplied by General Electric in the form of sheets 0.09 cm in thickness. 
Differential scanning calorimetry (DSC) at a heating rate of 10"C/min 
indicated a glass transition of about 150°C for the material. The poly- 
(vinyl chloride) was an unplasticized PVC, supplied by Owens-Illinois 
in the form of sheets 0.09 cm in thickness. Its glass transition was in- 
dicated by the DSC method to occur a t  about 75°C. 

Details of the gasification procedure have been described elsewhere' 
and may be briefly reviewed here. The specimens, approximately 15 cm 
x 3 cm, were clamped to an aluminum holder and placed inside a pres- 
surizing cylinder. The apparatus was then heated to the desired annealing 
temperature under a pressure of 1500 psi of nitrogen or helium. Upon 
completion of the anneal, the apparatus was cooled by forced-air convection 
to room temperature, the pressure released, and the samples removed. 

Following the pressurizing treatment, most of the specimens were given 
a second anneal a t  atmospheric pressure at  temperatures of 10" to 20°C 
above the glass transition temperatures of the respective polymers. To 
minimize warping of the specimens, the procedure of cooling under gas 
pressure in the original gasification procedure followed by the second an- 
neal a t  atmospheric pressure was employed, rather than releasing the gas 
pressure prior to cooling. Density measurements of gas-filled PC gave 
values ranging from 0.80 to 1.12 g/cm3, compared to a value of 1.19 g/cm3 
for ungasified PC. Also, gasification gave no noticeable change in the glass 
transition temperature of either PC or PVC as determined calorimetrically. 

Following the indicated heat treatments, samples were die cut into dumb- 
bell-shaped tensile specimens with a gauge length of 5.1 cm (ASTM D638) 
and subjected to mechanical tests using a table model Instron machine 
at a rate of 0.05 in./min for the PC and 0.02 in./min for the PVC. In 
order to minimize effects due to residual orientation in the sheets, all sam- 
ples were cut in the same direction. All values to be reported for the yield 
stress and elongation to fracture are nominal, based on the original cross 
section and gauge length of the specimens. 

RESULTS 

Upon removal from the pressurizing apparatus a t  room temperature, 
all specimens were optically clear for any of the gasification treatments 
employed. Following the high-temperature anneal a t  atmospheric pres- 
sure, specimens of both PVC and PC were observed to have changed from 
transparent to opaque white when nitrogen was used in the original gasifica- 
tion treatment. The opacity was due to the formation of gas bubbles in 
the specimens. In contrast to this behavior, samples of both PVC and PC 
remained. transparent after the high-temperature anneal at atmospheric 
pressure when helium was used in the original gasification treatment. 
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TABLE I 
Mechanical Properties of Gasified PCa 

Elongation 

stress, psi fracture, % 
Yield to 

Control samples, as-received (average of 3 
tests) 

Control samples, once-annealed (heat treat- 
ment 155OC, 30 min, 1 atm; average of 4 
tests) 

Transparent N2-gasified PC (heat treatment 
155"C, 30 min, 1500 psi Nz; average of two 
tests) 

162OC, 20 min, 1500 psi NZ followed by 
155"C, 30 min, 1 atm; average of 3 tests) 

Transparent He-gasified PC (heat treatment 
162"C, 20 min, 1500 psi He followed by 
155"C, 30 min, 1 atm; average of 3 tests) 

Opaque Nrgasified PC (heat treatment 

7700 f 300 85 f 20 

8300 f 300 135 f 20 

8200 f 100 90 f 25 

7700 f 300 55 f 20 

8700 f 400 65 f 10 

a Strain rate 0.05 in./min. 

Pol ycarbonate 
For ungasified 

control samples, both as-received and onccannealed, the values of the yield 
stress (7700-5300 psi) and elongation to fracture (75-125%) agree well with 
values reported in the l i t e ra t~re .~  Similar agreement with other ~ - 0 r 1 ~  was 
found for the strain at yield (7-9%, not reported in Table I). 

Nitrogen-gasified PC samples, when tested prior to the secondary anneal 
(such that the material remained transparent), showed no appreciable 
differences compared to ungasified PC, with perhaps a slight reduction in 
elongation to fracture relative to once-annealed, ungasified PC. Gasified 
specimens of PC which were given the annealing treatment a t  atmospheric 
pressure were in the same range as those of the ungasified control samples. 
The elongation to fracture, however, showed a decrease to 54% for gasified, 
opaque PC from values of 85% and 135% for as-received and once-annealed, 
ungasified PC, respectively. No significant variation in draw ratio between 
as-received PC and nitrogen-gasified PC was noted, with a value of approxi- 
mately 1.6 found for both materials. 

