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- Temperature Dependence of Compression of Linear High
Polymers at High Pressures’

Charles E. Weir

Pressure-volume-temperature data for polyethylene, polytetrafluoroethylene, poly-
monochlorotrifluoroethylene, polyvinyl fluoride, polyvinylidene fluoride, polyvinyl alcohol,
a copolymer of ethylene-tetrafluoroethylene (1:1), and a polyester are reported over the

range 20° to 80° C and 1 to 10,000 atmospheres.

the polymers are derived.
studied.

1. Introduction

Previous studies of the effects of high pressures on
polymeric materials have resulted in reports on
pressure-volume-temperature data on rubber-sulfur
vuleanizates [1]? and on transitions found in Teflon
[2]. The behavior of Teflon was of considerable
interest, and it was decided to study the available,
chemically related polymers to ascertain the extent
of the uniqueness of Teflon. This report contains
the data obtained for pressures as high as 10,000
atm at temperatures from 20° to 80° C. Pressure-
volume-temperature data are given, and, in most
instances, equations of state and thermodynamic
data of interest are presented. The polymers
studied were polyethylene, polyvinyl alcohol, poly-
tetrafluoroethylene (Teflon), polymonochlorotriflu-
oroethylene (Kel-F), polyvinyl fluoride, polyvinyli-
dene fluoride, a copolymer of ethylene and tetra-
fluoroethylene in a 1:1 ratio and a polyester. No
irregularities in behavior were observed in any of
these materials except Teflon.

2. Experimental Method

2.1. Compression Measurements

The procedures used for measuring isothermal
compression and for temperature control have been
described previously in detail [3, 1]. The only
departure from previous procedures was necessitated
by the fact that certain of the polymers studied were
available only in the form of powders. Such
powders were measured in a steel container that
was open at one end. The powders were packed
into the container and impregnated with the con-
fining liquid before measurement. In the case of
the powders no irregularities were observed either
in the experimental behavior or in the resulting data.

2.2. Volume Measurements

Volumes were measured as described previously
[1] by weighing specimens in air before compression
and in the confining liquid immediately following
compression. These measurements were made at
21° C only. Volumes at other temperatures were
determined from expansion data. Powdered speci-

1 This work was sponsored by the Office of Naval Research, Department of

the Navy.
2 Figures in brackets indicate the literature references at the end of this paper.

Empirical equations of state for some of

Internal-energy changes were calculated for most of the polymers

mens were treated in a similar manner, except that
corrections for the weight and volume of the con-
tainer were required.

Expansion data were obtained on all samples to
permit calculation of volumes at elevated tempera-
tures from the measured volume at 21° C. For
Teflon the data of Quinn, Roberts, and Work [4]
were utilized, since they studied a specimen cut
from the same sample. For all other polymers,
volumes were studied, using mercury-filled dilatom-
eters. Temperatures were allowed to reach equilib-
rium before each volume measurement was made.
Powdered polymers were molded into disks for
such studies. The fluoride polymers are not readily
molded and measurements were made on disks that
were probably only sintered. Initial efforts to use
such powders in water-filled dilatometers were
unsuccessful due to instability of the water level.
In one instance, however, reproducible data obtained,
using a water-filled dilatometer agreed well with
data obtained from a compressed disk in the mercury-
filled dilatometer.

3. Specimens

Test specimens of polytetrafluoroethylene (Teflon),
polyethylene, polymonochlorotrifluoroethylene
(Kel-F), and a polyester (Selectron 5003) have been
described previously [5].

Polyvinyl alcohol was used in the form of a fine
powder with a faint yellow color.

Polyvinyl fluoride, polyvinylidene fluoride, and
the copolymer of ethylene and tetrafluoroethylene
were made available through the courtesy of a
commercial manufacturer of high polymers. These
materials were all white powders.

4. Results
4.1. Experimental Data

The experimental results consist of the measured
compressions and the corresponding PVT data
derived therefrom. The experimental compressions
are shown in table 1.

