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The dielectric properties of polychlorotrifluoroethylene (7,=224 °C, T,=52 °C) have
been measured at temperatures between —50 and +250 °C, and at frequencies between
0.1 ¢/s and 8.6 kMe/s. Specimens of known crystallinities, ranging from x=0.80 to x=0.00
(pure liquid) were studied. Comprehensive tables of data are presented. The experi-
mental techniques employed to measure the dielectric properties over these wide ranges of
temperature, frequency, physical state, and sample type (disks, cylinders, and thin films),
are discussed. The operation and calibration of the specimen holder, bridges, resonant
circuits, and waveguide apparatus used are discussed in detail.

When the dielectric loss index, €'/, at 1 ¢/s is plotted as a function of temperature for a

highly erystalline specimen (x=0.80), where the crystallinity consists largely of lamellar
spherulites, three distinet loss peaks are readily apparent. These peaks occur at about
-40 °C (low-temperature process), 95 °C (intermediate-temperature process), and 150 °C
(high-temperature process). The dielectric data are compared with the mechanical loss
data obtained at 1 ¢/s by MeCrum. Mechanical loss peaks at temperatures virtually
identical to those in the €'’ versus 7 plot are found.

The high-temperature process is attributed to the presence of well-formed chain-folded
lamellar spherulites. Some evidence points to the surfaces of the lamellae as the site of the
loss¥mechanism. The high-temperature loss peak does not appear in resolved form in non-
spherulitic specimens even when the crystallinity is high. The <ntermediate-temperature
process originates in the normal supercooled amorphous phase, and is due to the complex
dipole relaxation effects involving motions of large numbers of polymer chain segments that
are associated with the onset of the glass transition at 7,=52 °C. As determined by V —17T
data, the glass transition temperature at 7,=52 °C that is associated with this relaxation
effect does not shift appreciably with inecreasing crystallinity. The low-temperature dielec-
tric loss process, which is active far below 77, originates principally in the supercooled
amorphous regions, and evidently corresponds to a fairly simple motion involving a small

number of chain segments.

This process tends to exhibit anomalous behavior in highly
2ndy

crystalline specimens, particularly at low temperatures.

A large dipolar contribution of the crystals to the static dielectric constant was observed.
This contribution increased with increasing temperature, and corresponded to a very rapid
dipole reorientation process (r~10-11 sec at 23 °C).

1. Introduction

1

u

A

Polychlorotrifluoroethylene, abbreviated here
PCTFE, has the chemical repeat unit

P ll?
|
rocrJ,

The molecular asymmetry of the repeat unit gives
rise to a permanent dipole moment that subtends a
richt angle to the carbon chain axis.

Our original interest in investigating the dielectric
behavior of this substance stemmed in large part
from the fact that the polymer molecule possesses no
side groups capable of independent orientation, such
as complicate the investigation of certain other
polymer systems. In PCTFE, one can be quite
certain that any dielectric relaxation effects that are
observed, whether originating in the crystalline or
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amorphous components, are to be attributed to
motions involving portions of the polymer chain
backbone.

The dielectric properties of PCTFE were investi-
gated over a limited range of temperature and
[requency by Reynolds, Thomas, Sharbaugh, and
Fuoss [1] " in 1951. It was clearly established by
them that the dielectric properties of low molecular
weight PCTFE waxes were strongly affected when
crystallization took place. A high molecular weight
specimen was also studied, but the effect of changing
degree of crystallinity was not investigated. Hart-
shorn, Parry, and Rushton [2], and Mikhailov and
Sazhin [3], studied high molecular weight POTFE’
and gave more extensive information on its dielectric
properties. In these later studies, samples of varying
but unknown degrees of crystallinity were investi-
gated, so that only a qualitative connection could be
established between degree of crystallinity and di-
electric properties.

1 Figures in brackets indicate the literature references at the end of this paper,
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Hoffman and Weeks [4] have demonstrated a
means whereby the degree of crystallinity of PCTFE
over a wide range of temperature can be simply and
accurately determined by measurements of the
specific volume. This facilitates an attempt at a
quantitative analysis of the dielectric data in terms
of the degree of crystallinity.

The present investigation was undertaken to
provide accurate dielectric data upon samples of
known thermal history and degree of crystallinity
over a wide temperature range (—50 to 4250 °C),
and a frequency range (0.1 to almost 10 ¢/s) much
broader than that studied by earlier investigators.
From these data, an attempt can then be made to
correlate the observed dielectric behavior with the
degree of crystallinity and other variables. Special
interest attaches to the identification of the contri-
butions of the amorphous and erystalline phases to
the dielectric behavior, and to differences in dielectric
properties exhibited by specimens of nearly identical
crystallinity prepared by different crystallization
techniques.

The extension of the frequency range down to
0.1 ¢/s is made possible by the use of a low-frequency
bridge described in detail elsewhere [5]. Nakajima
and Saito [6] have reported measurements of the
dielectric properties of PCTFE in the frequency
range of 0.1 to 10° ¢/s in which a bridge of rather
similar capabilities was used.

2. Specimens
2.1. Materials

All specimens used in this investigation were
prepared from laboratory samples of Kel-F grade 300
polymer, which was supplied in sheet form by Dr.
H. S. Kaufman. The number average molecular
weight of the polymer was stated to be approximately
415,000. The equilibrium melting point of the crys-
tals in the polymer is estimated to be 224-+1 °C [7].
If the crystals are small, as is the case when they
are formed at large or moderate subcooling, the ob-
served melting point of a specimen will be somewhat
lower, values ranging from 212 to 218 °C being com-
monly observed [7]. The normal glass transition in
the amorphous component of this semicrystalline
polymer is at 52 °C, as determined by the change of
slope of volume-temperature curves [4].

2.2. Preparation of Specimens

The specimens employed in this investigation are
divided into five categories determined by their
degree of crystallinity and thermal history. The
determination of the degree of crystallinity, X, is
given in section 2.4. In general, the specimen desig-
nations denote the degree of crystallinity of the
material.

a. Specimen 0.80

The three specimens described below had degrees of
crystallinity near x=0.80 and similar thermal his-

tories. These specimens are therefore referred to
jointly as “specimen 0.80.” They were prepared
from PCTFE that had been crystallized from the
melt according to the procedure of Hoffman and
Weeks [4]. The material was heated to 250 °C,
which is well above the melting point, and then
brought successively to temperatures of 200 and 190
°C, residing one day at each of these temperatures.
The material was then maintained at 180 °C for
three days, after which it was cooled to room tem-
perature over a period of a few hours. Typical
spherulitic crystallization occurs under these con-
ditions. This cloudy-white material was then ma-
chined into a disk-shaped specimen, 4.2448 c¢m in
diameter, which was called specimen 0.80A. Dielec-
tric measurements were made upon specimen 0.80A
using the Schering bridge and @-meter described in
appendix 6.3. Specimen 0.80B was then prepared
from specimen 0.80A by machining the disk down to
about 2.54 e¢m in diameter, the specimen diameter
required by the re-entrant cavity described in ap-
pendix 7.1.  Specimen 0.80B was employed in meas-
urements involving the re-entrant cavity and the
low-frequency bridge (0.1 to 200 e¢/s). The speci-
mens employed in the microwave measurements
were prepared by nearly the same procedure, and
attained a degree of crystallinity of 78 percent.

The general method of crystallization described
above is referred to as “crystallization from the melt”
in the text.

The reader is cautioned that the name “specimen
0.80” is not intended to imply that the degree of
crystallinity of the specimen always remams at
x=0.80. As is discussed below, the degree of crys-
tallinity of this specimen decreases appreciably when
it is heated above about 175 °C.

b. Specimen 0.44

We refer here to two disk-shaped specimens of
different diameters which were both 44 percent
crystalline. They were prepared from bulk ma-
terial about 2 mm thick which had been previously
heated above the melting point to 250 °C, and then
plunged into ice water. Specimen 0.44A was a disk
4.4033 cm in diameter. Specimen 0.44B was pre-
pared by machining specimen 0.44A to a diameter
of about 2.54 em. Specimen 0.44A and 0.44B are
jointly referred to as ‘“specimen 0.44.” These
specimens had a slightly opalescent appearance,
but were optically much clearer than specimen 0.80.
The above technique is referred to in the text as
“quench crystallization.”

c. Specimen 0.12

This specimen was 12 percent crystalline. It was
prepared from a thin film about 0.15 mm thick
which had been pressed from the bulk material,
heated to 250 °C, and plunged into ice water. The
resultant thin film was optically clear.

In order to study the dielectric properties of
nearly amorphous PCTFE at low temperatures, it
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i necessary to resort to measuring quenched thin
films rather than thick specimens. This is the case
because between 120 and 170 °C there exists a
temperature region in which extremely rapid crys-
tallization takes place [7], and a thick specimen (say
2 mm thick) cannot be cooled rapidly enough
through this region to prevent a significant amount
of erystallization. A thin film having a large
surface-to-volume ratio may be quenched more
rapidly than the bulk material, thus achieving a
lower degree of crystallinity. Such a weakly crys-
talline film will erystallize further if heated above
approximately 60 °C.

d. Specimen 0.73

This specimen was prepared by annealing specimen
0.44B (quench crystallized bulk material) at 190
°C for two weeks. This increased the degree of
crystallinity to x=0.73. It is important to note
that this specimen was not crystallized directly from
the melt as was specimen 0.80, but rather from a
previously quenched specimen. This was done so
that the dielectric properties of specimens with
nearly the same high degree of ecrystallinity, but
with erystals nucleated and grown under different
conditions, might be compared. This erystallization
process 1is referred to as the “quench—anneal”
technique.

e. Specimen 0.0 (Liquid Phase)

By warming a disk specimen above 7,=224 °C,
a body with no crystallinity (x=0.00) could be
readily obtained. A specimen made in this way
was studied up to 250 °C. Then by supercooling,
the completely amorphous phase was studied down
to about 200 °C. The onset of ecrystallization
prevented measurements below this temperature.?
Details of the methods used to obtain dielectric
measurements on the liquid specimens, which tended
to flow somewhat, are given in appendix 5.3.

Figure 1 shows the temperature dependence of
the degree of crystallinity and the specific volume
of the various specimens.

All the above mentioned specimens, with the
exception of those used for the microwave measure-
ments, and specimen 0.0, were machined or cut into
disk shapes with areas and thicknesses determined
by methods given below.

2.3. Determination of Dimensions of Disk Specimens

The area A% at 23 °C was calculated from the
average of several measurements of the specimen’s
diameter taken from various points on the circum-
ference. A traveling microscope graduated to 0.0001
cm was employed for this purpose.

The average thickness of the specimen ¢* at 23 °C
was not directly measured but was calculated from

2 The rate of crystallization increases as the temperature is lowered below T'ym.
At 210 °C, the rate of crystallization from the supercooled liquid is altogether
negligible, but below about 200 °C, the rate becomes high enough to interfere
in the time required to measure ¢’ and €.

0.44

0.12

0.0

-50 o 50 100 150
TEMPERATURE, °C

FiGure 1.  Temperature dependence of the degree of crystal-

linity, x, and the specific volume,V, of the specimens.

the equation

2 V23_V23Walr

t=ﬁ_ A5 (1)

where V% is the specific volume at 23 °C, W, the
weight of the specimen in air, and V* is the volume
of the specimen at 23 °C. The specific volume em-
ployed n eq (1) was measured using the buoyancy
technique. The specimen was weighed in air, and
then in distilled water ® at 23 °C (Wyaer). Given
the density of the water, pgater, the specific volume
was calculated from the equation

:Walr_Wwater.

V=
PwaterWalr

2)

A discussion of the accuracy of the measurements
of A% and ¢* is given in appendix 5.1.e.

The above method of determining the average
thickness of a specimen is distinetly superior to
direct measurements using a micrometer, particu-
larly for molded or machined specimens which have

3 Distilled water was selected as a suitable immersion fluid for PCTFE since
the density of water is very well known and since the water absorption of PCTFE
is unmeasurably small. A small quantity of wetting agent was added to the

water to reduce surface tension. This affected the density of the water by no
more than 10 ppm.

271



TaABLE 1.