The form of the stress-strain curve obtained for nitrogen-gasified PC was 
similar to that of the ungasified material, exhibiting a sharp yield point fol- 
lowed by cold-drawing at  a nearly constant stress level until fracture. 
Yielding was invariably accompanied by the formation of a distinct neck. 
However, while the ungasified PC and the gasified but nonopaque PC yielded 
by the formation of shear bands at 45 degrees to the stress axis prior to 
necking, necking in the opaque nitrogen-gasified PC occurred without 
formation of the deformation bands. Fracture of both the gasified and un- 
gasified material always occurred in an abrupt manner within the necked 
portion of the specimens. 

Results of the tensilc tcsts on PC are given in Table I. 
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Fig. 1. Void morphology in nitrogen-gasified PC. Heat treatment 160°C, 30 min, 
Magni- 1500 psi Nt, cooled to room temperature, followed by 15OoC, 15 min, 1 atm. 

fication 30X. Arrow indicates surface of specimen. 

All samples of helium-gasified PC whose behavior is reported in Table I 
remained transparent. Results of the tensile tests show in increase of 5- 
10% in the yield stress compared to both the control samples and the nitro: 
gcn-gasified PC. The elongation to fracture, however, showed a reduction 
to about half the value for ungasified, once-annealed material, similar to 
the reduction found for nitrogen-gasified PC. The drawing phenomena of 
the helium-gasified PC was similar to that of the nitrogen-gasified PC with 
the sharp yield point and subsequent drawing at nearly constant stress, 
but without shear banding being observed. The draw ratio of helium- 
gasified PC was found to be identical to that of the as-received material. 

The morphologies of the bubbles in nitrogen-gasified PC were studied in 
the optical microscope a t  low magnification, viewing the specimen by re- 
flected light through the thinnest dimension of the sheet (about 1 mm). 
Figure 1 shows a typical micrograph of the bubble structure of nitrogen- 
gasified PC. A void-free surface layer 0.04 cm thick is evident. The gas 
bubbles within the central region of the specimen are . approximately 
spherical in shape, about 0.0025 cm in diameter, and are distinctly separated 
from one another. 

Figure 2 shows a micrograph of the necked region of a nitrogen-gasified 
PC specimen after drawing in tension. The bubble morphologies are 
similar to those in the undrawn material (Fig. l), save for an elongation of 
the bubbles in the draw direction. 

To investigate the internal features of the voids in nitrogen-gasified PC, 
samples were examined in the scanning electron microscope (SEM). The 
preparation technique consisted of forming a fresh surface of the cross 
section of the material with a knife, coating with a thin conductive layer of 
gold, and viewing immediately in the SEM. Micrographs obtained on a 
specimen with a relatively small degree of opacity are shown in Figure 3. 
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Fig. 2. Void morphology in nitrogen-gasified PC after .tensile drawing. Heat treatr 
Magnification 30X. Arrow indicates surface of specimen. ment same as in Fig. 1. 

Direction of stress is parallel to specimen surface. 

As indicated in Figure 3a, the gas bubbles at  low magnification appear as 
dark depressions along thc central plane of the specimen, and the void- 
free surfacc layers arc clearly evident on either side of the row of voids. 
The oblique striations and the scale-like features stacked normal to the 
edges of the specimen are artifacts of the knife-cutting process used in 
forming the surface. Samples of the ungatified PC viewed under identical 
conditions showed no evidence of voids but appeared essentially identical to 
the void-free surface layers of Figure 3a: 

Figure 3b shows a typical single void at  high magnification. The most 
notable feature is the apparent lack of any internal structure. At still 
higher magnifications, the void walls appear smooth and featureless. This 
lack of internal void structure is in sharp contrast to the void morphology 
of gas-filled polyethylene (see discussion in ref. 1 and discussion below). 

Poly(viny1 Chloride) 

Table I1 gives the results of tensile tests on PVC. While the yield stress 
did not vary significantly between annealed arid as-received specimens, the 
elongation to fracture dropped by 50% for the annealed material. The as- 
received samples yielded with the formation of a sharp neck, followed by 
propagation of the neck at a nearly constant stress level. The once- 
annealed material also formed sharp necks, but no propagation of these 
necks was observed. Rather, tear-type fractures were initiated at  the neck 
shoulders soon after yield. These led to failure at  relatively low strains. 

