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synopsis 
Atactic polystyrene glasses were molded at high pressures by cooling the polymer melt 

at pressures up to 5000 atm. Changes found in the properties of the samples included: 
a lower mechanical damping factor at temperatures from 50°K to 300°K; a higher c m -  
pressive elastic modulus; a maximum in compressive yield stress at a molding premure 
around lo00 atm; faster relaxation at yield; appearance of an exothermic dilational re- 
laxation below T, when the samples were heated; and faster relaxation in methyl ethyl 
ketone vapor. The observed behavior is interpreted in terms of a model based on pree- 
sure-induced heterogeneities in local order. The initial effect of increased molding pres- 
sure is to produce a more compact polymer which has less segmental mobility and more 
extensive interchain forces. Above molding pressures of about 1000 atm, a second effect 
develops due to the apparent formation of localized conformations which are stable under 
the high-pressure vitrification conditions, but not at room conditions. The spontaneous 
decay of these high-energy regions leads to subsequent formation of microvoid defects 
and more rapid structural relaxation effects. The existence of an optimum molding 
pressure somewhat below 1000 atm is indicated for polystyrene. 

INTRODUCTION 
In  the last fern years, there has been an increasingly frequent application 

of high-pressure technology to the characterization of high polymers.’ 
The majority of these studies have been concerned with the behavior of 
polymers while under hydrostatic pressure, and the emphasis has been 
on relaxation phenomena. A related field is the study at  atmospheric 
pressure of polymers which have been subjected to a high-pressure history- 
this technique has been used successfully to investigate thermodynamic 
parameters and morphology of crystalline polymers. By contrast, 
only a few introductory studies2-’ have been made on the effects of a 
high-pressure history on the properties and structure of amorphous poly- 
mers. These investigations have concentrated almost entirely on the 
residual density increase or ((pressure compaction” effect and on its 
relaxation on heating or annealing. 

The present study was undertaken to characterize the effects of a 
high-pressure history on an amorphous polymer by a wider variety of 
methods than have been used previously in order to establish property- 
structure relationships suitable for this potentially useful method of 
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polymer modification. Polystyrene was chosen for the initial investigation 
bccausc thc noncrystallizablc atactic form is cmily characterized and thc 
glass transition is 1 ~ 1 1  abovo room tcmpcxraturo. The samplcs wcrc 
preparcd by cooling thc po1ymc.r mclt to room tc.rnpcmkurc. undm constunt 
prcssurcs up to 5000 atm (5 kilobars) to form a glass. The pressure \\-as 
then released and the samplc was removcd and tosted by a number of 
different mechanical and physical techniqucs. 

The pressure at  which a polymer vitrifies can be expected to have a 
major effect on the local chain conformation. The variation in molding 
pressure can also lead to significant effects on several properties of imme- 
diate practical importance. Modern extruders can generate pressures 
in the barrel which approach 10,000 psi (670 atm), although the polymer 
is not at  this pressure when it vitrifies. A conventional compression 
molding subjects the polymer to a pressure on the order of 50 atm. It 
will be seen that even the relatively modest changes in molding pressure 
obtained by conventional apparatus can produce significant changes in 
sample properties. 

SAMPLE PREPARATION 
The polymer used was Dow Styron 690, a thermally polymerized atactic 

polystyrene nominally free of additives. The intrinsic viscosity measured 
in toluene at  25°C was 0.88 (g/100 cc)-l, corresponding to AI, = 240,000. 
The glass transition temperature at  atmospheric pressure was 96"C, 
measured in a conventional glass dilatomcter. The glass transition at 
high pressure was measured using a high-pressure steel dilatometer de- 
scribed elsewhere.s Over tho range of 1 to 1700 atm, the T, increased 
at  the rate of 30"C/kbar. This was quitc consistent with the literature 
 report^'*^^^.^ that the T, of polystyrene increases at  an initial rate of 
25"-30°C/kbar and at a lower rate of about 15"C/kbar at higher pressures 
in the range of 4 to 6 k b a r ~ . ~  