Physical characteristics of the disk and thin film specimens

| . Specific | Te
Degree of BF [ N Vacuum
Specimen | erystallinity Remarks volume at Area, A% | Tl”?;}"‘ S| capacitance
‘ X 23°C, U= C,%
‘ cm3 g1 cm? cm pf
0.80A ‘ 0.80 | Crystallized slowly from melt. Specimen highly 0. 4625 14. 141 0.2315 5. 408
0.80B ‘ | spherulitic. Has white cloudy appearance. . 4624 5.0523 | . 2309 1. 937
| | |
0.44A ‘ .44 | Quench crystallized. Specimen contains no visible . 4711 | 15. 228 | 1840 7.328
0.44B | | “spherulites. Optically rather transparent. ‘ L4711 5. 0658 | 1832 2. 448
0.73 | 73 Crystallized by quench— ——anneal method. . 4642 5.0561 i . 1750 2. 558
| Specimen contains no visible spherulites. Opti-
cally fairly transparent. |
0.12 | =12 | Prepared by rapid quenching of thin film.  Opti- ‘ . 4788 20. 333 |
|

’ cally trarsparent.
|

the usual slight surface irregularities. (The effect
of such surface irregularities upon the dielectric
measurements is considered in appendix 5.3.) In
measuring a rigid material, a micrometer reads the
maximum thickness of the material between its
faces, and unless the two surfaces are perfect, the
desired average thickness is not obtained. Using
the specific volume method outlined above, the
measurement ‘“‘probe’” consists of the liquid which
establishes intimate contact with the surface, fol-
lowing its minute irregularities. Furthermore, if
the material whose thickness is desired is somewhat
soft, use of a micrometer tends to compress the
specimen between its faces. Immersion in a liquid
subjects the specimen only to very mild and uni-
form pressures.

The values of A and ¢ at other temperatures are
calculable from the change in specific volume with
temperature, which has been previously measured
[4]. .

Values of V*, A% * and C,* for the specimens
employed are given in table 1. Here C,* is the
equivalent vacuum capacitance of the specimen at
23 °C expressed in pf.* O, is given by

A23
0v23: €0 ﬁ’ (3)

where ¢, is the electric constant in the mks rational-
ized system (e=8.854 X101 ['/m,=0.08854 pf/cm).

After determining the above physical character-
istics, the specimens were given conducting coatings.
The planar surfaces of specimens 0.80A, 0.80B,
0.44, and 0.73 were given a conductive coating of
evaporated gold, while silver conducting paint
(silver 4922, manufactured by E. I. DuPont de
Nemours and Co.) was applied to specimen 0.12.

2.4, Determination of X
The degree of crystallinity of a specimen of

PCTFE (defined here as the mass fraction crystal-
lized) is at any temperature defined by the equation

V—V )

41 pf=1 picofarad =1upuf.

. 01464 123.0

where V7, is the specific volume of the pure liquid
(or glass), V., is the specific volume of the pure
crystal, and V the specific volume of the specimen
in emie~l

The values of V; and V, at 23 °C are 0.48175 and
0.45755 respectively [4]. One may then write for
the degree ol erystallinity at 23 °C

048175V 5)
S 0.0242 !

Using this formula, x can be simply determined
from the value of V%,

The value of x remains constant with temperature
as long as those temperature regions in which melting
or further crystallization can take place are avoided.
In order to avoid further crystallization of specimens
0.44 and 0.12, they were not heated above 118 and
60.6 °C, respectively.

Specimen 0.80, for which dielectric measurements
were made up to 200 °C, underwent a significant
amount of partial melting between 175 and 200 °C.
(This partial melting is actually due to the complete
melting out of the smaller crystals in the material.)
In this region, the value of x decreased, but the
process was reversible as long as the specimen was
brought down in temperature reasonably slowly.
The temperature dependence of x in this region is
shown in figure 1. These curves were obtained
from earlier work [4]. At 150, 175, and 200 °C, the
value of x for specimen 0.80 is 0.79, 0.75, and 0.65
respectively. In any analysis of the data in terms
of x, the variation of x in this temperature range
should not be negelected.

3. Experimental Results

The reader is referred to the appendix for dis-
cussion of the experimental details related to the
specimen holder, bridges, (-meter, re-entrant cavity,
and waveguide apparatus employed in making the
measurement of the loss index, €'/, and the real part
of the relative dielectric constant, €.

The results of dielectric measurements are pre-
sented in both graphical and tabular form. The
experimental points are shown on some of the plots
to give an indication of the accuracy. From the
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TaBLe 2. Smoothed dielectric data for specimen 0.80

If6¢ and 8¢’ represent the po%lb]o error in the values of ¢ and €’ reported below, then, when <100 ke/s 6¢’=0.15% and
=19%. When 100 k(/s <f<10 Mc/s then é¢’ =0.5%, and 65”—-5‘7

wmporature | —50 °C —35.5°C —25°C ‘ 0°C
| |
Frequcncs\ 1 ¢ €’ x 104 e €’ x 104 & €’ x 104 e €’ x 104
~_|
0.1¢/s 2. 597 360 2. 653 264 2. 684 187 2. 740 100
.2 2. 582 382 2. 641 304 2.674 221 2.734 113
o) 2. 559 389 2. 621 355 2. 661 279 2. 727 139
1 2. 540 378 2 604 391 2. 647 326 2. 721 160
2 2. 522 355 2. 584 415 2.631 370 2.713 189
5 2. 500 312 2. 558 423 2.605 421 2. 702 239
10 2. 486 279 2. 539 410 2. 586 449 2. 690 208
20 2.474 243 2. 519 380 2. 565 457 2.675 364
50 2.461 198 2. 498 326 2. 538 426 2. 651 445
100 2.454 167 2.485 282 2. 520 382 2. 629 488
200 2.447 145 2.473 240 2. 503 335 2. 604 511
500 2.438 126 2.461 190 2.485 269 2. 571 487
1 ke/s 2.433 113 2.454 163 2.474 224 2. 548 444
2 2.428 104 2. 446 145 2.464 192 2. 529 391
5 2.423 95 2. 438 128 2.455 165 2. 507 320
10 2.418 91 2.433 120 2.448 151 2. 495 275
20 2.415 87 2.427 112 2.441 139 2. 485 238
50 2.410 82 2. 422 104 2.434 126 2.472 200
100 2.407 78 2.417 100 2.428 120 2. 464 183
200 2.404 74 2.413 96 2.424 115 2. 456 170
310 [ 2. 402 70 —oas 2.420 112 2. 451 165
1 Mc/s [ 2.397 64 2.412 104 2,441 155
3.2 | 2. 393 57 — — 2.405 96 2.431 149
10 | 2.390 51 | 2.397 92 ‘ 2. 421 ‘ 144
| | | |
\ Temperature 2380 : 50 °C 75°C ‘ 100 °C
Frequency e €’ x 104 ¢ €’ x 104 ¢ €’ x 104 e i €’ x 104
0.1¢/s 2.772 53 2. 798 26 2.832 61 2. 862 58
.2 2.770 60 2. 797 26 2.831 56 2. 860 58
il 2. 765 75 2. 796 30 2. 827 50 2. 858 58
1 2.762 88 2.794 34 2. 824 45 2. 856 58
2 2. 758 105 2.793 38 2.821 40 2. 854 59
5 2.751 133 2. 791 49 2. 818 35 2. 849 60
10 2. 746 162 2.788 59 2. 816 33 2. 846 61
20 2.737 197 2. 785 72 2. 815 35 2. 842 63
50 2.725 257 2. 781 100 2.812 44 2. 838 65
100 2.714 315 2. 777 130 2.810 54 2.835 66
200 2. 700 387 2.772 175 2.808 67 2.832 68
0 2.672 490 2. 760 267 2. 804 95 2.828 70
1 ke/s 2. 646 549 2.748 348 2. 800 131 2. 825 76
2.618 572 2.733 445 2. 796 188 2.822 90
5 2. 578 536 2. 700 581 2.784 204 2.818 117
10 2. 565 477 2. 672 640 2.771 413 2.812 166
20 2. 534 413 2. 641 650 2.751 544 2.807 244
50 2. 510 335 2. 596 595 2.706 683 2.792 404
100 2. 498 292 2. 571 535 2.671 745 2.771 561
200 2.488 263 2. 552 479 2. 641 754 2.744 744
310 2.483 248 2. 541 442 2.623 716 2.725 803
1 Me/s 2. 468 229 2. 516 363 2. 581 586 2. 665 830
3.2 2.454 208 3 2,
10 2. 440 190 2
292 2.402 155
1k Mec/s 2. 388 155
3 2.375 165
8.6 2. 360 180
I
Temperature 125 °C 150 °C 175 °C 200 °C
Frequency e €’ x 104 ¢ " x 104 e /! x 104 € '’ x 104
0.1¢/s 2. 887 58 2. 926 80 2. 958 102 2.955 532
2. 886 57 2. 923 78 2. 956 66 2. 946 330
5 2.883 55 2.918 78 2.955 42 2.942 175
1 2. 881 54 2.915 80 2. 955 35 2. 941 121
2 2. 879 53 2.913 83 2. 954 30 2. 940 79
5 2. 877 52 2. 910 85 2.953 29 2. 940 38
10 2.874 52 2. 908 85 2. 952 33 2.939 23
20 2.871 54 2. 905 83 2.950 42 2.939 15
50 2. 868 58 2. 900 79 2.948 58 2.939 11
100 2. 863 61 2. 896 76 2. 945 70 2.938 11
200 2.861 65 2. 892 74 2.942 83 2.938 13
2. 858 71 2. 888 73 2.937 99 2. 937 20
1 ke/s 2. 854 7 2. 885 72 2.932 111 2.937 28
2. 852 82 2. 882 74 2.927 137 2.935 40
5 2. 846 92 2. 878 82 2.919 119 2.933 58
10 2.842 104 2. 875 92 2.913 116 2.930 73
20 2.839 127 2. 871 107 2. 908 113 2.927 89
50 2.832 187 2. 865 131 2. 902 123 2.920 111
100 2.825 277 2. 860 175 2. 898 142 2.916 127
200 2. 814 432 2. 854 243 2. 892 171 2.913 146
310 2. 808 552 2. 848 314 2. 887 214 2.909 158
1 Me/s 2.757 826 2.823 608 2. 867 421 2.900 246
3.2 2. 688 920 2. 768 821 2. 825 793 2.882 518
10 2.610 873 2.700 1018 2. 762 1090 2.849 1013
292 ||l 2. 560 2 B | | o B s




TABLE 3. Smoothed dielectric data for specimen 0.4/

3¢/ and §¢€'’, the possible error in the values of ¢ and ¢ reported below, are functions of the frequency and temperature.

When T<50 °C and f<100 ke/s then 8¢’=0.15% and é¢'’'=

When 7T<50 °C and 100 ke/s <f<10 Mec/s then é¢'=0.5% and o€’ =5%,.

When 7>50 °C and f<100 ke/s and s¢’

=0.6% and é¢’’=1.5% and when 7>50 °C and 100 ke/s <f<10 Mc/s then é¢ =19, and

o'’ =6%.
Temperature l —50 °C —36°C —24.5°C +0.5°C
Frequency \ € €’ x 104 4 €’ x 104 € €’ x 104 €’ €’ x 104

0.1c/s 2.473 274 2. 531 253 2. 570 240 2.663 186

.2 2.459 289 2.518 278 2. 560 264 2.654 203

o 2.442 295 3 5 234

1 2.428 287 264

2 2.414 268 299

5 2.399 238 352

10 2.390 215 393

20 2.382 191 435

50 2.372 160 475

100 2.367 137 485

200 2.361 117 475

500 2.355 98 439

1 ke/s 2.351 86 400

2.347 75 356

5 2.344 65 292

10 2.341 61 247

20 2. 338 58 210

50 2.335 54 170

100 2.333 51 147

200 2.331 48 127

310 2.330 46 118

1 Mc/s 2.326 41 95

3.2 2.324 36 82

10 2.321 30 73

N — 23°C 118 °C
Frequency \ e / x 104 € €’ x 104 ¢ €’ x 104 & e’ x 104 ¢ '’ x 104
0.1¢/s 2.755 119 2.837 64 2.888 89 2.955 162 2.992 89
.2 2. 750 135 2.835 67 2.884 82 2.947 169 2.988 100
5 2.741 160 2. 831 75 2.879 75 2.937 170 2.983 118
1 2.734 188 2.828 85 2. 876 71 2.930 166 2.977 132
2 2.725 219 2.824 98 2.872 68 2.922 159 2.971 145
5 2.712 268 2.818 124 2. 867 65 2.913 148 2.961 163
10 2.700 317 2.811 149 2.864 68 2.907 142 2.953 174
20 2. 686 375 2. 804 183 2. 861 73 2. 900 136 2.945 179
50 2. 662 452 2.793 248 2. 856 89 2.892 127 2.935 181
100 2. 640 513 2.782 306 2.853 116 2. 887 123 2.928 176
200 2.615 573 2.770 383 2.848 138 2. 880 121 2.919 170
500 2. 577 628 2. 742 518 2.839 200 2.875 127 2.909 162
1 ke/s 2. 548 647 2.715 628 2.831 266 2. 869 136 2.902 158
2.514 632 2. 689 731 2. 820 359 2. 864 158 2. 895 161
5 2.478 575 2. 642 857 2.795 539 2. 856 211 2. 886 171
10 2.453 505 2. 597 880 2.764 695 2. 847 283 2. 880 191
20 2.433 429 2. 566 860 2.729 878 2.837 396 2.873 234
50 2.408 352 2. 500 764 2.670 1018 2.810 634 2.859 347
100 2.394 301 2. 465 670 2.618 1086 2.778 850 2. 848 496
200 2.383 260 2.442 587 2. 564 1076 2.728 1070 2.829 715
310 2.375 235 2. 426 540 2. 538 1040 2.693 1175 2. 811 880
1 Mec/s 2. 362 184 2. 390 423 2. 466 811 2.601 1207 2.727 1222
3.2 2.351 152 2. 365 336 2.412 609 2. 515 1050 2.620 1282
10 2.338 125 2.343 270 2.374 465 2.448 840 2.523 1178
292 2.316 80 oo e 2.352 SE0 N SRS | -

smooth lines drawn through the points on such
figures, the smoothed data presented in tables 2
to 5 ° were obtained. The smoothed data are pre-
sented rather than the actual data in order to eliminate
occasional points which are obviously excessively
in error, as well as minimize the random effects of
experimental error which arise from the limitations
of the accuracy of the measuring apparatus. The
experimental accuracy is discussed in detail in the
appendix and is indicated in the legends of tables
2 through 6.