Compressions at 1 atm and 1,000 atm appear as
negative values since 2,000 atm is used as a reference
point. This feature along with the method used
to obtain values at 1 atm has been discussed pre-
viously [1]. Total compression based on 1 atm
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Tapre 1. Compression of polymers
—AV/Vy
Polyethylene at— Polymonochlorotrifluoroethylene (Kel-F) at— A polyester (Selectron 5003) at—
Pressure T
21.0°C 37.8° C 50.4° C 63.9° C 81.0° C 21.0°C 38.1° C 50.4° C 63.2%:C 82.0° C 21.0°C | 38.4°C 50.5° C
|
atm
1 | —0.0500 —0.0520 —0. 0540 —0.0560" | —0.0620 —0. 0400 —0.0410 —0. 0420 —0. 0420 —0. 0430 —0. 0400 —0. 0410 —0. 0430
1,000 —. 0205 —. 0233 —. 0255 —. 0278 —. 0306 —. 0190 —. 0189 —. 0201 —. 0207 —. 0219 —. 0189 —. 0189 —. 0208
2, 000 . 0000 . 0000 . 0000 . 0000 . 0000 . 0000 . 0000 . 0000 . 0000 . 0000 . 0000 . 0000 . 0000
3,000 +-.0179 +.0189 4. 0196 . 0209 +. 0229 +. 0154 —+. 0161 4. 0158 —+. 0171 -+. 0172 +. 0164 ~+. 0167 +.0163
4,000 . 0327 . 0343 . 0357 . 0381 . 0402 . 0284 . 0287 . 0289 . 0314 . 0313 . 0307 . 0314 L0311
5,000 . 0448 L0475 . 0486 .0528 . 0547 . 0391 . 0402 . 0401 . 0430 . 0431 . 0431 . 0443 . 0434
6, 000 . 0560 . 0588 . 0610 . 0651 . 0671 . 0486 . 0498 . 0504 . 0536 0535 . 0538 . 0554 . 0549
7, 000 . 0659 . 0687 L0714 . 0767 L0775 . 0570 . 0583 . 0593 . 0624 0619 . 0633 . 0651 . 0649
8, 000 L0744 .0778 . 0806 . 0835 . 0879 . 0646 . 0664 . 0671 . 0704 0703 L0718 . 0738 . 0738
9, 000 . 0824 . 0858 . 0893 . 0946 . 0964 .0712 L0731 L0741 L0785 0778 . 0795 . 0820 . 0821
1
10, 000 . 0894 . 0929 . 0964 . 1027 . 1049 L0774 . 0790 . 0802 . 0854 0848 . 0864 .0892 | . 0894
I
Polyvinyl alcohol at— Polytetrafiuoroethylene (Teflon) at—
21.0°C 38.7° C 50.2° C 63.5° C { 79.0° C 9.2° C ‘ 21.3° C ‘ 38.5°C 50.5° C ‘ 4.0° C 80.5° C
| e
1 —0.0300 —0. 0300 —0.0310 —0.0310 ‘ —0. 0320 —0.0400 | —0.0500 —0. 0500 —0. 0450 —0. 0460 —0. 0480
1, 000 —. 0123 —. 0129 —. 0136 —.013¢4 | —.0173 —. 0181 —.0178 —. 0144 —. 0201 —. 0192 —. 0200
2, 000 . 0000 . 0000 . 0000 g . 0000 | . 0000 . 0000 . 0000 . 0000 . 0000 . 0000 . 0000
3, 000 +. 0103 +.0119 +.0113 -+. 0130 | +-. 0136 . 0140 -+. 0137 +. 0148 +. 0214 +.0153 +.0162
4, 000 . 0205 . 0220 . 0220 L0261 | . 0257 . 0255 . 0251 . 0272 . 0339 . 0328 . 0307
5,000 . 0294 0316 . 0306 . 0361 L0372 . 0357 . 0364 . 0413 . 0605 . 0641 . 0440
6, 000 .0381 . 0399 . 0399 . 0450 . 0472 L0647 . 0671 0699 . 0762 . 0769 . 0754
7,000 . 0438 0467 . 0477 . 0533 L0573 L0755 L0759 0787 . 0854 . 0865 . 0856
8, 000 . 0502 . 0540 . 0551 . 0606 . 0668 . 0830 ‘ . 0833 . 0864 . 0934 . 0949 . 0945
9, 000 . 0575 . 0596 L0611 . 0682 . 0688 .0889 | . 0896 0932 . 0993 L1017 . 1018
10, 000 . 0634 0654 . 0674 L0753 L0784 0933 ! . 0950 0998 1068 . 1079 . 1079
Polyvinyl fluoride at— Polyvinylidene fluoride at— Copolymer of etlﬁr'ltl%?g-ttgraﬂuoroethylene |
21.0° C ‘ 38.3° C l 50.2° C 63.5° C 21:0%°6 38.7° C 50.3° C \ 63.5° C 21.0° C 38.2° C 50.6° C ‘ 63.2° C
1| —0.0400 ‘ —0. 0430 —0. 0460 —0. 0480 —0. 0450 —0. 0460 —0.0470 —0. 0480 —0. 0400 —0. 0420 —0. 0440 —0. 0460 ‘
1, 000 —. 0190 L0107 —.0198 —. 0205 —. 0205 —. 0193 —. 0183 —. 0223 —. 0215 —. 0221 —.0235 —. 0235
2, 000 . 0000 . 0000 . 0000 . 0000 . 0000 . 0000 . 0000 . 0000 . 0000 . 0000 . 0000 . 0000
3,000 +. 0148 —+. 0167 . 0140 +. 0184 +. 0163 +.0161 +.0144 ~+. 0168 ~+. 0169 +-.0187 +.0164 | +.0178
4, 000 . 0291 . 0305 . 0278 . 0339 . 0293 . 0302 . 0273 . 0333 . 0317 . 0329 L0319 | . 0326
|
|
5,000 . 0420 . 0432 . 0386 . 0477 . 0422 L0414 . 0369 . 0472 . 0439 . 0459 .0433 | . 0432
6, 000 . 0519 . 0530 . 0496 . 0594 . 0511 L0512 . 0484 . 0570 . 0553 0559 .0557 | . 0560
7,000 . 0613 . 0631 . 0585 . 0689 . 0598 . 0623 . 0567 0669 . 0647 {100 e P A e L0650 |
8, 000 0709 . 0723 . 0672 L0771 . 0694 0705 . 0642 0754 L0737 . 0782 . 0730 I .0726 |
9,000 | 0790 L0792 .0747 . 0870 . 0780 .0765 L0717 0844 . 0820 .0826 .0810 .0820
10, 000 I 0860 . 0859 . 0837 . 0954 . 0840 ’ . 0821 ‘ . 0793 | 0914 . 0895 ‘ . 0893 ‘ . 0886 . 0902
|
may be obtained by changing the sign of the value | volume-temperature-pressure tables were con-