Small samples were prepared in a l-in. diameter mold designed for 
mounting metallurgical specimens for polishing. A common 40,000-lb 
capacity compression-molding press could produce pressures higher than 
3000 atm on the l-in. sample. For tests requiring larger samples, a 
mold was designed and built to produce discs 3'/sin. in diameter at pressures 
up to 5000 atm. The molding faces could be reproducibly realigned 
relative to each other to within *0.001 in. over the entire face area, so 
that the thickness of a given molding w a s  quite uniform from point to point. 
The large mold was evacuated during heating to devolatilize the polymer 
and protect the sample against oxidative degradation. 

The samples were molded as sheets or slabs of different thicknesses. 
The appropriate amount of polymer was heated in the mold under no load, 
then a small load was applied to deform the polymer and fill the available 
space. The pressure was then raised to the desired high-pressure level 
over a period of about 1 min. After an appropriate dwell time under 
pressure as discussed below, the heater was shut off and the mold was 
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cooled in free air a t  a few degrees per minute, under constant pressure. 
When the mold had cooled below 30°C, thc prcssure was released and thc 
sample was removcd and, except where notcd, conditioned in room air 
for at least 48 hr bcforc being testcd. 

The dwell times of 3-15 min for the polymcr under prcssure at  the high 
molding temperature were calculated to be at  least one order of magnitude 
longer than the relaxation time, 7, predicted by the WLF equation. The 
absence of birefringence in the plane of the cooled samples indicated that 
the dwell times were sufficient for relaxation under the conditions used. 
None of the samples showed discoloration, monomer odor, or other signs of 
degradation, and moldings at  3000 atm in the high-pressure dilatometer 
showed no decrease in solution viscosity. The density of the high-pressure 
moldings was about 1% greater than that of the controls, but the scatter 
was greater than permissible for use as a characterization parameter. 
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MECHANICAL DAMPING SPECTRUM 
The mechanical damping spectrum of a strip of a O.Ol&in.-thick sample, 

molded from 200°C at  3000 atm, was measured from 4.2"K to 300°K 
at  a frequency of about 2 He, using a high-sensitivity cryogenic torsional 
pendulum built by Armeniades et a1.'0 The oscillations were quite small, 
being less than one angular degree to each side of the equilibrium position. 
The damping spectra of this sample and of a compression-molded control 
sample are shown in Figure 1. The high-pressure sample exhibited a 
damping factor which was about 10% lower than the control over most 
of the temperature range studied. This is indicative of a more rigidly 
bound structure which stores more energy in elastic deformation and 
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Fig. 1. Cryogenic mechanical relaxation spectrum of polystyrene glasses molded 
(0) at 3000 atmospheres, and (0) compression-molded control. Torsional pendulum 
frequency was 1-2 Hz. 
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dissipates less energy in independent segmental motion. Matsuoka and 
JfaxweH" found a similar dccrease in the mechanical loss factor of poly- 
cthylcnc and polypropylene moldcd uridcr pressures in thc kilobar rang(!, 
but attributed this only to thc incrcascd crystallinity of thoir polymers. 

COMPRESSIVE STRESSSTRAIN TESTS 

Plaques '/4 'in. thick were molded from 200°C at various pressures, 
and cylinders 0.230 in. in diameter and 0.500 in. long were turned down 
from therh on a turret lathe. The surface finishes were smooth to the 
touch, but still cloudy visually. The tests were performed using a cross- 
over-type jig in an Instron testing machine, and the strains were corrected 
for deflection of the jig and machine. 

It will 
be noted that a given property at various strain rates shows considerable 
scatter, probably due to difficulties in calibrating the machine reproducibly 
on dtfferent days. Therefore, presentation of data from different strain 
rates serves here only as a check on the reproducible behavior of different 
molding pressures. 

The compressive elastic modulus is shown as a function of molding 
pressure in Figure 2. It is seen that the modulus incremed by roughly 
10% as the molding pressure was raised from 50 to lo00 atm, and remained 

A summary of the stress-strain results is listed in Table I. 