All the experimental loss index data have been
corrected by subtracting out the loss component due
to d-c resistance when this component exceeds 10~*
The d-c¢ resistance was determined by observing the
current in the specimen after applying a d-c¢ voltage.

5 In addition to the data reported in tables 2 and 3, measurements were made on
specimen 0.80 at 90,112,136, and 160° C and on spoumcn 0.44 at 105, 110, and 116° C.
The above measur omontq extended from 0.1 to 200 ¢/s. These pomts were used
to determine activation energies and are not given in the tables.

The d-c¢ resistance (/) was computed [rom readings
obtained after the observable time effects had
vanished. Insome cases thisinvolved times of about
10%sec.  Theloss component due to the d-c¢ resistance
was computed from the equation

(wCoRy) ™! (6)

where » is 27 times f, the frequency. The low-
frequency loss data are affected most by this com-
ponent. Kven so, at 0.1 ¢/s, e;, was less than 107*
for all specimens when the temperature was less than
100 °C. The loss data for specimen 0.44 required
correction at 100 and 118 °C. Even at 118 °C, this
correction was not required above 2 ¢/s, so that it
scarcely altered the shape of the loss peak observed.
Specimens 0.80 and 0.73 required correction only at
temperatures at or above 175 °C..  The loss data of

"
€ac—

the liquid specimen (200 to 250 °C), given in table 6,
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TaBLE 4.  Smoothed dielectric data for specimen 0.12

The accuracies in ¢ and € are about 1% and 3% respectively

Temperature —36.5 °C —24.3°C L 22.7°C 39.3 °C 478 °C 60.6 °C
Frequency el L el ¢’ G ¢’ i e’ & ¢’ e ¢’ ¢ €’
0.02 ¢/s 2.462 | 249X10~4 | 2.514 | 234X10~4 | 2.612 | 199X10~* | 2.750 | 127X10-4 | 2.840 | 97X10~4 | 2.886 100X10-4 | 2.982 | 195X10-4
b 2.436 | 286 2.488 | 280 2.592 | 248 2.739 | 156 2.830 | 114 2.877 101 2.968 | 159
2 2.423 | 299 2.476 | 301 2.582 | 273 2.732 | 177 2.825 | 128 2.873 107 2.965 | 150
il 2.405 | 316 2.458 | 336 2.565 | 318 2.722 | 212 2.818 | 148 2.867 121 2.959 | 146
1.0 2.391 | 320 2.442 | 355 2.550 | 352 2.712 | 251 2.812 | 180 2.861 143 2.954 | 150
2 2.378 | 310 2.427 | 362 2.535 | 385 2.701 | 293 2.803 | 215 2.855 167 2.949 | 157
5 2.361 | 294 2.406 | 370 2.511 | 430 2.684 | 353 2.791 | 265 2.845 211 2.941 | 171
10 2.349 | 278 2.390 | 368 2.492 | 462 2.667 | 415 2.779 | 321 2.837 252 2.933 | 197
20 2.336 | 253 2.374 | 348 2.470 | 480 2.648 | 476 2.765 | 387 2. 826 308 2.925 | 224
50 2.322 | 220 2.355 | 320 2.441 | 491 2.621 | 560 2.743 | 484 2. 808 399 2.913 | 283
100 2.313 | 196 2.342 | 290 2.419 | 488 2.595 | 622 2.721 | 582 2.791 497 2.900 | 345
200 2.306 | 169 2.331 | 255 2.398 | 465 2.566 | 667 2.694 | 674 2.768 595 2.885 | 422
500 2.208 | 134 2.317 | 213 2.371 | 413 2.524 | 702 2.651 | 784 2.731 754
1 ke/s 2.292 | 117 2.309 | 181 2.354 | 373 2.492 | 699 2.614 | 862 2. 696 880
2.287 | 100 2.302 | 154 2.339 | 325 2.461 | 666 2.574 | 902 2. 654 978
5 2.282 | 84 2.294 | 126 2.323 | 261 2.423 | 598 2.518 | 899 2.593 | 1058
10 2.278 | 72 2.289 | 107 2.313 | 220 2.398 | 526 2.478 | 860 2.545 | 1062
20 2.275 | 64 2.285 | 92 2.305 | 184 2.377 | 452 2.441 | 782 2.499 | 1010
50 2.272 | 54 2.280 | 76 2.296 | 144 2.355 | 362 2.400 | 646 2.443 874
100 2.270 | 50 2.277 | 68 2.290 | 130 2.342 | 310 2.374 | 562 2.407 767
200 2.269 | 46 2.275 | 62 2.286 | 115 2.330 | 260 2.354 | 448 2.378 659

TABLE 5.—Smoothed dielectric data for specimen 0.73

5¢ and o€’ are the possible error in the values of ¢ and €’ reported below. When f<100 ke/s then e’=0.4% and ée’’=1.49, and when f>>100 ke/s then
8¢’ =1.59, and d¢’’ =6.59,

Temperature —36.2 °C 23 °0 50.6 °C 76 °0 92.7°C
Frequency \ ¢ €’ x 104 € € x 104 e €’ x 104 & € x 104 ¢ €’ x 10t
0.1 ¢/s 2. 594 241 2.752 60 2.788 24 2.823 84 2,856 103
.2 2. 584 278 2.749 68 2.787 25 2,819 76 2.851 100
.5 2. 566 325 2.743 84 2.786 26 2.815 67 2. 846 95
1.0 2. 551 359 2.740 102 2.785 29 2. 812 61 2. 841 92
2 2. 534 380 2.735 121 2. 784 36 2.809 55 2.837 88
5 2. 509 384 2.728 154 2.782 48 2. 806 51 2.833 84
10 2.491 369 2.721 191 2. 780 60 2. 804 50 2.828 80
20 2.473 345 2.713 231 2.778 77 2. 802 50 2. 826 77
50 2. 453 297 2.698 300 2. 773 113 2. 800 54 2.821 72
100 2. 440 257 2.684 366 2. 767 152 2.798 63 2.818 7L
200 2. 430 220 2.667 430 2. 760 202 2.796 77 2.815 71
500 2.418 178 2.637 505 2. 747 290 2.792 106 2.811 76
1 ke/s 2.410 154 2.613 544 2. 734 382 2. 787 144 2. 806 88
2 2. 404 137 2. 586 562 2.715 488 2.782 205 2. 803 105
5 2. 397 121 2. 550 521 2. 681 607 2.769 324 2.798 149
10 2. 392 111 2.524 468 2. 649 667 2.754 448 2.792 227
20 2. 387 103 2. 506 414 2.616 680 2.730 597 2.781 337
50 2.381 95 2.484 341 2. 573 630 2. 686 727 2. 758 530
100 2.376 90 2. 468 298 2. 544 560 2.649 776 2.729 674
200 2.371 87 2.454 270 2.523 495 2.611 775 2.693 801
320 2. 367 85 2. 446 254 2. 508 458 2. 588 745 2. 665 864
1 Mc/s 2. 360 80 2.426 224 2.477 382 2. 545 640 2. 598 855
2 2. 352 76 2.410 202 2. 452 315 2.508 532 2. 550 727
10 2.344 74 2.395 187 2. 432 270 2.479 445 2.512 633
45 2.379 169
100 2.371 160
Temperature 108.4 °C 123.9 °C 148.9 °C 1745 °C
Frequency € €’ x 104 e €’ x 104 € €’ x 104 4 €’ x 10¢
0.1 ¢/s 2.891 123 2.936 122 2.996 34 2.971 14
.2 2. 885 121 2.930 126 2.992 42 2.970 12
5 2.878 118 2.923 134 2.989 54 2.970 10l
1.0 2.873 116 2.917 137 2. 986 65 2. 969 11
2 2. 868 113 2.912 140 2.983 i 2. 968 11
5 2. 862 108 2.904 141 2. 980 95 2. 968 12
10 2. 857 106 2.898 142 2.975 113 2. 967 15
20 2. 852 103 2.893 140 2. 969 130 2.967 19
50 2.847 99 2. 885 136 2. 961 154 2. 966 25
100 2.842 97 2.878 133 2.953 169 2. 965 35
200 2.839 95 2.873 127 2.944 181 2. 964 47
500 2.834 92 2.867 120 2.932 190 2. 962 70
1 ke/s 2. 830 91 2. 862 116 2.923 190 2.958 94
2 2.826 97 2. 856 114 2.915 186 2.953 125
5 2. 821 120 2.849 121 2.905 178 2. 942 170
10 2.817 154 2.844 132 2.897 175 2.933 198
20 2. 811 209 2.839 152 2.888 175 2.924 211
50 2.799 340 2.831 223 2.879 188 2. 909 221
100 2.784 490 2. 825 319 2.872 227 2.901 228
200 2.761 686 2.809 469 2.865 295 2.894 267
320 2.741 802 2.795 608 2.857 380 2. 888 311
1 Mec/s 2.675 945 2.744 930 2.831 690 2. 871 493
3.2 2.603 910 2.676 1012 2.775 1000 2. 832 847
10 2. 545 825 2. 965 2.702 1205 2.757 1180




TABLE 6.

Dielectric data for specimen 0.0 2

—

Time sequence

w
'S

\ |
243.1 °C

€'/ X104

Temperature |
Frequency ‘ 4

20 ¢/s
50
100

| €10t

¢IX106 | €l X10¢

€, X104 4

a The accuracies of ¢’ and €'’ are about 0.5%, and ==(1.5%+1X10-%) respectively.
of the d-¢ conduction (‘Jc) from the measured value of the loss index,

b These specimens were in the supercooled liquid state.

required considerable correction, and the magnitude
of the d-¢c component subtracted is included in table 6.

3.1. Data for Specimen 0.80. Nomenclature Used
to Denote Loss Processes

Figures 2 and 3 show the frequency dependence of
e’ and ¢, respectively, at the indicated temperatures
for specimen 0.80. These plots illustrate the
behavior with temperature of the most prominent
loss process in the polymer.
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Fiaure 2. Frequency dependence of the principal loss index
peak in specimen 0.80 as a function of temperature.

This peak corresponds to the low temperature peak on an €’” versus temperature
plot (see fig. 4).
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FicUure 3. Dielectric constant versus frequency for specimen

0.80 as a function of temperature.

Values of ¢/ given above were obtained by subtracting the indicated contribution

The loss process leading to the loss maximum evi-
dent in figure 2 will be called the “low-temperature”’
process, since on a plot of the loss index as a function
of the temperature, 7, at a constant low frequency,
this effect occurs at temperatures lower than the
other processes observed. Figure 4, in which ¢/ at 1
c¢/s is plotted against 7" for the x=0.80 specimen,
illustrates the scheme employed to name the loss
processes observed in this polymer.

Considerable care will be taken in the paper to
correlate and identify the loss peaks on the €'’ versus
T plots, with the corresponding maximums (or other
effects) in the appropriate €'’ versuslog f plots. If a
loss peak appears on an ¢’ versus 7 plot, the under-
lying mechanism causing the peak will usually
lead to a maximum or other discernible effect in
an ¢’ versus log f plot in the appropriate temper-
ature and frequency range. In general, an analysis
based on a study of both types of plot is more power-
ful than with just one or the other. It is emphasized
that the nomenclature used to denote a process under
discussion is based on the ¢’ versus 7' plot (see fig. 4),
irrespective of whether the process is manifested on
an ¢’ versus 7T plot or an €’ versus log f plot.

Two other relaxation processes were observed in
specimen 0.80. The first of these, on an ¢’ versus

T I T
an | LOW TEMPERATURE EEEIREY
PROCESS 0.80
.03 |— 1
el!
.02 ]
INTERMEDIATE HIGH
(i ok TEMPERATURE TEMPERATURE
PROCESS PROCESS
.0l l v
0 ] | | L |
-50 0 50 100 150 200

TEMPERATURE, °C

7

Ficure 4. €'/ versus temperature at 1 c¢/s for specimen 0.80.