given at 1 atm and adding the resulting figure to
each value in the corresponding column.

The data for Kel-F at 21.0° C, which represent
the average of two measurements, are corrected
data that have been reported erroneously in an
earlier report [5] through the use of an incorrectly
calculated specific volume.

Italicized results shown for Teflon at 9.2° C
represent, adjusted experimental data. As noted
previously [2], the transition at this temperature
was very sluggish, and the values measured at higher
pressures were most probably not the equilibrium
values. The measured data at these pressures were
therefore adjusted on the assumption that the dis-
continuity in volume at 9.2° C was the same as
that measured at 21.3° C. Evidence for the validity
of this process will be shown later.

From the isothermal compression values obtained
and the volume-temperature data at 1 atm, specific

structed. The experimental specific volumes were
plotted isobarically on a large scale and smooth
curves were drawn which, except for Teflon and
polyethylene, consisted essentially of straight lines.
The transitions encountered in Teflon necessitated
the use of broken line isobars while the isobars for
polyethylene exhibited considerable curvature at
the higher temperatures. From the smooth curves
drawn, smoothed data were read from the graphs at
10-deg-C intervals. These data are shown in table 2
and represent the basis for all subsequent calcula-
tions and for the following observations.

The expansivity of the polyethylene specimen used
here agreed well with the value reported by Hunter
and Oakes [6], although the specific volume differed
slightly.

The Il-atm volume-temperature data for Kel-F
are in fair agreement with the results of Price [7],
except that the volume of the specimen studied here
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TasrLE 2.  Smoothed specific volume-pressure-temperature data for polymers