TABLE I 
Summary of Compressive Stress Strain Properties of Polystyrene Molded at  

High Pressures8 

Maximum 
Molding Elast.ic Yield Yield relaxation 

sctc -l atm psi x 10-3 psi x 10-8 % psi X 10-8 
Strein rate, pressure, modulus, stress, strain, index,b 

0.67 x lo-' 50 450 f 4 13.7 f 1 4.51 f .04 130 f 3 
1000 500 f 9 14.8 f .2 4.17 f .04 264 f 13 
2000 496 f 9 14 .5f  .1 4.09 f . O s  333 f 2 
3000 495 f 13 13.6 f .1 3.87 f .04 265 f 10 

1.67 x 10-3 50 459 f 6 14.8 f .1 4.70 f .05 161 f 4 
1000 497 f 5 1.5.9 f .1 4.41 f .04 317 f 11 
2000 514 f 12 1.5.8 f .2 4.18 f .04 401 f 8 
3000 505 f 2 14.7 f .1 4.00 f .08 321 f 9 

3.3 x 10- 50 453 f 11 14.7 f .1 4.67 f .02 166 f 4 
1000 4 9 5 f  11 15.8 f .2 4.40 f .04 339 f 8 
2000 4 9 8 f  17 15.5 f .2 4.26+ .06 444 + 17 
3000 501 f 8 14.8 f .1 4.06 f .07 346 f 10 

6.7 x 10-a 50 477 f 32 14.9 f .4 4 . 6 6 f  .l.i 176 f 8 
1000 510 f 27 15.9 f .6 4.26 f .14 349 f 5 
2000 521 f 36 15.9 f .5  4.20 f .10 451 f 28 
3000 507 f 12 14.9 f . 3  3.98 f .07 366 f 19 

mean of five specimens f one standard deviation. * Results are in the form: 
b Greatest (negative) slope after maximum at yield expressed as psi per unit sample 

strain. 
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Fig. 2. Effect of vitrification pressure on compressive elastic modulus of polystyrene 
glasses. 
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Fig. 4. Typical compressive stress4rain curves for polystyrene glasses: (a) molded 
at 3000 atmospheres; (b) compression-molded control. Separation of yield strain into 
cyB and cyP is explained in text. 

approximately constant thereafter as the molding pressure was raised 
further. The increase in modulus is indicative of a more compact, strongly 
bound glass produced at high pressures. Moduli are also increased by 
treatments that reduce the volume of the sample in more conventional 
ways, such as by cooling or testing under hydrostatic pres~ure . '~~'~  

01 I I I 
0 1000 2000 3000 

MOLDING PRESSURE, ATMOSPHERES 

Fig. 5. Typical effect of vitrification pressure on strain at compressive yield of poly- 
styrene glasses. Strain rate for data shown waa 6.67 X lo-* W C - ~ .  
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Fig. 6. Effect of vitrification pressure on maximum relaxation index following compres- 
sive yield in polystyrene glasses. 

A major point of interest was how the yield stress would be changed 
by high-pressure molding treatment. Volumetric ~onsiderationsl~ and 
such interpretations of yielding as Whitney’s, based on defect mobility, 15,16 
would predict an increase in yield stress as the molding pressure increased. 
On the other hand, conformational considerations, such as used in Robert- 
son’s interpretation of the yielding process, ’’ u7ould predict a reduction in 
yield stress a t  higher molding pressures since the polymer is frozen into a 
conformation characteristic of a higher temperature than that for the 
normal T,. The observed behavior of yield strength with molding pressure 
followed neither of these predictions entirely, but showed a maximum 
in the region around loo0 atm, as seen in Figure 3. 