This illustrates the nomenclature scheme used to denote the loss processes.
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log f plot (fig. 5), is most apparent in the temperature
region between 75 and 125 °C at frequencies between
0.1 ¢/s and 10 ke/s. It is evident in figure 5 that a
small loss maximum, partly obscured by other mech-
anisms, shifts from low frequencies on through the 10
¢/s region to higher frequencies as the temperature is
raised from 75 to 125 °C. This mechanism is the
same as the one which leads to the clear-cut inter-
mediate-temperature process peak when ¢’ at a fixed
(low) frequency is plotted as a function of temper-
ature (fig. 4). Hence, this mechanism is denoted as
the “intermediate-temperature’” process.

The third relaxation process observed in the
X=0.80 specimen shows up quite clearly on both
an €’ versus log f plot and an €’ versus 7" plot.
The loss peak in the €’ versus log f plot shown in
figure 6 is easily seen at 150 and 175 °C, but at

00i2f 7 ' ' '
i 125 C°
4
i
{
|

0.010

[
[
SPECIMEN 0.80 1‘

00021 1

]

0.1 | 10 100 | 10 100
c/s c/S c/s c/s kc/s ke/s kc/s
FREQUENCY

|
Mc/s

Fraure 5. Loss index versus frequency showing evidence for

the intermediate-temperature loss process in specimen 0.80.

Near 10 ¢/s, the loss is higher at 100 °C than at either 75 °C or 125 °C. This indi”
cates that a small loss process traversed this region as the temperature increased.
The loss mechanism causing this effect is the same as that which causes the inter-
mediate temperature loss peak in figure 4.

0.025 s ———
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Froure 6. €'’ versus frequency at various temperatures showing

the high-temperature loss process in specimen 0.80.

The loss process giving the maximum is the same as that which causes the high-
temperature peak in figure 4

The degree of crystallinity of specimen 0.80 changes at temperatures above 140 °C
(see fig. 1). At 150 °C, 175 °C, and 200 °C the value of x is 0.79, 0.75, and 0.65
respectively.

637358—62———2
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100¢/s 1kc/s 10kC/s
FREQUENCY
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Ficure 7. €'’ versus frequency at various temperatures for
specimen 0.4/,

T'his large loss peak is due to the low-temperature mechanism.
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Frcure 8.  Dielectric constant versus frequency for specimen

0.44.
0.025 T T T T T T
0.020f 3
118 °c
100 °C
0.015} 9
" Qo
0.010( B
SPECIMEN 0.44
75 °C
0.005 9
0 ik E 1 1 1 |
0.1 | 10 100 | 10 100
c/s c/s c/s c/s ke/s ke/s kc/s
FREQUENCY
FiGure 9. Frequency dependence of the loss index of specimen

0.44 at high temperatures and low frequencies.

The loss peak is mostly due to the intermediate-temperature mechanism, but
contains some contribution from the high-temperature mechanism (cf. fig. 4).
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200 °C it is obscured by the loss peak associated with
the low- and intermediate-temperature processes.
The mechanism leading to this loss peak is the same
as that producing the high-temperature peak in the
¢’ versus 7 plot (fig. 4). For convenience, this
process, whether manifested in an €'’ versus 7" plot
or an €’ versus log f plot, is called the ‘“high-tem-
perature’”’ mechanism.

3.2. Data for Specimen 0.44

The data for specimen 0.44 are presented in figures
7 and 8 where ¢’ and € respectively are plotted as
functions of log f at the indicated temperatures.
From figure 7 it is apparent that the low-temperature
relaxation process is active in this specimen.

Figure 9 shows the frequency dependence of the
loss index in the high-temperature, low-frequency
region. The loss index peak observed here is higher
in magnitude than either the high-temperature
process or the intermediate-temperature process
evidenced in specimen 0.80. As will be discussed
later, this loss peak is mostly due to an intermediate-
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Ficure 10. The frequency dependence of the loss index for

specimen 0.12 (thin film).

These loss peaks are a result of the low-temperature process.
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Freure 11. Frequency dependence of the dielectric constant of

specimen 0.12,
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Fiaure 12. €' versus frequency at various temperatures for

specimen 0.73.
The loss peaks are due to the low temperature mechansim,

X=0.73
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Ficure 14. The frequency dependence of €' for specimen 0.73

at high temperatures and low frequencies.

The loss peaks are due to mixed intermediate and high temperature contributions
(cf. fig. 4).
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temperature mechanism of the type that appeared
in the 0.80 specimen, but it evidently contains a
contribution from the hlgh ~temperature loss mech-
anism. The peak in the €’ versus log f plot that
appears explicitly in figure 9 for x=0.44 1s clearly
substantially larger than that which exists (but
which does not appear explicitly as a loss maximum
in an €’ versus log f plot) in the Xx=0.80 specimen

(fig. 5).
3.3. Data for Specimen 0.12

Since this specimen was a thin film, special com-
ments on the measurements are necessary. These
are given in appendix 5.3. Broadly speaking, the
error in the measurement of ¢ and ¢’ for the thin
film is about 1 percent and -2 percent respectively.
The measurements on the thicker disk-shaped speci-
mens are subs antially more precise (see appendix,
and footnotes in tables 2, 3, and 5).

Figures 10 and 11 show ¢’” and ¢ versus frequency
for specimen 0.12. On an €’ versus 7 plot, to be
discussed later, the data on 0.12 exhibits the low-
temperature process.

3.4. Data for Specimen 0.73

Figures 12 and 13 present €’ and € versus fre-
quency at the indicated temperatures for specimen
0.73. 'The loss peak in figure 1‘) is associated with
the low-temperature peak on an ¢’” versus 7’ plot, and
is rather similar in character to that evident in
specimens 0.44 and 0.80.

The loss index of specimen 0.73 as a function of
frequency for various temperatures between 75 and
175 °C is presented in detail in figure 14. Later, it
will be shown by the use of an €’ versus 7" plot at
1 ¢/s that this loss maximum results from “mixed”
contributions from both the intermediate- and high-
temperature mechanisms.

It is appropriate at this time to recall that speci-
men 0.73 was prepared by annealing a previously
quenched bulk specimen at 190 °C until a high
degree of ecrystallinity was achieved (“quench->
anneal” technique).  This was done in order to com-
pare the dielectric properties of specimens with nearly
the same high degree of crystallinity, but with
crystals nucleated dnd grown under different con-
ditions. The most striking difference between the
dielectric properties of specimens 0.73 and 0.80 occurs
in the high-temperature, low-frequency region. Com-
parison of figures 6 and 14, particularly the data
obtained near 175 °C, demonstrates this difference
most effectively. Figure 6 shows a loss peak maxi-
mum for specimen 0.80 (x=0.75/at 175 °C as noted
in fig. 1) at 175 °C near 1.5 ke/s, while figure 14
shows a loss peak maximum for specimen 0.73 at
175 °C near 15 ke/s.  The one-decade shift in the
frequency location of this loss peak in the two
specimens indicates that even though two specimens

may have the same degree of crystallinity, their
dielectric properties need not be  identical. The

cause of this effect will be discussed in section 4.1c.

3.5. Empirical Method of Estimating X From the
Dielectric Data

In order to correlate and compare the dielectric
data of PCTFE presented here with results obtained
previously by others, it is necessary to know approxi-

mately the degree of crystallinity of the specimens
that they used. In many cases, the density of the
specimen was not reported in the literature, so that
this means of estimating the degree of crystallinity
cannot be employed. However, at least a rough
value of the degree of crystallinity can be obtained
from the dielectric data itself.

To facilitate this determination, a convenient
although crude crystallinity “scale” was obtained
from our dielectric data on specimens of known x.
Comparison of our room-temperature data for speci-
mens of various degrees of crystallinity showed that
in the most commonly employed frequency region
(about 50 ¢/s to 100 ke/s), the loss index at about
100 ¢/s exhibited the greatest dependence upon x.
The dependence of the 100 ¢/s values of € and tan é
upon the degree of crystallinity is presented in figure
15. The degree of erystallinity of specimens em-
ployed in other dielectric investigations of PCTFE
was estimated from the curves of figure 15. The
results are given in table In most cases, the

TaBLE 7. Hstimated degree of crystallinity of PCTFE

spectmens used in other dielectric studies *

X :
density
method

X
dielectric
method

Author Specimen description

“Kel-F” polymer_____________ 05478 err e

Reynolds and coworkers
1]

(1) cooled slowly from 250 °C_ .60

IHartshorn and coworkers [{(2) quenched from 210 °C_____ .54
2] l(:i) quenched from 250 °C_____ .40
Mikhailov and Sazhin [[(1) cooled slowly. _____________ DI 65 N | S
3]b (2) abruptly cooled.__________ (~() ) I
(1) cooled slowly from melt___ .52 0.48
Nakajima and Saito [6].-_|)(2) quenched to room tem- .47 .46
perature.
(~0.3) .43

J (3) quenched to —30 °C_______

S xcept where noted, the values of x (dielectric nu'thml) were estimated from
the dielectric loss data using the crystallinity “scale” given in figure 15. The x
v method) values were calc ulated from the densities (when given), using
the cryst,:ll!init,y scale of reference [4].

b x estimated from 23 ° C tan é data at 50 c/s.

ralues of x obtained by the dielectric method are
compatible with the indicated thermal history of the
specimen. However, the values of y obtained for the
“abruptly cooled” specimen of Mikhailov and Sazkin,
and for the “quenched to —30 °C” specimen of Naka-
jima and Saito, appear to be lower than one would
expect from the indicated thermal treatment assum-
ing that bulk specimens were employed. (Nakajima
and Saito used specimens 2 mm thick.)

Even with the most stringent quenching tech-
niques we have been unable to attain such low values
of x except with thinner specimens. While the
results in table 7 for the dielectric method doubtless
give a rough picture of the range of x used by other
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investigators, it is clear that x determinations based
on ¢’’ or tan 6 measurements on PCTFE must not be
regarded as being a substitute for the more ac-
curate density method.
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Ficure 15.  The 100 c/s values of the loss indexr and tan & at
room temperature as o function of the degree of crystallinity.

These data are intended to provide an approximate crystallinity scale for dielec-
tric specimens where the specific volume has not been reported.
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Ficure 16. Direct comparison between dielectric and
mechanical loss data.

<)

. The temperature dependence of the loss index at 1 ¢/s and 500 ¢/s for specimens
of various crystallinities. b. The temperature dependence of the mechanical
loss at 1 ¢/s for specimens of various crystallinities. The data at 1 ¢/s provide
a direct comparison of the dielectric and mechanical data. The 500 c¢/s dielec-
tric data illustrate the shift of the maximums with increasing f.
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4. Interpretation of Results

4.1. The Intermediate- and High-Temperaturs
Relaxation Processes

The principal objective of this section is to identify
the phases in which the intermediate- and high-
temperature loss processes originate, and to con-
sider the nature of the relaxation phenomena in these
phases. It will be demonstrated in section 4.4 that
none of the dielectric loss peaks discussed are a
result of Maxwell-Wagner polarization.

a. The Intermediate-Temperature Process

In discussing the intermediate-temperature loss
process, use will be made of the dynamic mechanical
loss data on PCTFE of McCrum ¢ [8], who studied
specimens of various degrees of crystallinity. Al-
though others [9, 10, 11] have studied the dynamic
mechanical properties of PCTFE, the data of
McCrum are particularly valuable since he investi-
gated specimens with a wide range of known crystal-
linities.

A useful type of plot in discussing the dielectric
aspects of the intermediate-temperature loss proc-
ess is shown in figure 16a, where ¢’/ is plotted as
a function of temperature at 1 and 500 ¢/s for the
various dielectric specimens. A graph of the me-
chanical loss data of McCrum, plotted as logarithmic
decrement (~ 7 tan §) versus temperature, also at
1 ¢/s, for samples of various degrees of crystallinity
is shown in figure 16b.” The degree of crystallinity
w&;s calculated from specific volume data using eq
(5).

Three mechanical loss peaks are evident in speci-
men 0.80(M)(x=0.80). The intermediate-temper-
ature peak is in general most pronounced and occurs
at virtually the same temperature (95 °C) in all
three specimens. The intermediate peak observed
dielectrically in specimen 0.80 at 1 c¢/s also occurs
near 95 °C. 'This suggests that the same molecular
relaxational mechanism underlies both the me-
chanical and the dielectric intermediate-temperature
loss peak. Since the magnitude of the mechanical
intermediate-temperature peak is increased by in-
creasing the fraction of the amorphous phase present
(see fig. 16b), it seems reasonable to identify this
peak tentatively as a property of the normal amor-
phous (supercooled liquid) component of the semi-
crystalline polymer. Further evidence supporting
this identification will be presented shortly.