Polyethelene at— Copolymer of ethylene-tetrafluoroethylene (1:1) at—
Pressure :
20° C 30° C 40° C 50° C 60° C 70° C 80° C 20° C 30° C 40° C 50° C 60° C 70° C
atm cmdlg cmdlg cmblg cmdlg cmd/g cmdfg cm3/g cm3/g cmdlg cmig/ cmdlg cmd/g cmd/g
1 1. 0895 1. 0956 1.0123 1.1094 1.1124 1. 1269 1. 1409 0. 6916 0. 6950 0. 6984 0. 7018 0. 7053 0. 7087
1, 000 1. 0573 1. 0645 1.0717 1. 0789 1. 0861 1. 0940 1.1091 . 6787 . 6817 . 6844 . 6872 . 6900 . 6928
2, 000 1. 0354 1. 0404 1. 0454 1. 0504 1. 0555 1. 0608 1. 0690 . 6640 . 6663 . 6687 . 6711 L6734 . 6757
3, 000 1. 0152 1. 0916 1. 0240 1. 0284 1. 0329 1. 0380 1. 0441 . 6524 . 6543 . 6563 . 6583 . 6603 . 6623
4, 000 0. 9992 1. 0030 1. 0067 1.0107 1. 0145 1.0182 1. 0240 . 6422 . 6442 . 6461 . 6480 . 6500 . 6519
5, 000 . 9864 0. 9897 0. 9929 0. 9962 0. 9995 1. 0029 1. 0075 . 6336 . 6358 . 6380 . 6401 . 6423 . 6445
6, 000 L9735 . 9765 . 9795 . 9825 . 9855 0. 9884 0. 9932 . 6259 . 6278 . 6298 . 6317 . 6337 . 6356
7,000 . 9638 . 9663 - 9688 L9714 .9739 . 9765 . 9810 . 6193 . 6216 . 6235 . 6257 . 6277 . 6299
8, 000 . 9540 . 9561 . 9585 . 9608 . 9630 . 9655 . 9694 . 6131 . 6153 . 6176 . 6198 . 6220 . 6242
9, 000 29455 - L9475 . 9494 L9514 . 9533 . 9554 . 9593 . 6073 . 6094 . 6114 . 6135 . 6156 . 6177
10, 000 . 9376 . 9396 . 9414 . 9430 . 9449 . 9468 . 9498 . 6021 . 6041 . 6060 . 6080 . 6099 . 6119
Polymonochlorotrifiuoroethylene (Kel-F) at— Polyvinylidene fluoride at—
20° C 30° C 40° C 50° C 60° C 70° C 80° C 20° C 30° C 40° C 50° C 60° C 70° C
cmd/g cmdlg cmifg cm’/g cmd/g cmd/g cmdlg cm’/g cmdlg cmdlg cmd/g cmd/g cmd/g
5 0. 4662 0.4675 0. 4689 0. 4702 0.4717 0. 4731 0.4745 0. 6439 0. 6468 0. 6497 0. 6525 0. 6554 0. 6582
1,000 . 4575 . 4581 . 4598 . 4609 . 4621 . 4633 . 4644 . 6280 . 6304 . 6326 . 6349 . 6372 . 6395
2,000 . 4478 . 4490 . 4500 . 4510 . 4520 . 4530 L4541 . 6149 L6172 . 6194 . 6207 . 6240 . 6262
3, 000 . 4408 . 4415 . 4424 . 4431 . 4349 L4448 . 4556 . 6044 . 6062 . 6090 . 6112 . 6135 . 6158 .
4,000 L4345 . 4352 . 4360 . 4368 . 4375 . 4383 . 4392 . 5961 . 5982 . 6002 . 6023 . 6044 . 6065
5, 000 . 4296 . 4301 . 4307 . 4312 L4318 L4324 . 4329 . 5878 . 5896 . 5916 . 5935 . 5954 . 5973
6, 000 . 4250 . 4255 . 4260 . 4265 . 4271 . 4276 . 4282 . 5817 . 5838 . 5R56 . 5877 . 5897 . 5917
7,000 L4214 . 4216 . 4220 . 4224 . 4226 . 4230 L4234 . 5763 . 5782 . 5800 . 5818 . 5836 . 5853
8, 000 L4175 L4179 . 4182 . 4186 . 4190 . 4194 . 4197 . 5703 . 5719 . 5735 . 5752 . 5768 . 5785
9,000 L4146 . 4150 . 4152 . 4155 . 4158 L4162 . 4165 . 5648 . 5663 . 5681 . 5698 . 5716 . 5731
10, 000 .4120 .4121 . 4123 L4124 . 4126 L4128 . 4130 . 5609 . 5623 . 5638 . 5654 . 5669 . 5683
Polyvinyl alecohol at— Polyvinyl fluoride at—
20° C 30° C 40° C 50° C 60° C 70° C 80° C 20° C 30° C 40° C 50° C 60° C 70° ¢
cmd/g cmifg cmt/g cmd/g cmd/g cmd/g cmdfg cmdg cmd/g cmég cmd/g cmég cmé/g
1 0.7720 0.7744 0. 7767 0. 7790 0. 7814 0. 7836 0. 7861 0.7956 0. 7992 0. 8028 0. 8064 0. 8099 0. 8135
1,000 7585 7606 7626 7648 7669 7690 . 7712 7791 7814 7837 7860 7883 7906
2,000 7491 7510 . 7528 7546 7565 7582 . 7600 7638 7658 7677 7696 L7715 7735
3,000 7413 7426 . 7440 7456 7470 7486 . 7500 7512 75635 7548 7560 . 7572 7585
4, 000 7332 7345 . 7358 7370 7383 7395 . 7409 7408 7421 7434 7447 . 7459 . 7472
5,000 7265 7274 . 7282 7290 7298 7307 . 7316 7306 7318 7331 7345 . 7358 L7371
6, 009 7203 7210 . 7217 7224 7232 7239 7246 7225 7241 7255 7269 7283 7297
7,000 L7151 . 7158 . 7165 L7171 L7179 . 7186 L7194 . 71562 7167 . 7182 . 7197 L7211 . 7226
8,000 . 7100 . 7105 <1 L7119 L7125 . 7130 . 7136 L7075 . 7090 . 7104 . 7119 L7133 . 7148
9, 000 L7048 . 7053 . 7059 . 7065 . 7070 . 7075 . 7082 . 7012 . 7024 . 7036 . 7047 . 7059 L7071
10, 000 . 7003 7008 . 7012 . 7016 . 7021 L7025 . 7030 . 6955 . 6962 . 6968 . 6975 . 6982 . 6989
A polyester (Selectron 5003) at— Polytetrafluoroethylene (Teflon) at—
20° C 30° C 40° C 50° C 10° C 20° C 30° C 40° C 50° C 60° C 70° C 80° C
cm3lg cmd/g cm3lg cmdlg cmdlg cmd/g cmilg cmdlg cmsfg cmdlg cmd/g cmd/g
il 0. 8377 0. 8402 0. 8427 0. 8452 [ 27D el Kpa E Sy 0. 4522 0. 4537 0. 4550 . 04565 0.4578 0. 4592
1,000 . 8199 . 8221 . 8243 . 8264 L4345 . 4356 LA36T Wil asnlatel . 4436 . 4446 . 4456 . 4465
2,000 . 8042 . 8059 . 8075 . 8091 . 4267 . 4278 . 4289 L4318 L4347 L4357 . 4364 .4372
3,000 . 7906 . 7921 . 7936 . 7951 . 4208 . 4218 . 4228 . 4238 . 4249 . 4280 . 4287 . 4292
4, 000 L7787 . 7800 . 7813 . 7826 . 4155 . 4165 L4174 L4184 L4193 . 4204 . 4228 . 4232
5,000 . 7682 . 7695 . 7708 L7721 . 4106 L4113 . 4120 L4128 . 4064 . 4073 o (125 R PR
6,000 . 7591 . 7603 L7614 . 7625 . 3973 . 3979 . 3985 . 3992 . 3998 . 4005 . 4012 . 4018
7,000 . 7511 . 7521 . 7530 . 7540 . 3931 . 3937 . 3942 . 3948 . 3954 . 3959 . 3965 . 3971
8, 000 . 7442 . 7450 . 7459 . 7467 . 3896 . 3902 . 3907 . 3912 . 3918 . 3924 . 3929 . 3935
9, 000 L7377 . 7383 . 7389 . 7395 . 3870 . 3875 . 3879 . 3884 . 3889 . 3804 . 3899 . 3904
10, 000 . 7315 . 7321 . 7327 . 7333 . 3849 . 3852 . 3856 . 3859 . 3863 . 3867 . 3871 . 3876