Typical stress-strain curves are shown for a high-pressure sample and 
a control in Figure 4, where it is seen that the major difference is that 
the yield peak for the high-pressure sample was “sharper” and narrower 
than that for the control. This sort of difference does not lend itself to a 
description in terms of conventional stress-strain parameters. We have 
employed the technique, common in metallurgical mechanics, of decom- 
posing the strain into elastic and plastic components. As indicated in 
Figure 4 for the strain at the point of maximum load, the elastic strain 
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may be represented as the stress at the point of interest divided by the 
elastic modulus. The plastic strain, then, is the difference between the 
(observcd) total strain and tjhe clmtic st,rain.'* Whcri thc yield straitls 
of the present samples wcro docomposcd in this fashion, tlhc results 
were as shown for a typical set of data in Figure 5 .  The total strain a t  
yield is seen to decrease monotonically as the molding pressure increased, 
but the change is seen to be almost entirely in the plastic strain, which 
decreased by one third of its original value. 

Additional information may be estimated from the rate with which 
the load fell from the maximum at  the yield point. In the present case, 
the drop in load must reflect a true softening or relaxation of the material. 
Since the stress field was compressive and no decrease in cross-sectional 
area was involved, the true stress must have decreased by at  least as much 
as did the engineering stress. Also, it is known from photographic studies 
of poly(methy1 methacrylate) in tension1g that the geometric instability 
(neck or bulge) does not form concurrently with the maximum in load, 
but definitely later. At the point of greatest (downward) slope of the load- 
compression curve, the change in cross-sectional area was not more than 
10-20%. The downslope is conveniently expressed as a relaxation rate 
per unit time or per unit strain. The latter form is plotted against molding 
pressure in Figure 6, where it is seen that this relaxation rate varied 
markedly with molding pressure, being greatest in the 2000-atm molding. 
The more than twofold change in relaxation rate was much larger than 
could be accountcd for on the basis of geometric factors alone and indicates 
that the relaxation rate of thc bulk material must be changing. In general, 
a relaxation rate should be a strong function of the original load. Refer- 
ence to Figure 3 reveals the fortunate fact that there are two pairs of 
moldings with approximately the same yield stresses, viz., 50 atm versus 
3000 atm, and 1000 atm versus 2000 atm. Comparison of the corre- 
sponding relaxation rates shows that in both cases relaxation was faster 
in the sample with the highcr molding pressure, after the effect of original 
load was taken into account. 

Yielding in polymers has been regarded as a stress- or strain-induced 
transition similar to the glass transition, 20*21 which makes large-scale 
relaxation possible. Since the relaxation induced by strain was found to 
be more rapid in the samples molded at higher pressure, it is of interest 
to examine the relaxation behavior induced by more conventional means, 
specifically heat and solvent vapor treatments. 

DIFFERENTIAL THERMAL ANALYSIS 
Sheets about 0.010 in. thick were molded from 200°C in the 1-in. mold 

at 3000, 2000, and 1000 atm. Additional samples were molded at  250°C 
and 5000 atm using the 1-in. mold in a 150-ton capacity press, and by 
molding a 0.020-in.-high slug in the high-pressure dilatometer. From the 
sheets, l/&. discs were punched out with a paper punch and run in the 
calorimeter cell of a du Pont 900 differential thermal analyzer from room 
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Fig. 7. Differential therrnograms of polystyrene glasses vitrified at (a) 3000 atrn; (b) 
2000 atm; (c) 1000 atm; (d) control. Heating rate was 10°C/min. 
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Fig. 8. Differential thermogram of (a) polystyrene vitrified at 3000 atm in sample pan 
with ordinary polystyrene molding in reference pan; (b) reheat control. 

temperature to about 15OoC, usually a t  10"C/min. The sample was 
then cooled and rerun to serve as its own control. 