The intermediate peak in the dielectric data evi-
dently decreases in magnitude as the fraction of the
amorphous component decreases. (Compare 0.80
and 0.44 curves in fig. 16a). This decrease of in-
tensity can be clearly discerned despite the fact there
is evidently some ‘“mixing”’ of the main intermediate
component and a weaker high-temperature process

6 The authors are deeply indebted to Dr. McCrum of the E. I. duPont de
Nemours Company for making these data available to us prior to publication.

7 Dr. McCrum has measured the logarithmic decrement (7 tan 8) and the
torsion modulus @, at 1 ¢/s using the torsion pendulum method at temperatures
between —180 and +210 °C. Since no further mechanical loss maximums were
observed below —50 °C and our dielectric data does not extend below —50 °C.
only the = tan é data above —50 °C are shown here.



component in specimen 0.44 which causes an upward
shift of the characteristic temperature. (A detailed
discussion of this shift is given in section 4.1c¢. The
peak for 0.73, which was erystallized in a very differ-
ent manner than 0.80, is so completely “mixed” and
strongly shifted as to be of little value in the present
comparison.) In any case, the relative intensities
of the dielectric loss peaks at 1 ¢/s for 0.44 and 0.80
in the vicinity of 90 to 105 °C clearly suggest that
the amorphous phase is the seat of the intermediate
process.

It will now be demonstrated that the intermediate-
temperature loss mechanism that appears at about
95 °C at 1 ¢/s in both the dielectric and mechanical
data may reasonably be associated with the relax-
ational effects of the normal glass transition in the
amorphous regions of the polymer at 7,—=52 °C'.

A typical propeltv of the onset of the olass trans-
formation in an entirely amorphous body is that the
apparent heat of activation, AH* decreases rapidly
as the temperature is increased above T,. From the
work of Williams, Landel, and Ferry (WLF) [12],
this dependence of A/* on temperature is given for
many amorphous substances, including nonerystal-
line linear polymers, by the empirical expression

. L 412X10°T?
A *(cal/mole) GL6LT—T,)?
where 7, 1s the glass transformation temperature as
determined from the break in a specific volume versus
temperature (V—7) plot. Ferry [13] has indicated
that the constants in this expression may vary some-
what from one case to another, but eq (7) 1s still to
be regarded as a [air 10])1050111:1(1011 of the general
situation. The expression is valid between 7', and
T,+100 °K.

The apparent heat of activation was calculated
from the data using the expression

—Ro1Inf, AT )
o)
where I is Lhe gas constant, 7' the absolute tempera-
ture, and f,, the frequency of the maximum in an ¢’
versus log f plot. In some cases, eq (8) was used
over restricted temperature ranges to obtain AH* as
a function of temperature.
Figure 17 shows a plot of log f,, versus 1/7.
Specimen 0.80 was the only specimen for which
the maximum of the intermediate-temperature peak
on an €’ versus log f plot was sufficiently resolvable.
The x=0.44 specimen exhibits a peak mostly due to
the intermediate process (figs. 9 and 16), but the
shift of f,, with 1/7 due to the intermediate compo-
nent itself is not accessible.®
The apparent heats of activation associated with
the intermediate-temperature process for the 0.80
specimen are given for two temperatures in table 8.
8 An attempt was made to observe the intermediate-temperature process in
specimen 0.12. Upon warming the film above about 60 °C, however, further
crystallization took place. A loss peak (€’max=0.0243) was ultimately observed

at 0.08 ¢/s at 92 °C. The degree of crystallinity of the specimen had by then in-
creased to 0.34.
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Frcure 17.  Frequency of the maximums of the loss peaks, fu,
versus the reciprocal of the absolute temperature.
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The points were obtained from the € versus log f plots.

Tasre 8. Apparent heats of activation for the various dielectric

relaxzation processes *

Low-temperature process

Specimen | X

Temperature range AH*, kcal/mole
= = |[——— e S
0.80 0.80 | —50 to 50 °C
.44 .44 | 0 to 50 °C 5
.12 .12 0 to 50 °C 16. 75%

Resolved intermediate-temperature process

0. 80 ' 0. 80 ‘
% | 0 |

Near 90 °C
Near 120 °C

6720%
3420%
|

Mixed-intermediate and high-temperature process

|
0.73 ’ 0.73 | Near 115 °C | 95-20%,
73 -73 | Near 160 °C | 19120
44 44 | 100 to 118 °C ‘ 804207,
Resolved high-temperature process
0.80 0.79 | Near 150 °C 914-20%
Near 190 °C 70-£207

.sol .(}8‘

s All heats of activation were calculated from data obtained from e’
plots.

versus log f

Despite the fairly large uncertainty, it is evident that
AH* decreases rapidly as the temperature is increased
above 7',. (AH* drops from 67 to 34).°

The temperature dependence of the apparent
heat of activation for the intermediate-temperature
process calculated using the dielectric data is in
fairly good agreement with that calculated from the
WLE expression, eq (7), with ",:;')2 °C. This is
lustrated in figure 18. The fact that some dif-
ference exists between the predicted and experimental
values of A/* in this case is not surprising, since

9 While the experimental points determining the log f, vs. 1/7 curve for the i in-
termediate process of specimen 0.80 (fig. 17) may possibly be fitted by a strai
line, the curved line shown in figure 17 provides a far better fit of all the pe
Furthermore, a curved line is to be expected in this case on the basis of experimen-
tal work of others [14, 48].
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Ficure 18.  The apparent activation energy of the intermediate-
temperature process and mived ¥ntermediate- and high-tem-
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The curved Jines were calculated from the WLEF equation, using the indicated
values for Tgor T .

The points (except one) indicate the experimental dielectric data. The single
mecharical point results from combining the 1 ¢/s data of Mc¢Crum [8] with
the 3.3 ¢/s data of Schmieder and Wolf [9].

the accuracy with which A/* is experimentally
determined 1s rather low, and since the constants in
eq (7) are not strictly universal.

Also shown in figure 18 is a single point calculated
from the difference in location of the 1 ¢/s mechanical
loss peak at 95 °C observed by MeCrum, and the 3.3
¢/s mechanical peak at 104 °C observed by Schmieder
and Wolf [9]. Although this point was calculated
from two different sets of data, and from a tempera-
ture rather than a frequency plot, it is consistent
with the points obtained from the dielectric data for
the intermediate-temperature process and falls
fairly close to the curve calculated from eq (7).

The fact that the WLEF expression is obeyed even
approximately (with 7,=52 °C from V-7 data)
for the resolved intermediate process indicates that
this process is a relaxation effect that is premonitory
to the glass transition that occurs at 52 °C.

Another indication that the intermediate process
is associated with the glass transition is provided by
the large change of modulus in the mechanical data
in the general vicinity of the intermediate peak,
especially in the less erystalline specimens. Strictly
amorphous polymers show a similar large change of
modulus.

When considered together, the facts outlined
above lead to the definite conclusion that the in-
termediate-temperature process is indeed a bulk
property of the amorphous (supercooled liquid)
component of the polymer, and further, that this
process is due to relaxation effects connected with the
onset of the normal glass transition in these amor-
phous regions. The molecular phenomena leading
to the intermediate-temperature process doubtless
involve complex motions of a large number of poly-
mer chain segments in the amorphou phase.

Saito and Nakajima [14] have experimentally demon-
strated in the amorphous polymers they studied that the
frequency of the loss index maximum for the relaxation peak
associated with the glass transition lies between 10-2 and
10=3% ¢/s, when the temperature of the specimen is at the

value of 7T, determined from the break in the V-T plot.
Using a linear extrapolation of the log f,, versus 1/7T data for
the intermediate-temperature peak in specimen 0.80, one
obtains T=57 °C when f=10"2 ¢/s and 7T=47 °C when
f=10"%¢/s. The value of T, (52 °C) does indeed lie between
these temperatures. There are, however, several difficulties
with this simple extrapolation in the case of PCTFE. The
log fn versus 1/T line is actually curved, and both of the
above estimates of 7' are low in comparison with what is
estimated using curvature (see below). The extrapolation
is in any case rather long. Using an extrapolation with our
best estimate of the curvature, it is estimated that T=77 4+ 10
°C for 1072 ¢/s and T=72-+10 °C for 10-3 ¢/s, both values
being higher than the value 7,—=52 °C obtained from V-T
data. While the above may be regarded as providing general
though not conclusive support for our previous conclusion
that the intermediate-temperature process is connected with
the glass transition in the amorphous component, it is ap-
parent that extrapolation to frequencies well below 1073 ¢/s
would be required to give a T' value that corresponded to
T, from the V-7 data in the case of this semicrystalline
polymer.

One possible explanation of the different f values (on a
log fn versus 1/T plot) that correspond to 7%, as measured
by the V-T method, in purely amorphous polymers (f=10-2
to 1073 ¢/s) on the one hand, and the amorphous component
of semicrystalline polymers (f<107% c¢/s) on the other, is
that the 7, value from the V-7data in an entirely amorphous
polymer is considerably more time-dependent than it is in a
semicrystalline polymer. _

Saito and Nakajima have shown that 7', from V-T data
depends on the rate of measurement in purely amorphous
polymers, being higher the more rapid the measurement [14].
Interestingly, the same authors have shown_that 7', for a
semicrystalline polymer, as measured by the V-7 method, is
much less sensitive to the time scale of the measurement.
(This accords with our experience on V-7" measurements of
T, with PCTFE). The implication is that the 7', value
measured for a semierystalline polymer by the V-7 method
is lower and nearer the intrinsic (quite possibly time-inde-
pendent) value than that of a corresponding purely amorphous
polymer. One possible explanation of this is that it is a
result of a size effect, the amorphous regions in semicrystalline
polymers being quite small. In any event, it would appear
that in semicrystalline systems, f values that are substan-
tially less than 1073 ¢/s may be more appropriate i_n_ostimuting
values of 7T for comparison with 7', values from V-7 data.

b. The High-Temperature Process

When clearly resolved on an ¢’ versus 7' (dielectric)
plot or a wtan & versus 7' (mechanical) plot, the
high-temperature process peak appears at about
150 °C at 1 ¢/s (fig. 16). Notice that the resolved
high-temperature peak appears only in the x=0.80
specimens in both the dielectric and mechanical cases;
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there is no indication of a resolved peak in spacimen
0.73 (dielectric), which has practically the same
degree of crystallinity at the temperature under con-
sideration. Dielectric specimen 0.73 merely exhibits
a single “mixed” high and intermediate peak.
Further, no resolved high-temperature peak appears
in mechanical specimens 0.27(M) or 0.42(M). This
implies that the appearance of a resolvable high-
temperature process not only involves the crystals
in some way, but also depends on the manner in
which the high crystallinity is achieved.

The crystallization in specimen 0.80 is of the
typical lamellar spherulitic type. Large lamellar
spherulites commonly appear in linear polymers
crystallized from the melt under conditions of low to
moderate supercooling such as was used in forming
specimen 0.80 (section 2.2), and observations with
a polarizing microscope fully confirm the existence
of such objects in PCTFE specimens similar to 0.80
[15].  The milky-white appearance of specimen 0.80
is due to the scattering of light from these objects.
Specimen 0.73, crystallized by the quench—anneal
technique (sec. 2.2), is optically much clearer than
0.80, and contains no spherulites visible with a
polarizing optical microscope. The same is true of
specimen 0.44. The erystals (or spherulites) in
0.73 and 0.44 are evidently much smaller than in
0.80. In any case, it appears that the resolved high-
temperature process evident in specimen 0.80 is
closely associated with large and well-formed lamellar
spherulites.

To an approximation sufficient for the present
discussion, lamellar spherulites consist of stacks of
chain-folded bladelike erystals (lamellae) that emanate
from a central point (fig. 19). The long axes of the
polymer molecules are essentially perpendicular to
the two large flat faces of each blade, these faces

containing the chain folds. In many cases, the
lamellae are twisted as shown in figure 19. This

twist leads to the beautiful bands that are seen in
the optical extinction patterns of spherulites. The
lamellae are commonly from 100 to 500A thick
(distance between plane of chain folds), this thick-
ness being larger the higher the ecrystallization
temperature. A general theory of the formation
of chain-folded lamellar spherulites has been given
by Hoffman and Lauritzen [16].

If the high-temperature process were a ‘“glass
transition” type of effect, a break in the V-7 curve
in the vicinity of about 120 °C would be expected.
A careful examination of the V-7 curve of specimen
0.80 reveals no obvious break above the one at
T,=52 °C, though lack of sensitivity might possibly
be the cause of its apparent absence. Also, the WLF
expression with an elevated glass transition temper-
ature (~118 °C) is not necessary to explain the
apparent temperature dependence of AH* for the
resolved high-temperature process (table 8); the as-
signment, of the constant value AH*=80 kecal/mole
provides an equally acceptable fit within the
rather large experimental error. These observations,
though not conclusive, are consistent with the pro-
posal that the high-temperature process in PCTFE
involves the crystal lamellae.