increases more rapidly at the higher temperatures. | tion of the type

This increased expansivity probably arises from melt-

ing of crystalline material near 80° C [8]. 1/Vo(dV/dt) =a+b(t—20),
Expansivities at 1 atm for the rarer polyfluorides

and polyvinyl alcohol do not appear to be available. | where ¢ is the temperature in degrees Celsius, and

The expansivities found here were fitted to an equa- | V; is the volume of 20° C. Appropriate values for
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Tarre 3. Coefficients of expansivily equation
1/ Vo) (dV/dt)=a+b (t—20)
. Polymer ‘ a “ h
| |
l Polyvinyl alcohol - __ e 0. 000208 0. 0000017
Polyvinyl fluoride - . 000353 . 0000021
Polyvinylidene fluo . 000352 . 0000024
Copolymer of ethylen . 000395 . 0000022
ethylene (1:1). ‘

@ and b are given in table 3 for values of ¢ between
20° and 90° C.

The slightly different densities and expansivities
of the 1:1 copolymer of ethylene and tetrafluoro-
ethylene and its isomer, polyvinylidene fluoride,
indicated the advisability of a check on the composi-
tion of the copolymer. A mass spectrographic
analysis indicated that the ratio of ethylene and
tetrafluoroethylene present in the polymer was 1:1.
The lower initial density of the copolymer as well
as its somewhat different expansivity is undoubtedly
due to a lower degree of order along the polymer
ghains with a resulting lower packing efficiency.

The specific volumes given at 70° C for the rarer
polyfluorides are extrapolated data since the highest
temperature at which measurements were made was
approximately 63° C. However, the isobars ap-
peared to be linear and the data are believed to be
reliable.