It 
is seen that the principal effect of the high molding pressure was to induce 
a low broad exotherm which started at  some temperature (dcsignated T,) 
below T ,  ant1 cwntinucd t,tirough the glass transition. The glass trailsition 
temperature itself, as rewaled by the drop in the baseline, earmot he 
said to change, although any subtlc shift would be masked by the change in 
shape of the thermogram. The extrapolated onset technique was used to 
determine T, and T,. Runs at  20"C/min and 5"C/min m-ere somewhat 

A series of thermograms for these moldings is shown in Figure 7. 
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Fig. 9. "Interrupted" thermogram of polystyrene vitrified at 3000 atm. Sample was: 
(a) heated at 10"C/min into region where exotherm had started, held at 80°C for ca. 
5 min, and cooled at lO"/min; (b) then reheated at 2O0/min to 150" and cooled again; 
( c )  reheated at 20"/min as a control. 

a 
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Fig. 10. Differential thermograms of polystyrene vitrified at 3000 atm, taken (a) three 
days and (b) six months after molding; (c) control. Heating rate here was 20°C/min. 

more difficult to read than the runs at 10°C/min shown, and the results 
were not well suited to quantitative analysis of heating rate effects. It 
did appear, howwcr, that, T, was Somcw-lint, morc scnsitivc to hrating 
rate than was Tg. 

Because it, is somewhat, unusual for a first-order thermodynaniic eff ert 
to produce such a low broad peak, an alternative intcrpretntiori was enter- 
tained that the shift designated T ,  might be a "secondary" transition 
(e.g., from one quasi-stable glass phase to another). To investigate this 
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Fig. 11. Effect of vitrification pressure on temperature at which exothermic relaxation 
first appears in thermogram. Data are for DTA heating rate of 10°C/min on samples 
2-3 days after molding. 

point, a 3000-atm molding was run using a previously run (i.e., relaxed) 
polystyrene sample of similar weight in the reference pan in place of the 
usual glass beads. The result is shown in Figure 8, where the general 
shape of the exotherm is seen quite clearly. To confirm that this was a 
continuing broad exotherm, a 3000-atm molding was run until the exo- 
thermic onset was clearly seen and the heating control was switched to 
“hold.” The sample was held near 80°C for 5 min, then cooled, and 
rerun, a.~ shown in Figure 9. The remainder of the exotherm is clearly 
seen, with the onset now shifted upward to about 95”C, some 15°C above 
the temperature a t  which the sample was relaxed. 

Early in this phase of the m*ork, a previously unused scrap of a six- 
month-old 3000-atm molding was retrieved and run. Comparison of this 
aged sample w-ith a three-day-old sample molded at  the same pressure is 
shown in Figure 10. The onset of the exotherm is seen to be some 15°C 
higher in the older sample. Also an endothermic inflection preceding 
the exotherm is seen, especially in the older sample. A corresponding 
effect of sample age also has been seen in density changes3 and in solubility 
coefficients of simple gases.22 The data of Figure 10 indicate that the 
effects of high-pressure treatment affect the relaxation process for long 
periods of time; even after six months at ambicnt conditions, considerable 
memory of the high-prwsurc history rtAmnins. 

In Figure 11, the onset, tempwaturc. of the exothermic relaxation is 
plotted against molding pressure over the rangt: of lo00 to ~5OOO atm. 
It is seen that T, decreased rather uniformly at about 10°C/kbar (c.f., 
30”C/kbar for dT, /dP)  over the range of lo00 to 3000 atm. Thereafter, 
T ,  was virtually unchanged as the molding pressure was raised further to 
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5000 atm, even though T, was still some 40°C above room temperature. 
Visually, the thermograms of the 5000-atm samples were not readily 
distinguishable from those of the 3000-atm samples. 

The curve in Figure 11 may be thought of as defining a region (above 
and to the right of the data points) in which an additional relaxation 
process, not directly related to the glass transition, is possible. The 
location of the break in the curve around 70°C and 3000 atm is interesting, 
if only a coincidence. In tensile tests of polystyrene under elevated 
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Fig. 12. (a) Dilatometric expansion of (0) polystyrene vitrified at loo0 atm and (0) 
reheat control. Heating rate was 0.5OC/min. (b) Volume compaction from difference 
of curves in (a). One division represents approximately 0.37% difference in volume. 