The above results w-ere obtained on specimens cut from the as-received 
PVC sheet parallel to the machine direction of the sheet. Samples formed 
with orientations perpendicular to this exhibited drawing behavior identical 
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(b 1 

(b) 1200x. 
Fig. 3. Void morphology of nitrogen-gasified PC in SEM. Magnification: (a) 60X; 

to that of once-annealed samples of the first orientation, i.e., lower elonga- 
tion to fracture accompanied by tear-type fractures initiated at  the bound- 
ary between necked and unnecked regions. This indicates that orientation 
is present in the as-received PVC. Annealing of the parallel-aligned mate- 
rial reduces the degree of orientation and leads to drawing behavior similar 
to that observed for the less oriented direction of the sheet. The results 
on gasified PVC were al1,obtained on samples cut in the more highly oriented 
direction. 

PVC samples which had been gasified with either nitrogen or helium 
and subsequently annealed above T, at  atmospheric pressure show no 
clearcut differences for the yield stress and elongation to fracture as com- 
pared with the ungasified material. Significant effects were, however, 
noted in the drawing behavior, where both nitrogen-gasified and helium- 
gasified material drew uniformly until fracture occurred in an abrupt 
manner (without the formation of a sharp neck and in contrast with the 
tearing-type fracture observed in annealed but ungasified control samples). 
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TABLE I1 
Mechanical Properties of Gasified PVCa 

Elongation 

stress, psi fracture, '% 
Yield to 

Control samples, as-received (average of 4 tests) 7000 f 200 

6900 f 500 

22 f 5 

9 f 3  
Control samples onceannealed (heat treatment 

llO"C, 20 min, 1 atm; average of 5 tests) 
Nrgasified PVC (heat treatment llO"C, 20 min, 

1500 psi N2 followed by llO"C, 15 min, 1 
atm; average of 5 tests) 

1500 psi He followed by llO°C, 15 min, 1 
atm; average of 4 tests) 

7400 f 500 16 =k 5 
He-gasified PVC (heat treatment 112"C, 20 min, 

7100 f 300 18 f 3 

a Strain rate 0.02 in./min. 

The draw ratios of ungasified, nitrogen-gasified, and helium-gasified PVC 
were all in the range of 1.5 to 2.1, with no significant variations discernible 
between treatments. 

Specimens of opaque, nitrogen-gasified PVC were examined in the optical 
microscope to observe the void morphologies. Even a t  magnifications of 
200X, however, no separate and distinct gas bubbles could be resolved (the 
samples appeared uniformly white). A void-free surface layer mas observed 
around the edges of the specimen. The thickness of this layer was smaller 
than that found in nitrogen-gasified PC (0.005-0.010 cm in PVC compared 
with 0.04 cm in PC). 

SEA4 studies of nitrogen-gasified PVC also gave no indication of a dis- 
tinct void structure even at  magnifications greater than 1OOOX. The sur- 
face appeared rough and textured to an.extent similar to that found in 
specimens of ungasified PVC studied by the same technique. It appears 
likely that the voids occur on a scale fine enough to be completely hidden 
by the sample preparation technique. 

DISCUSSION 

To facilitate comparison of the present data with those on gas-filled poly- 
ethy1ene,'s2 the pertinent results of the PE studies will be briefly recapitu- 
lated. With both high-density and low-density PE, a t  least partial melt- 
ing of the crystalline component was required for the formation of observa- 
ble gas bubbles.' The bubbles, when formed, were generally characterized 
by elongated shapes, with their long dimensions often oriented parallel 
to the surfaces of the specimens. A bubble-free surface layer was in- 
variably noted. Nitrogen-gasified and helium-gasified PE showed differ- 
ent gas bubble morphologies, with nitrogen gasification resulting in many 
more but smaller bubbles than helium gasification. The presence of gas 
bubbles in PE led to a slight reduction of the yield stress and an order of 
magnitude decrease in the elongation to fracture, with the normal cold- 
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drawing behavior of ungasified PE being eliminated by gasification. Op- 
tical microscopy showed that the decreases in mechanical properties, par- 
ticularly the elongation to fracture, could be directly related to the presence 
of gas bubbles. Drawing gasified PE was accompanied by growth of the 
gas bubbles until the remaining unfractured polymer between bubbles was 
insufficient to support the applied load. 