Measurements on “Selectron 5003 were limited
to a maximum of 50° C. These data may be of
interest as indicative of the behavior of a polyester
and are included for that purpose. The expansivity
of this material was determined dilatometrically at
1 atm, but no equation representing the expansivity
was derived.

Several blanks are noted in the specific volume
data for Teflon. These are caused by uncertainties
in the specific volumes at the points in question due to
proximity of a transition line. The isobars for this
material show an interesting behavior (fig. 1). In
order to understand the behavior of the isobars the
phase diagram [2] is superimposed on the isobars.
The peculiar behavior of the 5,000-atm isobar arises
from the fact that this isobar enters and emerges
from the Teflon IIT region in the ranges covered.

TABLE 4.

0.45 T T I T T T T I

0.44 - By =

=4 33
043 O/O/O/ A _O—’—”_ba Al
. : 2%
: O//O/ N—o4
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S A I O
5' 55 o 1
= M/ N
© 041 22 ! N -
= o et i
b o G
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0.40 M/’D =
7
W°
0.39 - S -
o——o-”‘o‘_;o‘___&"—mo
0.38 | | 1 | | 1 1 |
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TEMPERATURE °C
Lsobars for Teflon.

The phase diagram is superimposed on the isobars to show their relationship
to the forms of Teflon. The number at the right of each isobar represents the
pressure in thousands of atmospheres.

4.2. Calculated Data

The preceding specific volume-pressure-tempera-
ture data have been utilized for calculations of
equations of state, and work, heat, and internal
energy changes.

Following in detail the procedure described for
rubbers [1], empirical PVT equations of state were
derived for the materials of primary interest. These
equations are of the form

Vsp:Vo[l+a1P+‘12P2+03P3+t(b0+b1P+bzp2+
bsP?) 4t (co+c1P+c.P2+c3P?)],

Ficure 1.

and the derived coefficients are given in table 4.
Values of P and ¢ are taken to be in atmospheres and
degrees Celsius, respectively. In most instances
the coefficients will reproduce the experimental data
to within a few tenths of 1 perceut, although for

Coeflicients of empirical PVT equation

Vep= Vill+a1 P+az P2+-a3 P3+-t(bot+-bi P+bs P2-by P3)+t2(co+c1 P+-ca P2+-c3 P3)]

Polymer
Coefficient Teflon
Polyethylene Kel-F Polyvinyl alcohol
I 1I III
0. 4481 0. 4421 0.4351 1. 0881 0.4636 0. 7674
—7.03X10-6 —1. 27X10-5 —1.994X10-5 —3. 354 X105 —2.127X10-5 —1. 584 X103
—1. 53X10-8 —3.96X10-* 8. 540X10-10 3. 51110~ 1. 363 X10-¢ 1.178 X100
3.32X10-12 7.37X10-13 —3.050X10-15 —1. 575X10-13 —3.537X10-14 —4. 863 X104
3.08X10-* 4. 75X10~+ 1.95X10 —2. 86 X103 2.76X10~4 3.01X104
—2.77X10~7 —1.30X107 —3.53X10-*° 2. 66 X10~7 —3.90X10-8 —3.92X10-8
2. 63X10-10 4. 3610712 —7.14X1013 —5. 92X10-11 3.73X10-12 —1.09X10-14
—5.31X10-14 2.12X10-15 8.72X10-18 3. 44X10715 —2.44X10-16 1. 68X10-16
1. 96X10-8 0 0 7.73 X107 2.35X107 3.18X10—#
1.00X10~° 1.10X10-1 0 —3. 85X10—*° —9. 21 X101t 1. 67X10-11
—1. 56X10-12 5.29X10-14 0 6. 70X10-13 —5. 84 X10-16 —1.41X10-13
3.37X10-16 —1.53X10-17 0 —3. 58 X10-17 9. 941010 —5.38X10-20
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Teflon T and Teflon 1T the discrepancy is somewhat
larger. The larger deviations for these two materials
are probably due to the smaller amount of data
available for fitting the equations.

It must be emphasized that these equations are
designed to reproduce only V,, within the range in
which measurements were made. Extrapolation in
any sense may lead to serious errors, as shown by the
sign of b, for polyethylene. The equations likewise
have not been examined analytically. The first
partial derivatives appear to yield reasonable values,
which do not always agree with the experimental
expansivities and compressibilities within the experi-
mental error. Thereiore, deductions based on first
and higher derivatives of these equations must be
made with caution.

In most instances the values of the ¢ terms will be
found to be negligible except at high pressures and
temperatures. Inasmuch as these values are of
importance in some instances, they are recorded.
In the case of Teflon 11T, the term involving # was
identically zero.