pressures at room temperature, Biglione and co-workers12 found ductile 
failure at 3000 atm and above; the normal brittle failure occurred at  
pressures below this. This pressure compaction measured by Rehage and 
Breuerg showed littlc or no furtlier increase as the vitrification pressure 
was incrcmed from 3000 to Goo0 utm. The temperature coordinate of the 
break in Figure 11 is i~ reitsonablt: upproximation of the ductilt-brittle 
transition of polystyrene in normal tensile testing and is slightly above 
the small secondary transition near 50°C found by several  worker^,^^*^^ 
probably associated with a partial vibration of the phenyl ring. The 
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meaning of this apparent correlation is not clear without further investiga- 
tion. 

In a separate experiment, a sheet 0.020 in. thick was molded at lo00 
atm in the large mold and cut into strips which were run in a conventional 
glass dilatometer filled with degassed mercury and heated at 0.5"C/min. 
After cooling overnight, it was rerun as its omn control. The results are 
shown in Figure 12. The volume compaction effect relaxed out most 
rapidly in the region 80-90°C, which, allo\ving for the difference in heating 
rates, corresponds with the onset of the exotherm in DTA. Thus, the 
exothermic relaxation is accompanied by a dilational volumetric relaxation. 

In  sum, then, a thermally induced dilational and exothermic relaxation 
is seen in the pressure-compacted samples, starting below T, and con- 
tinuing through the glass transition. Increasing the molding pressure 
has little effect on the intensity of the exotherm (the height of the peak), 
but moves the onset of relaxation to lower temperatures. Aging of the 
samples moves the onset back to higher temperatures. The effect of 
high-pressure molding on these properties seems to reach a limit around 
3000 atm. 

SORPTION OF SOLVENT VAPOR 

Sheets about 0.010 in. thick were molded in the small mold at 3000 atm. 
Sorption of methyl ketone vapor (MEK) was monitored using a quartz- 
helix balance thermostatted at  25°C and a vapor pressure of 50 mm Hg. 

SB-4, 3000 ATM. 

S8-5 ,  3000 A T k .  

COMPRESSION 
MOLDED. 

60: 800 
I 

tai l .  KILOSEC?/CM 

Fig. 13. Sorption of methyl ethyl ketone vapor at 25OC and 30 mm Hg pressure by poly- 
styrene glasses vitrified at (0,A) 3000 atm and (0)  compression-molded control. 
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In Figure 13, the percentage gain in sample weight is plotted against the 
square root of time divided by the sample thickness. Integration of 
Fick’s second law under these conditions26 predicts that the plot should be 
linear up to 60-70% of the equilibrium weight increase and that the square 
of the slope should be proportional to the diffusion coefficient, which is 
assumed to be a constant. Although the diffusion coefficient in the present 
samples is knou-n to be strongly dependent on the local concentration of 
TVIEK, it is seen that the plots are linear up to about one half of the final 
value. From the slope of the straight-line portions, apparent (average) 
diffusion coefficients may be calculated to be: 10X10-10cm2/sec for the 
pressure-compacted samples and 3.2 X 10-I0cm2/sec for the control. 

Departure from Fickian diffusion kinetics is seen, however, at the short- 
time end of the curves, where the Fickian treatment predicts that the 
straight-line portion should pass through the origin. Instead, an induction 
period is observed corresponding to about 1.2 hr for the control and 0.1 hr 
for the high-pressure samples. The Fickian diffusion process assumes 
instantaneous equilibrium between vapor and polymer at the surface. 
However, in the dry polymer well below T,, both the solubility and diffu- 
sion coefficients are quite small compared to the same properties in the 
polymer plasticized by 10% MEK. Hence the sorption process starts 
slowly until the polymer surface has relaxed enough to absorb the equi- 
librium amount of penetrant vapor. In this sense, the induction period 
is a measure of the rate at which the samples are relaxed by solvent 
vapor,26-28 and it is seen that the pressure-compacted samples are relaxed 
far more rapidly. The aging effect also is seen in these data; the SB-4 
sample, on which measurements were started about three days after 
molding, is seen to have a longer induction period than the SB-5 sample, 
on which measurements were started only a few hours after molding. 