SPHERULITE
BOUNDARY

L= ~~__ 7
Bl W
<
~H~LCHAIN
FOLD
SURFACE

CENTER OF SPHERULITE l

Ficure 19. Chain-folded lamellar structure in spherulites

(schematzc).

There is some indication that the high-temperature
process is not simply a property of the bulk erystal-
line phase.

If the high-temperature process were a bulk
crystal property, it might be expected to appear in
resolved form in specimen 0.73 with nearly the same
intensity as it does in 0.80, whether or not the
crystallization involved was of the well-formed
lamellar spherulitic type. This is not the situation
for the dielectric data. It may therefore be con-
cluded that the high-temperature process is not a
simple bulk property of the interior part of the
crystals.  This suggests that the high-temperature
mechanism exhibited in resolved form by specimen
0.80 may involve the chain-folded surfaces of the

lamellae.  Crystal-size effects may be involved in
shifting  the high-temperature process to lower

temperatures in 0.73, but this is not inconsistent
with the general notion that lamellar surfaces or
interlamellar surface interactions are involved.
Also, the possibility exists that “abnormal” amor-
phous polymer contiguous to the crystal surfaces
may be involved in the high-temperature process.
This would place part of the cause of this process
in the category of a lamellar-crystal-amorphous-
phase interaction, but in a broad sense such an
effect could still be regarded as a surface property.

In summary, the authors consider that a strong
case exists for believing that the high-temperature
process in its resolved form in PCTFE (specimen
0.80) is connected with the existence of well-formed
lamellar chain-folded spherulitic structures. While
it is not completely certain, some evidence suggests
that the mechanism involves the surfaces of the
lamellae.

Takayanagi has recently proposed that the high-
temperature process, as observed in mechanical
loss measurements in certain semicrystalline poly-
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mers, 1s associated with chain-folded lamellar
structures [17]. Resolved high- and intermediate-
temperature peaks appear in the mechanical loss
data of polyethylene and polyoxymethylene [18].
(These polymers also exhibit the low-temperature
process).

A number of mechanisms can be proposed that
might lead the crystals or their surfaces to exhibit
dielectric and mechanical loss of the type observed
in the high-temperature process. Broadly speaking,
these mechanisms deal with motions of various
types of surface (or other) defects in the lamellar
crystals, motions of the chain folds, and interlamellar
interactions, together with certain combinations of
these concepts. However, the present experimental
study does not point clearly to which if any of
these ideas is correct, so no discussion of the various
models is given.

c. Mixed Intermediate- and High-Temperature Processes

In figure 16a, it is seen that the dielectric loss
peak that appears above 100 °C exhibits a large
shift toward higher temperatures (7~105 to 7'~125
°C) as the degree of crystallinity increases from
0.44 to 0.73. Also, it is clear in the case of specimen
0.73 that only a single “mixed” peak appears,
rather than two resolved peaks as in specimen 0.80.
(Specimen 0.44 was not measured above 118 °C,
but presumably has no resolved high- temperature
process.) Recall again that specimens 0.44 and
0.73 do not contain large and well-formed spherulites,
and that unlike 0.80, they were crystallized either
during or subsequent to quenching.

The corresponding mechanical loss data for
PCTFE plotted as wtan § versus 7" at 1 ¢/s do not
exhibit such an obvious shift. Even when plotted
as J’/ (shear loss compliance) versus 7, the loss
peak shows no upward shift (within an error of
about 5 °C) as X is increased from 0.27 to 0.42.
These specimens are similar to dielectric specimens
0.44 and 0.73 in being nonspherulitic,’® and in
exhibiting only a single “mixed” loss peak. All
were crystallized by the “quench crystallized” or
the “quench—anneal’”’ technique.

The above-mentioned upward shift of a single
dielectric loss maximum with increasing X in
quenched or quench—annealed specimens might
seemingly be interpreted as a large and genuine
increase in the glass transition of the amorphous
phase that is induced by the presence of crystals.
One objective of this section is to indicate that the
large upward shift in the dielectric case is not
indicative of an equally large increase of 7, as

measured from V-7 curves. A simple alternative
explanation of the shift of the dielectric loss peak is
proposed, and the negligible shift in the mechanical
case discussed. Also, further cause will be given
for the necessity of distinguishing between polymers
crystallized from the melt, where well-formed
lamellar spherulites appear, and by the quench or

16 The use of the term “nonspherulitic’” here means that no large well-formed
spherulites visible with a polarizing optical microscope appear in the specimens.
It is not intended to imply that numerous extremely small lamellar spherulites,
or small and somewhat disoriented lamellae, may not exist in the specimens.

quench—anneal technique, where in many cases
obviously spherulitic crystallization does not arise.
Brief mention is also made of crystallization in
oriented systems.

The shift of the apparent glass transition, 7%, for
dielectric specimens 0.44 and 0.73 implied by the
¢’ versus log f data may be estimated by applying
the WLF expression for AH*. T is taken as that
temperature which provides the best fit of the
observed temperature dependence of AI* with the
WLE expression (fig. 18). The WLF expression
was originally proposed for purely amorphous
materials rather than semicrystalline ones, so this
use of it here must be viewed with caution. Never-

theless, it will be recalled that it applies reasonably
well to the resolved 1ntermedlate component of
0.80. 1If there is “mixing” of the amorphous
(intermediate) process and a crystal (high-
temperature) process in 0.44 and 0.73, then only
an apparent (7;) value of the glass transition may
be expected.

Regarding the normal amorphous material with
T,=52 °C as the reference pomnt, 7, for specimen
0.44 by the WLF method apparently shifts by
65 °C—52 °C=13 °C, and the shift exhibited by
0.73 is 87 °C—52 °C=35 °C.

An analysis using the log f, versus 1/7 plots also
implies that the apparent value of the glass transi-
tion associated with the “mixed” peaks increases as
the degree of crystallinity increases from 0.44 to
0.73. 'This is evident in figure 17, where it is seen
that for any given f value, 7 is higher for x=0.73
than it is for 0.44. However, as noted in section
4.1a, it is not easy to get a close estimate ol the value
of the apparent glass transition in these cases be-
cause of the curvature, and the uncertainty of the

f value that should be used.

The concept that these large differences represent
a real upward shift in the glass transition of the
magnitude indicated is not substantiated by careful
measurements of the glass transition temperature
from changes of slope in the V-7 curves. With an
error of less than 5 °C, specimens 0.44, 0.73, and

0.80 exhibit the same 7', value on V-7 curves.!

It is therefore clear that the large upward shifts
of the apparant glass transitions 7'; implied by the
dielectric data are not to be regarded as real in-
creases of the glass transition in the amorphous
phase due to the presence of crystals. Recall also
the fact that themechanical data onspecimens 0.27(M),
0.42(M), and 0.80(M) imply a small if not negligible
increase of 7, with increasing x. This is consonant
with the V-7 measurements of 7', which indicate
a shift of between zero and about 5 °C for x values
between 0.44 and 0.80.

The disparity in the small if not negligible shift
of 7, indicated by the mechanical and V-7 data on
the one hand, and the large shift implied by the
dielectric data on the other, can be explained at

11 The somewhat compressed scale employed in the V-T curves of figure 1

does not show the break near 52 °C to great advantage. A more detailed pres-
entation of data on specimens similar to 0.44 and 0.80 is given in reference [4]

and clearly reveals the glass transition effect. The V-7 data for specimen 0.73
has not been previously published.
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part as follows. Comparing dielectric
specimen 0.80 and mechanical specimen 0.80(M)
in figure 16, it is seen that the high-temperature
pe alk in the dielectric case is slightly more prominent
than the intermediate peak, while in the mechanical
case it has a considerably lower relative intensity.
If in some type of specimen the high-temperature
peak shifts downward a certain number of degrees
and “mixes” with the intermediate peak to form a
single broadened peak, one would expect the maxi-
mum in this resultant single peak to occur at higher
temperatures in the dielectric than the mechanical
case because of the aforementioned relative intensity
difference.  'This explanation is consistent with the
large upward temperature shift of the single maxi-
mum in the “mixed” dielectric cases x=0.44-—>x=
0.73, and the corresponding much smaller shift in
the mechanical case x=0.27-—>x=0.42 (see fig. 16).
A careful examination of the dielectric and mechani-
al data for these specimens, as compared with the

Jleast 1In

0.80 specimens, definitely suggests a  downward
temperature shift has occurred in the high-tem-

perature mechanism in the nonspherulitic specimens.
This downward shift in the high-temperature process
t=

may tentatively be ascribed to a erystal-size effect,
much smaller and disoriented lamellae appearing

in specimens 0.27(M), 0.42(M), 0.44, and 0.73 than
in the typicallylamellarspherulitic specimens 0.80 and
0.80(M).

The general question of the possible cause ol a
true shift of 7', due to increasing crystallinity is a
most interesting one. As noted above, the actual
upward shift in 7', of PCTFE specimens 0.44 and
0.73 is certainly not over about 5 °C as measured
from V-7 data. Similarly, the mechanical data for

60.27 (\I) and 0.42(M) imply the shift in the loss
pvnl\ is not any larger than this, and quite possibly
less.

Two effects could account for a true increase of
T, in the amorphous phase: (1) It has been shown
by Gee and coworkers [19] that stress elongation
(eirca 250%) in an amorphous polymer can increase
T, as measured by the V-7 method by 1 to 7 °C,
depending on the polymer. This shows that mo-
lecular orientation of the liquid phase could increase
T, somewhat. (2) Typical bundlelike crystalliza-

tion, where one polymer molecule participates in
many crystallites, might possibly occur to some

This model is com-
relatively marked

extent in quenched specimens.
monly considered to require a
increase of 7', as x 1s increased.
Any relatively small shift (if it is in fact greater
than zero) of the true value of 7', for PCTFE im-
plied by the V-7 and mechanical loss data could be
at least in part due to liquid orientation effects
induced by the ecrystallization process. However,
the small magnitude of the observed shift, 5 °C or
less, does not seem consistent with the me shift
that one would expect il specimens 0.27 (M), 0.42(3[),
0.44, and 0.73 possessed crystals constructed prin-
cipally on the bundlelike pattern. In the chain-
folded pattern of crystal growth, the molecular con-
nections between the crystals (interlamellar links)

will ordinarily be much less frequent than the
number of intercrystalline links in the bundlelike
system.

The above implies that the crystals in the quench
crystallized  and  quench—annealed  specimens
(0.27(M), 0.42(M), 0.44, and 0.73) may be at least
partly chain-folded in character. The chain-folded
lamellae in such specimens are undoubtedly small in
size and somewhat disorganized with respect to
their mutual orientation, as compared to the situa-
tion in a well-formed lamellar spherulite.  The 0.80
specimens contain large and well-formed lamellae
with a substantial degree of chain folding.

It is considered to be of interest to comment
briefly on what the present data and interpretation
for the 1(\501\' 'd high and intermediate peaks, and the

single “mixed”’ lngh and intermediate peak in
PCTFE, imply in the case of other polymers. A

number of points are brought out that may prove
useful in future investigations.

(1) It is clear that degree of crystallinity should
not in all cases be expec ted to describe the specimen
fully with respect to the high- and intermediate-
temperature peaks. A case in point is the x=0.80
PCTFE specimen with resolved high and intermedi-
ate dielectric peaks, as (omp(n((l with the x=0.73
specimen with a single “mixed” peak. Here the
difference results ultimately from the different meth-
ods used to attain the high crystallinity, the x=0.80
specimen being typically lamellar spherulitic, and
the 0.73 specimen possessing no large crystals.
Entirely apart from suggesting that the high-tem-
perature peak is associated with regular lamellar
structures, these results suggest one reason why
other polymers may in some cases exhibit but one
“mixed” peak in the appropriate temperature range,
rather than two resolved peaks. The present results
on PCTFE show that the quench——=anneal technique
of crystallization leads to a single “mixed’” dielectric
loss process in the polymer. A similar result may
be anticipated in other polymers, if large spherulites
do mot form during the quenching or annealing
process.