Similar equations were not derived for the rarer
fluorine polymers because the amount of data
available were hmited, and these materials are of
more academic interest at present. However, such
equations can be derived from the data if required,

From the tabulated specific volume-pressure-
temperature data, values for work of compres-
sion (w= S PV/OP)dP), heat of compression
(g= —T S (QV/oT)pdP), and internal-energy change
(AE=q —w) were calculated [9]. Work and heat
values were computed by mechanical integration
[10] under appropriate curves constructed from the
PVT data. The internal-energy changes were then
calculated from the corresponding work and heat
data. Complete data for work and heat values are
not reported, but the calculated internal energy
changes are shown graphically in figures 2 to 8.
The changss in internal energy represent the energy
in joules per gram (j/g) evolved or absorbed on an
isothermal compression irom 1 atm to the pressure
given by the abscissa.

It is to be noted that graphical integrations for all
materials except Teflon are straightforward. For
Teflon the integration for heat values is complicated
by the latent heats of the two transitions encoun-
tered. The value of latent heat reported by Furu-
kawa [11] was taken to apply at all pressures in
transforming T to II. This assumption is most
probably in error at the higher pressures, since the
shape of the I-II line is curved and AVy_;; changes
markedly. However, a more reliable estimate of the
latent heat cannot be made from the present data.
This heat is evolved on compression. Latent heats
absorbed in forming T1T from 1T were calculated from
the Clapeyron equation and are tabulated in a follow-
ing section. Sufficient data are not available for a
reliable calculation of the latent heat involved in the
I-IIT transition. Values of heat of compression
involving this quantity and the corresponding in-
ternal-energy changes could not be calculated.
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5. Discussion

Considering first the numerical magnitude of the
compressions shown in table 1, it is noted that these
values are, in general, of the same order as those
previously obtained for rubbers [10]. The compara-
tive compression is directly proportional to. the
density, as has been noted by Bridgman, except for
Teflon, which shows the highest compression. This
anomaly arises from the transitions encountered, the
Teflon being relatively incompressible. It may
be noted that at still higher pressures polyethylene
shows a greater compression than Teflon, despite
the transitions in the latter [12].

Certain deductions may be drawn from the
behavior of the internal energy. Bridgman [9] has
proposed that the observed change in internal energy
as the pressure is varied isothermally may be ex-
plained on the basis that the intermolecular forces
are normally predominantly attractive. On com-
pression the potential energy decreases, and the
mternal energy, therefore, decreases. However, at
some compressed volume the process must reverse
because the intermolecular forces utlimately become
repulsive. Hence, on increasing the pressure, the
internal-energy change decreases, then reverses
direction and increases, ultimately becoming in-
creasingly positive. The comparative behavior of
the internal-energy change may be used for a qualita-
tive comparison of the intermolecular forces.

In polyethylene (see fig. 2) the internal-energy
change reverses direction within the pressure range
mvestigated at the lower temperatures but does not
become positive. This is similar to the behavior in
rubbers [10]. The marked differences in behavior
at the elevated temperatures is probably connected
with the melting of crystalline material in this region
or may be due to attack of the polyethylene by the
confining liquid at these temperatures. Although
inert at lower temperatures, the confining liquid
severely attacked the surface of the polyethylene at
80° C. Kel-F, Teflon, polyvinyl alcohol, and poly-
vinyl fluoride all exhibit reversal in direction of A/
at moderate pressures, an indication of strong re-
pulsive forces. In Kel-F alone AL becomes zero
or positive in this pressure range but only at tem-
peratures below about 40° C. The behavior is not
clearly shown by Teflon because of the complications
of the transitions. Polyvinyl alcohol differs appre-
ciably from polyethylene, a result that is probably
due, in part at least, to the effects of hydrogen bonds.
Polyvinyl fluoride differs markedly from the behavior
exhibited by the polyvinlidene fluoride and copoly-
mer in which the pressure of reversal appears to be
just outside the pressure range used here.

In Teflon (see fig. 8), the I1-11I transition appears
to occur at pressures slightly higher than that re-
quired to cause the internal-energy change to reverse
direction. The forces at these and higher pressures
will be essentially repulsive. Under these circum-
stances the formation of ITI from II requires a fur-
ther decrease of volume against increasingly strong

repulsive forces and must result in a greatly in-
creased potential energy. The absorption of heat
that attends this decrease in volume may be under-
stood if the work performed on contraction is in-
sufficient to supply the increased potential and
possibly kinetic energies demanded. KFrom the same
viewpoint the liberation of energy in the transition
I-II occurring in the region of attractive forces is
to be expected. The previously reported anomalies
in energies at the triple point [2] are indicated by the
incongruous temperature dependence of the internal
energy at the higher pressures. The inconsistencies
are probably more apparent than real, however, since
the latent heat of the I-II transition has been taken
as independent of pressure, an assumption that is
probably far from true. No alternative exists at
present because the AV values are not reliably known
except at 1 atm.