PERMEATION AND SOLUTION OF INERT GASES 

Concurrent studies of the permeation behavior of simple gases in these 
same samples have shown that the permeability coefficient of argon is 
decreased by more than half in a sample molded at  1000 atm.22 The gas 
solubility coefficient passes through a minimum at a molding pressure 
around lo00 atm, which corresponds fairly well to the present observed 
maximum in yield stress and the first appearance of the exothermic relaxa- 
tion. The solubility coefficient can be related to the total volume of 
microvoids or packing defects available to the gas for solution, and this 
available volumc fraction must pass through a similar minimum. Since 
the diffusion coeficient, shows a monotonic docrease with ineremirig 
molding pressure, these defects are interpreted to cxist in regions of high 
local void volumc!, which, howevw, constlit,iitt: only a small fraction of the 
t(ota1 polymer volume. 

Increasing the molding pressure up to about lo00 atm reduces the 
number of chain-packing defects and produces a stronger, more coherent 
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molding. At molding pressures above lo00 atm, the number of defects 
increases again, owing to the formation of high-energy domains consisting 
of chain conformations which were thermodynamically favorable under 
the vitrification conditions but are unstable a t  room conditions. Some 
of these high-energy structures relax rapidly upon release of the molding 
pressure to form regions of high local void volume. However, some high- 
energy structures are constrained by the surrounding compacted polymer 
matrix and undergo a much slower subsequent relaxation. The decay of 
such high-energy structural domains is markedly accelerated by heating, 
straining, or plasticizing the glassy polymer, which results in the faster 
or greater relaxation phenomena observed in the various methods of testing; 
i.e., the accelerated decay constitutes an additional relaxation mechanism. 

The results suggest that an optimum molding pressure may exist for 
polystyrene around lo00 atm or somewhat lower. This is not far above 
the pressures a modern commercial extruder is capable of developing. 
Below this limit, the effect of higher molding pressure is to reduce the 
number of niicrovoid defects and to produce a more compact polymer with 
stronger interchain cohesion. This is reflected in a higher modulus, 
higher yield strength, and lower gas permeability. 

CONCLUSIONS 

Polystyrene samples molded at pressures in the lulobar range have been 
found to show (1) a lower mechanical damping factor, due to a loss of 
independent segmental mobility ; (2) higher elastic modulus in simple 
compression, due to more extensive interchain cohesion; (3) a maximum 
in compressive yield stress a t  a molding pressure around lo00 atm; (4) 
lower strain at  yield, which was found to be almost entirely in the “plastic 
strain” component, and faster relaxation at yield; (5) an exothermic relaxa- 
tion accompanied by volume dilation, which starts a t  some temperature 
below T, and continues through the glass transition; and (6) faster relaxa- 
tion in methyl ethyl ketone vapor, leading to more rapid rates of sorption 
of vapor. 

These results indicate that moderately high molding pressures cause a 
rearrangement of segmental structure involving compaction of the polymer 
matrix. This produces samples with higher strength, higher modulus, 
and lower gas permeability. At higher molding pressures, microstruc- 
tural defects are generated by the relaxation of high-energy conformations 
which are unstable a t  room conditions. The predominance of these 
defects and high-cncrgy conformations results in a loss of strength and 
faster relaxation in thc prcscnw of solvent,, heat, or strain. Thr  cxistcncc 
of an optimum molding prcwurr for polystgrenc is thus inclicattd to b(b 
somen-hat below lo00 ntm. 

The marked improverncnt in polymer properties resulting from sample 
preparation using molding pressures greater than those achieved by more 
conventional molding processes suggest that these higher-pressure molding 
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procedures may be useful for obtaining polymer materials with modified 
properties required for more exacting applications. It is anticipated 
that polymers other than polystyrene, which are more sensitive to pressure 
compaction,2J may show even greater changes in properties when molded 
under suitably high pressures. 
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