The interesting work Thompson and Woods
[20] on nonspherulitic polyethylene terephthallate
(PETP) filaments formed by quenching from the
melt followed by annealing with crystallization
appears to fit in this pattern, since only a single
mechanical loss peak is observed. (Unfortunately
the mechanical loss of highly spherulitic specimens
of PETP crystallized from the melt at low under-
cooling has apparently not been studied. Such
specimens may exhibit resolved high and interme-
diate peaks.) In contrast, polyethylene usually
cerystallizes very rapidly on cooling from the melt,
rendering it (llfh(ull to avoid the formation of
lamellar structures in specimens of ordinary size;
this polymer commonly exhibits clearly resolved
high- and intermediate-temperature loss peaks, as
shown by Takayanagi [46]. However, by the use
of stringent quon(hmw techniques prior to anne: aling,
Takayanagi has succedeed in supressing the hlgh-
temperature peak in a highly crystalline specimen
of polyethylene to the point that only a_single
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(intermediate) peak is found [18]. These two types
of result on polyethylene are highly reminiscent of
our results on PCTFE with specimens 0.80 (spheru-
litic erystallized from melt) and 0.73 (nonspherulitic;
quench—annealled).

(2) The appearance of but a single loss peak in
the high—intermediate region may in some cases
result simply from the fact that very little amorphous
material is present in a highly crystalline specimen,
causing only the high-temperature peak to appear.
This condition was approached but by no means
reached with PCTFE in x=0.80, but was evidently
found by Takayanagi and coworkers in a very
highly crystalline (x=0.90 to 0.94) specimen of
linear polyethylene (Marlex 50) [17]. Less crystal-
line polyethylene specimens clearly exhibit both
peaks.

(3) The relative insensitivity of 7, and related
effects to degree of crystallinity exhibited by PCTFE
may not obtain in other polymers, especially if other
modes of crystallization are employed. For example,
crystallization of highly oriented quenched fibers
might lead to substantially more bundlelike character
than the other methods. In this case, a single loss
peak that shifted markedly with degree of crystal-
linity may be found which corresponded to a true
increase of 7, as measured by the V-7 method.
This may be at least a partial explanation of the
large shifts (circa 40 °C) observed by Thompson and
Woods with extruded filaments of PETP [20].

The dielectric data on PCTFE suggest that caution
must be used in predicting true shifts in 7, when
the intensity and crystal-size factors involved in
“mixing”” are the real causes of the shift of the loss
maximums. The mechanical analog of this effect
could easily arise in some polymers. In any case,
the authors believe checking the actual shift of 7',
by the V-7 method is a useful precaution against
misinterpretation in such cases.

4.2. Dipolar Polarization and Large High-Frequency
Contribution of the Crystals to the Dielectric
Properties

One contribution of the crystals (or more likely
their surfaces) to the dielectric properties has
already been uncovered in PCTEFE—the high-
temperature mechanism. As will be seen shortly,
the actual contribution of this effect to the dielectric
constant is quite small. The principal objective of
this section 1s to show that the crystals contribute
another and generally much more prominent com-
ponent to the static dielectric constant which is
associated with a relaxation time that is extremely
short. It will further be shown that this large high-
frequency crystal contribution is a bulk property of
the crystals.

It can be shown that the effective contribution of
the dipole orientation polarization, (P,)e, to the
static dielectric constant is given with sufficient
accuracy by the expression

V(es—€w)oc{ P 9)

where V is the specific volume, ¢ the ultra-low-
frequency (static) value of ¢, and e, the limiting
high-frequency value of ¢.'> The quantity e,
includes the contribution of electronic and atomic
(infrared) polarization. The quantity (e,—e,) is
the increment of dielectric constant due to all the
observed dipole orientation phenomena.

For the liquid specimen (0.0), ¢ was taken as the
value of ¢ as given in table 6, since at the high
temperatures employed, about 200 to 250 °C, the
relaxation effects occurred at frequencies much
higher than were used in the measurements. The
value of e; for the other specimens was obtained by
extrapolation of the data on a Cole-Cole plot (¢’
versus €') [21] to the abscissa on the low-frequency
side of the curve. Some typical Cole-Cole plots are
shown in figure 20.

In theory, e, can also be determined by extrapola-
tion of the Cole-Cole plot to the abscissa of the
high-frequency side of the curve. In practice
however, this method of obtaining e, could be
applied with high accuracy only at the lowest
temperatures where many points fall close to ..
The values of e, employed at other temperatures
were calculated from the most reliable low-tempera-
ture value obtained from a Cole-Cole plot (e,=2.30,
T=—50 °C, specimen 0.44, shown in fig. 20a) using
the Gladstone-Dale equation [22].*

Rs_p=constant=(n—1)V=_(/e.,—1)V. (10)
In using this equation the assumption is made that
the atomic or electronic polarizability of a molecular
constituent is not seriously affected by whether the
constituent lies in the amorphous or the crystalline
regions. N

The behavior of V' (e,—e.) as a function of tem-
perature for the various specimens is shown in figure
21. One of the most striking features of figure 21

is the fact that V (es—e.) for specimen 0.80 at 200 °C
(x=0.65) 1s 001131dexably higher than the 200 °C
point on the line showing the typical dipolar liquid
behavior of specimen 0.0. This marked increase
in (P, above the liquid value when the crystals
form in the system near 7, strongly suggests that
the crystalline phase makes quite a large contri-
bution to the dipolar polarization. It will be dem-
onstrated shortly that this is correct.

In order to identify at least a major part of this
proposed crystal polarization, recall that in figure 2
the 23 °C loss index data of specimen 0.80 gave a
strong indication of a loss peak at microwave fre-
quencies. The existence of this peak is also borne
out by the data of Hartshorn, Parry, and Rushton
[2]. It is this high-frequency loss process that leads

12 Frohlich has shown on very general grounds that (Pu)eis= (47 N/3) (ﬁ*/fi)
=(es—ew) V/f where f is the slowly varying function (2e,+e€w)/3es [23]. The
quantity . gives the magnitude of the square of the effective dipole moment
resulting from orientation of dipoles, including short range interactions.

13 Carr and Zimm [24] found that eq (10) applies more accurately to the esti-
mation of the square of the index of refraction (e =n?) as a function of density
than the Lorentz-Lorenz, or various other expressions. The results for ew at
other temperatures would have differed but little if the Lorentz-Lorenz expression,

[(nf—l)/(n2+2)]"_fl=RL.L, had been employed.
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Ficure 20.

Typical Cole-Cole plots of the dielectric data.

to the high-frequency contribution in the room-

tempomturo Cole-Cole plot for specimen 0.80. This
contribution is labeled Ae”ysm in figure 20c. (Justi-
fication for this identification is given below.) The

microwave data are those near ¢ —2.35. The mag-
nitude of Ae.ysrar Was calculated from the Cole-Cole
plots for the other specimens at various temperatures
as the difference ¢ —e, (see fiz. 20b). Here ¢ is the
value of ¢ at which a circular arc, which fits the
data for the “low-temperature” or the main loss
peak over the major part of its range, intercepts the
abscissa on the high-frequency side. The value of
e, was determined from eq (10). In all cases except
the room-temperature data of specimen 0.80, where
microwave data revealed the resolved process,
A€erystar manifested itself simply as a “tail” or asym-
metry on the high-frequency side of the main are.
(See data at 100 °C for x=0.44 in fig. 20b).
Aérystar does not include the snmll crystal contribu-
tion of the high-temperature process.

The contribution of Aecrysiar t0 V' (e,—€,,) obtained
in the above manner for the various specimens is
shown in figure 22 over the temperature range
where the determination is considered reliable. The
behavior of VAec,ysm with temperature is in all

cases that typical of a crystalline phase which is
becommo more disordered with increasing temper-
ature, ie., d(V Aeuy_S_m)/dl’ is positive. Further-
more, the value of VAeuysta for any specimen is
dlrectly proportional to the degree of crystallinity to
within the experimental error. The value of
\Aemm, extrapolated to the pure crystal is also
shown in figure 22.

We therefore conclude that the very high-fre-
quency process shown in the 23 °C € versus log f
data of figure 2, and which gives rise to Aecrysiai ON
the Cole-Clole plot% is a bulk crystal property, and
further, that the increase in V (e,—e.) upon crys-
dlll/lllO a specimen from the melt is due chiefly to
the dlpole orientation polarization of the crystals
formed. The contribution VAecrySm may not be
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Ficure 21. The temperature dependence of V(es»—-em)zm,}eﬁ

for the various ap('cimcns.
(Puert is nearly proportional to 3% "(e—€w), Where V is the specific volume in

cmi/g, and (e;—ew) is the increment of (110 ectric constant due to the total
dipolar relaxational polarization.
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V A€orystal versus the temperature.

'I‘hp curves indicate that (VAecmm) is directly proportional to x, and justifies
identifying the corresponding relaxational phenomena as a bulk property of
the crystalline phase.

Ficure 22.

the sole crystal contribution to V (e,—e.), but it
certainly 1s by far the largest one at most
temperatures.

The work of Reynolds and coworkers [1] on the
dielectric properties of low molecular weigcht PCTFE
(mol wt=980) lends support to our finding that the
crystals of PCTFE exhibit strong dipolar orientation
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polarization and that this crystal polarization leads
to a high-frequency “tail” or asymmetry in the data
on a Cole-Cole plot. These authors were able to
observe a relaxation peak in the pure liquid phase
above the crystal melting point of their low molec-
ular weight polymer. On a Cole-Cole plot, these
data gave a regular circular arc with no evidence of
a high-frequency “tail.” Upon cooling the specimen
and allowing crystals to form, the value of the
static dielectric constant rose to surprisingly high
values (e,~8). Furthermore, the dielectric data
taken with the crystals in the system yielded a
Cole-Cole plot with a sizeable “tail” or asymmetry
on the high-frequency side.

From the standpoint of the ¢’ versus 7" plots at
1 ¢/s, the crystal polarization found above does not
lead to a loss peak in the observed temperature
range. Its critical frequency even at 23 °C is
around 10" ¢/s, and this critical frequency almost
certainly does not fall near 1 ¢/s even at —50 °C.
The crystal relaxation peak on an €’ versus 7 plot
at 1 ¢/s would probably appear in the general vicinity
of —100 °C or below, and be quite small because of
the greatly diminished value of Aecrysiar at such low
temperatures (see fig. 22).

The crystal polarization process is somewhat
unusual in two respects. First, the relaxation time
associated with it is extremely short (r~1071 sec at
23 °C), indicative of a low free energy of activation,
and second, the polarization is rather strong, in-
creasing to a value comparable to that of the normal
liquid just below the melting point. Molecular
reorientation of simple polar chain molecules about
the long molecular axis leading to dielectric polari-
zation and loss is a well known phenomenon (25, 26],
but a rotation en bloc of large sections of the polymer
chain of this type is probably not the sole cause of
the high-frequency process in PCTFE. In a rigid
single-axis rotator, only the component of the dipole
moment perpendlcular to the chain axis contributes
to the orientation polarization. The chain of
PCTFE is believed to possess a spiral twist [27]
with a repeat distance of roughly 15 A. Whether
the chain be syndiotactic or isotactic, this structure
necessitates that the resultant dipole moment of a
long section of chain (regarded as being rigid) would
have only a very small component normal to the
chain axis due to vectorial cancellation. The “rigid
rod” model with spiral twist thus does not seem
capable of explaining the high polarization observed,
even if free intermolecular rotation about the long
axis is assumed. Also, such a model would probably
tend to suggest a longer relaxation time than is
found e\perlmentdllv “The latter is especially the

case where chain folds exist at the ends of the chain
elements. (In PCTKFE crystallized at 180 °C the
lamellae are roughly 300 A thick [28].)

One possible explanation of the high polarization
and the short relaxation time is that the electric
field distorts individual sections of the spirally
twisted chain in the ecrystal, causing a local un-
twisting that leads to a large local dlpole moment
which then gives rise to dlpOldI polarization. The
energy and oeometrv of one particular type of local

7

uncoiling of a helical chain is a crystal has been
considered by Reneker [29] in terms of point deflects.
He has concluded in the case of the polyoxymeth-
vlene chain, which has a spiral twist superimposed on
a larger helix, that the local uncoiling of the larger
helix would have a low energy of activation (about
2 keal/mole), since such local uncoiling can be ac-
complished with only a slight disruption of the
surrounding lattice. It is not clear whether this
particular type of uncoiling could occur in PCTFE,
since a detailed knowledge of the structure is lacking.
Nevertheless, some type of local une oiling or un-
twisting of the polymer chain seems the best possi-
bility to explain the magnitude and rapidity of the
dipolar polarization observed for the ecrystalline
phase. The increase in dipolar polarization with
increasing temperature observed in PCTFE is con-
sistent with this suggestion.

If the above proposal is correct, one would expect
that other polymers with spirally twisted molecules
might exhibit a high-frequency crystal relaxation.
For example, crystalline polyoxymethylene may
prove to exhibit a high-frequency crystal relaxation
process similar to that found in PCTFE in the
microwave region.

4.3. The Low-Temperature Relaxation Process

The frequency dependence of the low-temperature
relaxation process in specimens of various crystal-
linities and at various temperatures has been pre-
sented in figures 2, 7, 10, and 12. This loss process
is from a dielectric standpoint the most prominent
in PCTFE, and leads to the large low-temperature
peak when the data are plotted on an €’ versus
temperature plot as shown in figure 16a.