The first distinction between gasified PC and PVC and gasified PE in- 
volves the formation of gas bubbles. With PE, the melting region proved 
to be the critical temperature range below which bubble formation was not 
observed, while with the two amorphous polymers the region of the glass 
transition was critical. With PVC no bubble formation was noted for 
gasification below 85"C, 10°C above T, as measured by scanning calorim- 
etry. Even for gasification at  105"C, a secondary, atmospheric pressure 
anneal a t  70°C for as long as 24 hr gave no indication of gas bubble forma- 
tion, while subsequent annealing of the same sample of 100°C lcd to whiten- 
ing within 30 min. With nitrogen-gasified PC, 150°C was the lowest tem- 
perature for which gas bubblcs could be observed-again the region of the 
glass transition. The correlation of bubble formation with the melting 
range for semicrystalline polymers and with the glass transition region for 
amorphous polymers apparently reflects the respective temperature ranges 
where chain mobility becomes significant. This mobility allows rapid 
access of the diffusing gas to the interior of the polymer and gives rise to 
sufficient supersaturations for bubble formation upon crystallization of 
the PE and upon reannealing the PC and PVC at atmospheric pressure. 
Significant chain mobility also appears to be required for diffusion of the 
dissolved gas a t  atmospheric pressure to nucleated bubbles. The void-free 
surface layers indicate the effectiveness of the surfaces as sinks for dissolved 
gas. 

A second difference between the gasification behavior of PC and PVC as 
compared with PE concerns the effect of helium. While all three polymers 
formed bubbles with nitrogen gasification, only PE could be induced to 
form gas bubbles with helium. Even in the case of PE, however, bubble 
formation was greatly reduced for helium relative to nitrogen. These dif- 
ferences can be related to differences in the diffusion coefficients and solu- 
bilities of helium and nitrogen in the polymers. The diffusion coefficient of 
helium in PE is an order of magnitude larger than that of nitrogen,s and a 
tabulation of diffusion coefficients of gases in polymers' indicates a much 
higher diffusion coefficient for helium relative to nitrogen wherever they 
could be directly compared (but not specifically for PC and PVC). 

On the basis of correlations given by Van Krevelen? it is possible to 
estimate these diffusion coefficients and solubilities a t  any temperature. 
The calculated values are given in Table I11 and can be taken as representa- 
tive of the relative magnitudes of these parameters. The equilibrium con- 
centration (C)  of dissolved gas in the polymer can be related to the solu- 
bility (S) by Henry's law : 

c = s - p  
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TABLE I11 
Solubilities and Diffusivities of Nitrogen and Helium in PC and PVC, Estimated 

from Correlations of Ref 8 

Solubility, S, 

Polymer Gas Temp., "C cmz/sec polymer atm 
Diffusivity D, cm3 (S.T.P.)/cm3 

PVC 
PVC 
PVC 
PVC 
PC 
PC 
PC 
PC 

Nz 
Nz 
He 
He 
Nz 
Nz 
He 
He - 

27 
110 
27 
110 
27 
155 
27 
155 

6 X lo9 
9 x 10-6 
3 x 10-6 
3 x 10-6 
3 x 10-7 
8 x 10-5 

9 x 10-5 
7 x 10- 

6 x 

10-4 

6 x 

2 x 10-4 

where p is the partial pressure of the gas. The diffusion coefficient for 
nitrogen in PVC is an order of magnitude lower than that in PC at  the 
annealing temperature. This correlates with the appearance of smaller, 
more numerous bubbles and a thinner, bubble-free surface layer in PVC. 
The observed widths of the bubble-free layers are in agreement with values 
calculated for a random walk diffusion of gas to the surface at  room tem- 
perature over a time of lo3 sec. This might suggest that the surface 
layers result from gas loss before the annealing treatment rather than con- 
currently with bubble formation during annealing. It was observed experi- 
mentally, however, that surface layers of similar extent were formed in 
samples which had been held at  room temperature prior to the atmospheric 
pressure anneal for periods ranging from minutes to days. This seems to 
indicate that the loss of gas through the surface at  high temperatures 
is dominant and perhaps that the diffusion coefficients estimated from 
reference 8 for room temperature may be somewhat high. 

From Table 111, the estimated solubilities indicate that the lack of bubble 
formation after helium gasification is primarily due to the low solubility of 
this gas in the polymers. In view of the uncertain reliability of the correla- 
tions, however, this conclusion can be regarded as only tentative. 

The difference in the effects of helium gasification between semicrystalline 
PE and amorphous PC and PVC is likely due to  a large supersaturation 
arising during the crystallisation of the PE. For the two amorphous poly- 
mers, the solubility of helium is apparently low enough to keep the degree 
of supersaturation below that required for bubble nucleation. In  the case 
of PE, the rejection of dissolved gas a t  the advancing crystal-liquid inter- 
faces can result in a supersaturation which is locally high and apparently 
sufficient for nucleation. 