The transition I1-111 was studied in some detail
and, following Bridgman [9], differences between the
properties of these forms may be evaluated. From
the temperature dependence of the transition pres-
sure and the measured volume discontinuities the
latent heat can be calculated from the Clapeyron
equation. Pertinent data calculated from the ex-
perimental results are given in table 5. Inasmuch
as the transition II-I1I is not very sharp except at
higher temperatures [2], the data of the table, as
well as subsequently calculated values, cannot be
considered as more than approximate.

From Bridgman’s relationships [9] d(AV)/[dP=
AadT/dP—AB and d(AH)/dP=AC,dT[dP— TAB,
where « and g are expansivity and compressibility,
respectively, and the other terms have the usual
significance. Values for A« and AC, can be calcu-
lated from the data of the table. These are Aa=ay
“&111%40“10_6/0 3 &lrnd A(/Yp:(y —C %018]/{.{‘

TPy ‘P11
per °C. AV/V, =(Vu— Vi) /Vo was taken to be
0.025.

TasLe 5.  Transitional data for Teflon 11-111
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Similar calculations are precluded for the I-1I
transition because of the small AV values at the
higher pressures at which accurate measurements are
possible. Compression curves show that IT is less
compressible than 1 [2]; Furukawa [11] has shown

that O, is greater than (), ; whereas Quinn, Roberts,

and Work [4] showed that «; is greater than?o,.
The differences in compressibilities cannot be esti-
mated reliably, and reference should be made to the
data cited for information on (), and « at 1 atm.
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In a general discussion of the data presented here
the following remarks may be made:

No comparable data appear to exist for high poly-
mers to permit comparisons of results. Parks and
Richards [13] have reported PVT data for poly-
ethylene that cover a wider temperature range but
are limited to a maximum pressure of 2,000 atm.
Their results are clearly of the same order of
magnitude.

It will be noted that specific heat data are available
for three of the polymers studied. Raine, Richards,
and Ryder [14] and Dole, Hettinger, Larson, and
Wethington [15] have reported data for polyethylene,
and Hoffman [16] has reported on Kel-F. These
data were all determined at relatively high tempera-
tures, approximately —20° C being the lowest tem-
perature studied. Furukawa [11] has reported data
on Teflon that extends to very low temperatures.
These data can be utilized with the results of this
report to calculate all the thermodynamic quantities
of interest for these three materials in the pressure-
temperature range studied here.

It is also noted that some uncertainty exists in
values reported here betweeen 1 and 1,000 atm [3, 5]
because the measurements did not cover this pressure
interval. Such uncertainty in no way affects the
validity of the changes reported between 1,000 and
10,000 atm. In addition, the compression between
1 and 1,000 atm, which was arrived at by successive
approximations, is not expected to be seriously in
error.

The finding that Teflon alone of the polymers
studied was found to exhibit polymorphism 1is not
surprising. From Bridgman’s [9] studies it is known
that polymorphism at high pressures is not a rare
occurrence. In polymers, however, it is most likely
to be very rare. This probablhty follows from the
consideration that a high degree of crystallinity is
most likely a requirement for polymorphism. This
requirement cannot be met by more than a few
known polymers. It must be pointed out, however,
that the pressure-temperature range investigated here
is limited and the possibility exists that the effects
sought may exist outside this range.

The question arises as to the effect of molecular
weight on these data. In this pressure range, two
processes appear to be involved [9], first removal of
“holes” and second, distortion of the molecules or

atoms. The second process is probably relatively
imactive at the lower pressures, whereas the first will
probably occur over this whole pressure range but
diminishing in effect with increasing pressure. The
number of “holes” is expected to vary with the mole-
cular weight (i. e., with the number of chain ends).
However, it is expected that this variation will be
most marked in extremely low molecular weights and
become of decreasing importance as the molecular
weight increases.  For high molecular weights,
therefore, it is believed that the molecular weight
will have a rather small influence on compres-
sibility. Bridgman [12] has reported data on poly-
ethylene that verify this expectation. The mate-
rials studied here are for the most part insoluble at
room temperature, and hence molecular weight data
were not obtained. The results, however, are be-
lieved to be representative of such materials of high
molecular weight. Furthermore, as all polymers
studied possess a C—C chain StIll(‘tllle which will
behave similarly to a first approximation at least, the
differences noted most probably are due to differences
in interchain forces and free volumes.
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