In addition to  differences in the response of these polymers to helium gas- 
ification, the morphologies of the gas bubbles produced by nitrogen treat- 
ment are also different. In PE, the bubbles are elongated in shape and the 
boundaries between gas and polymer are rough and composed of fibrils of 
polymer extending into the bubbles.' In  PC, the bubbles are nearly 
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spherical and the boundaries are smooth and featureless. In PVC, no dis- 
tinct gas bubbles can be discerned in the optical microscope. The morpho- 
logical difference between PE and PC seems understandable: in PE, the 
bubble formation appears to be controlled by crystallization and the 
morphology of the voids must be accommodated to  the crystals; while in 
PC the minimization of surface energy would be expected to result in 
spherical bubbles. 

The differences in internal structure of the gas bubbles can also be ex- 
plained in terms of structural differences between the polymers. The pres- 
ence of the crystalline phase in PE should influence the structure of the 
gas-polymer interface both because the crystalline material may provide 
more resistance to  the internal pressure of the growing bubbles and, more 
significantly, because the amorphous regions, with their higher concentra- 
tions of dissolved gas, offer a richer source of gas to the growing bubbles. 
In  PC, no crystalline phase with properties different from the amorphous 
material intervenes, and the formation of gas bubbles can more adequately 
be considered as the growth of bubbles in a homogeneous medium. In 
this case, surface energy effects would not be dominated by variations be- 
tween crystalline and amorphous phases, and a smooth surface of the gas 
bubbles would be expected. 

As discussed previously,2 the tensile properties of gas-filled polymers can- 
not be predicted by a simple model based on two-phase mechanics. Such a 
model,Q considering the polymer to be a continuous matrix and the gas 
bubbles to  act as discrete filler particles, would predict a monotonic reduc- 
tion in both elongation to break and tensile strength with increasing volume 
fraction of gas bubbles. The results of the present study, where no distinct 
differences are evident between samples containing gas bubbles and those 
free of such bubbles, are in clear disagreement with the predictions of such 
simple two-phase mechanics. 

The effects of gasification on the tensile properties and drawing behavior 
of the two amorphous polymers are also strikingly different from those ob- 
served with PE. In PE, both the yield stress and elongation to fracture are 
reduced (the latter dramatically) due to a fracture process associated with 
the gas bubbles. In both PC and PVC, neither property shows appreciable 
variation between gasified and ungasified material. The presence of the 
bubbles also appears to have little effect on the drawing behavior of the 
amorphous polymers. Where they could be observed (Fig. 2), the bubbles 
change during drawing from their original spherical shape to elliptical 
shapes oriented with the long dimensions in the drawing direction. No 
growth or expansion of the bubbles a t  the expense of neighboring un- 
bubbled regions could be detected. 

The marked embrittlement of the semicrystalline polymers upon de- 
velopment of a gas bubble structure reflects a failure of the strain-hardening 
process required for stable neck formation. Maxima are often observed in 
load-elongation curves, but these are followed by failure rather than by 
extensive drawing. The results of the present investigation suggest that 
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the embrittlement is associated with the structural changes which take 
place during crystallization, and not merely with access of the gas to  the 
interior regions of the specimens. 

Under load, stress intensification is expected at  the peripheries of 
spherical bubbles, with the maximum tensile stresses occurring at  the 
sides of the bubbles, tending t o  enlarge them in a direction normal to  the 
the applied stress. Such enlargement would be expected were the polymers 
to fail in a brittle manner. The observed elongation parallel to the draw 
direction indicates that the stress concentration due to the bubbles is in- 
sufficient to cause brittle failure. It suggests a strengthening of the 
material at the sides of the voids, very likely by orientation in the direction 
of applied stress, so that the higher stress level can be supported and the 
material behave in a ductile manner. 

Both nitrogen and helium gasification lead to  similar values of the 
tensile properties and to  similar changes in drawing behavior, despite the 
presence of observable bubbles in only the nitrogen-gasified material. 
This indicates again the lack of a significant direct influence of the gas 
bubbles on the mechanical behavior. The physical basis of the effects 
of gasification on the phenomenological tensile behavior are not satis- 
factorily clear-for example, why gasification should prevent the formation 
of shear bands in PC or why it should change the response of PVC from 
necking and cold-drawing t o  uniform drawing. 
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