An estimate of the contribution of this low-
temperature process to (P.)s can be established by
dealing with the results obtained from the Cole-Cole

plots such as those in figure 20. If VAec,ym, (fig. 22)

is subtracted from the value of V' (e,—e.) (fig. 21)
for each of the specimens, the curves shown in figure
23a are obtained. These curves represent the sum
of the contributions of the low-, intermediate-, and
high—tenlperature processes to (P,).. 'The dashed
line marked “x=0 extrapolated’” represents an esti-
mate of the behavior of the pure normal amorphous
phase. This is based both upon an extrapolation of
the high-temperature pure liquid points, and the
curve for specimen 0.12 at lower temperatures. The
behavior of the hypothetical pure amorphous phase
of PCTFE depicted by this dashed line features a
maximum between 50 and 100 °C which is readily
apparent even in the 0.44 (56 percent amorphous)
specimen. (It should be recalled that direct meas-
urement of the dielectric properties of a completely
amorphous specimen would be impossible between
about 50 and 200 °C' becaus> rapid crystallization
would ocecur).

If from the Cole-Cole plots one estimates the
magnitude of the contribution of the high- and inter-
mediate-temperature processes to V(e,—e.) and
subtracts this contribution (shown in fig. 23b) from
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the appropriate curves ol figure 23a, then one
obtains the curves shown in figure 23c.

The curves in figure 23¢ represent the contribu-
tion, VAe,r, of the low temperature process in the
various specimens to (P,);. The x=0 dashed line
represents our best estimate of the contribution of
the low-temperature process in the pure normal
amorphous phase to (P,)q. At low temperatures,
tln% line is based on a simple extrapolation of the

=0.12 data. The general appearance of the x=0

/IIIP in figure 23c between —50 and 150 °C leaves

little  doubt that a totally amorphous  specimen  of

PCTFE would exhibit a prominent low-temperature
process effect. The x=0.44, x=0.12, and x=0
(extrapolated) lines clearly indicate that some type
of dielectrically active molecular motions exist in
the amorphous phase of the polymer far below the
ordinary glass transition at 7,=52 °C.

The line indicated as x=1 (extrapolated) in figure
23¢ will be discussed subsequently.

Further evidence can be cited that shows that the
amorphous phase makes a large contribution to the
low-temperature effect. The low-temperature proc-
ess gives rise to the main broad arc of width Ae.,
when the dielectric data are placed on a Cole-Cole
plot, as shown in figure 20. As mentioned carlier,
Reynolds and (’OV\'OI'I\(‘ID [1] obtained similar Cole-
Cole plots of their data on low molecular weight
PCTFE waxes. Their work supports our belief that
the mnmphous phase makes a large contribution to
the low-temperature process. Their Cole-Cole plot
for the pure liquid phase consists of a simple arc.
The arc component persists also in their semicrystal-
line specimens measured at lower temperatures.
Furthermore, their log 7, versus 1/T plot (douvod
from the loss peaks which gives rise to the arc in the
Cole-Cole plot for the semicrystalline specimen)
gives a straight line that passes through the point
obtained from the loss data of the pure llqmd above
the melting point. This demonstrates that the low-
temperature process is controlled chiefly by molecu-
lar motions in the amorphous phase of low molecular
weight PCTFE. The apparent heat of activation
of the relaxation process they observed was 19 keal/
mole, which is quite similar to the value of 17.4 keal/
mole obtained by us for the low-temperature process
as extrapolated to x=0 (see below).™

a. Effect of Crystallization on the Low-Temperature Process.
Anomalous Behavior at High Crystallinity

The principal seat of the low-t temperature process
in moderate or weakly crystalline specimens has
been clearly established above as the amorphous
component. The objective of this section is to indi-
cate the nature of the complications introduced into
the low-temperature effect by high crystallinity.

One manifestation of the effect of crystallinity on
the low-temperature process is a large shift of the

1 Reynolds and coworkers tentatively associated the arc portion of the Cole-
Cole plots to the crystals, but we believe the revised interpretation given above
is the correct one. There is however, agreement on the general fact that the
crystals contribute to the dipolar polarization.
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maximums with x in the = tan 6 (mechanical) and ¢’

(dielectric) versus 7' plots shown in figure 16. The
temperature of the maximum, 7Ty, of the low-tem-
perature process at 1 ¢/sis given in table 9 as a func-
tion of x. It is seen that there is a close correspond-
ence between 7Ty, in the dielectric and mechanical
cases, and that 7, falls as x increases. By a
simple extrapolation, it is readily estimated that
Tmax is —10 °C for x—0 and —45 °C for x—1.
Correspondingly, figure 17 shows that in the tem-
perature interval from 0 to 450 °C the frequency of
the maximum of the low-temperature process, at
constant temperature, increases as x Increases. '’
Mikhailov [3] has observed a similar shift.
15 In figure 17 the small change of slope in the log f», versus 1/7 plot of the low-
temperature process near 50 °C is probably attributable to secondary effects con-
nected with the glass transition. Above 75 °C, however, the maximum lies in

the more inaccurate Q-meter measurement range so that the apparent change
in slope could possibly arise from error in locating f.



LABLE 9. Temperature at the loss maximum of the low-tempera-
ture process observed by dielectric and mechanical methods at 1 ¢/s

Tmax
X
Dielectric Mechanical
0.12 —13+£5°C | .
2 [ | e —18245 °C
CA2EN [ —30+5 °C
.44 —30+5°C | .
. 80 —4145 °C —40+5 °C

The activation energy for the low-temperature
dielectric process shows a slight dependence of x, as
indicated in table 8. The activation energy is
larger for the case Xx—0 (AH*=17.4 kcal/mole) than
for the case x—1 (AH*=13.5 kecal/mole).

Perhaps the most obvious manifestation of the
effect of crystallinity on the low-temperature process
is the excess polarization denoted by the dashed line
marked x=1 (extrapolated) in figure 23(c). The
implication is that the abnormality resides mostly in
the highly crystalline specimens. The fact that
x=1 (extrapolated line) is well above the abscissa
is not a result of an accumulation of experimental
errors. In figure 24, it is readily apparent that the
high-frequency crystal relaxation is widely separated
from the main loss peak at 23 °C. The area under
the main loss peak in figure 24 (as extrapolated to
x=1) leads to the anomalous contribution to VAe,r
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Ficure 24. Comparison of €'’ and ¢’ versus frequency curves
at 23 °C for specimens of different crystallinities.

The large loss peak near 102 ¢/s is due to the low-temperature mechanism. The
contribution near 101 ¢/s is due to the high-frequency crystal mechanism.

at x=1 (extrapolated) shown in figure 23c¢.’® It
follows that the high-frequency crystal relaxation
process is not responsible for the anomalous contri-
bution to the low-temperature process at high x.

It is of importance to indicate that a similar
anomaly does not occur, at least in such pronounced
form, in all semicrystalline polymers. In a similar
analysis of the low-temperature process in polyvinyl
alecohol (PVA), Ishida, Takada, and Takayanagi [30]
found that e;—e, depended linearly on the fraction
of amorphous material between x=0.37 and 0.58,
and extrapolated to zero for x—1. This crystalline
polymer is atactic, and the dipoles in the extended
chain configuration are not spirally arranged about
the carbon chain axis as in PCTFE.

No completely satisfactory explanation of the ori-

gin of the anomalous contribution to VAe,» at high
x in PCTFE has been found. It could be due to a
heretofore hidden contribution of the crystals. If
so, the crystals would have to be highly disordered,

and give a contribution to VAe,, that is nonlinear
with x. Conceivably, the crystal phase involved
may be a bundlelike (non-folded) one, consisting of
shorter chains segregated out as the chain-folded
lamellae form from the longer molecules. Alterna-
tively, the anomalous contribution of VAe,, for x—1
may be an abnormality induced into the amorphous
phase by the presence of a large fraction of lamellar
crystals. The present data are incapable of clearly
indicating which, if any, of these explanations 1s
correct.

None of the interesting peculiarities exhibited by
the highly ecrystalline PCTFE specimens at low
temperatures detract from the concept that the
low-temperature process in its unperturbed form is
basically a property of the amorphous component
of the polymer.

b. Nature of the Molecular Mechanism

The overall heat of activation, AH*, of the low-
temperature process, according to table 8, centers
around 15.6 kecal/mole. For the case x—0, it is
17.4 keal/mole. Furthermore, this value is essen-
tially independent of temperature. Both the low
value of AH* and its insensitivity to temperature
indicate that the responsible molecular motion
corresponds to dipole orientation over a fairly
simple barrier system. It seems clear that only a
relatively small number of chain segments can be
directly involved. A Kkinking or “jump rope”
motion in the amorphous phase involving but a
few chain segments would suffice to explain the
effects noted experimentally. The activation bar-
rier that the dipoles involved must surmount in
order to orient would in this case originate partly
from hindered rotation in the chain itself, and
partly from hindrances due to nearest neighbors.
The large contribution to (P.. by the low-tem-
perature mechanism is consistent with the proposed
type of motion in a molecule with dipoles rigidly
attached at a right angle to the main chain backbone.

16 The mechanical loss data in figure 16 also indicate that extrapolation to x=1
will not remove the low-temperature peak.
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c. The low-Temperature Process and the Glass Transition

The observation that the low-temperature process
in PCTFE is mainly a result of motions in the
amorphous (glassy) phase is especially significant
in view of the fact that it shows that rapid molecular
motions persist far below the usual glass transition
at 7,=>52 °C. This cannot possibly be ascribed to
independently rotatable side groups in the case of
PCTFE. The results obtained here clearly imply
that the purely amorphous phase of a polymer with
dipoles rigidly attached at a right angle to the main
chain backbone exhibit a bimodal set of relaxation
times. The long set “freezes out” at 1 ¢/s above
7, and must involve complex long-range motions
of sizeable parts of the molecules (intermediate-
temperature process). The shorter set freezes out
far below 7, at 1 ¢/s, and corresponds to a simpler
motion involving a much smaller number of chain
segments (low-temperature process). These two
relaxation processes (or loss peaks) themselves are
not properly termed “transitions,” and we have
avoided this usage. However, some type of transi-
tion may underlie one or both of the relaxation
effects.

The intermediate-temperature process foretells
the transition supercooled liquid-—>glassy state at
T,=52 °C. In some respects, the low-temperature
process in a largely amorphous specimen may be
regarded as denoting the onset of a “transition”
within the glassy state. However, it is not known
from the present work whether the “freezing out”
of the low-temperature process would lead to a
break in the V=7" curve similar in general character
to that at 7,=52 °C associated with the intermedi-
ate-temperature process. Extrapolation of the log
fm versus 1/7 plot for specimen 0.12 (fig. 17) to
0.01 ¢/s gives T'=—60 °C. Interestingly, Bacca-
redda and Butta [31] have found a break in their
sound velocity versus temperature data on PCTFE
at —58 °C (as well as at 448 °C) in a 51 percent
crystalline specimen. Such breaks in sound-velocity
data often occur at the same temperature as breaks
in V=7 data or specific heat data.

4.4. Maxwell-Wagner Polarization

Before giving the summary of the interpretation,
it will be shown that none of the relaxation effects
observed were due to Maxwell-Wagner polarization.

Reynolds and coworkers [1] suggested that since
semicrystalline PCTFE consists of a two-phase
system, some of the observed relaxation effects may
have resulted from Maxwell-Wagner polarization.
Nakajima and Saito [6] rejected this mechanism
on the grounds that the observed d-¢ conductivity
of neither phase is large enough to give any effect
in their measurement region. Since the present work
extends the measurements on the two phase system
up to 200 °C, where higher d-c¢ conductivities were
observed, it is necessary to reinspect the problem.

Since the resistivity increases as the specimen is
crystallized, we shall regard the crystals as non-
conducting regions imbedded in a semiconducting

matrix—the amorphous phase. We shall apply the
equations developed by Wagner [32] to describe the
dielectric properties of a composition consisting of a
low concentration of spheres of one material dis-
persed through a matrix of another material.
Wagner’s equation is applied despite the facts that
(a) we have no assurance that the crystals are
spherical and, as is pointed out by Sillars [33], the
crystal shape can alter the results appreciably, (b)
we are extending it to a much higher concentration
of spheres than Wagner visualized. Wagner’s equa-
tion predicts a Debye-type loss peak (after the d-c
conductivity effect is subtracted out). The peak
has a relaxation time 7 and an associated change in
dielectric constant Ae given by

~ Bege’p
=@tq (11)

and )
_3¢(1—q)¢’ 2
Ae="aT (12)

Here ¢ is assumed to be nearly the’same for the two
phases, p is the resistivity of the amorphous matrix
m ohm-em, ¢ is the volume fraction of crystals
(g~x). From the observed!resistivity of the speci-
men, p,, the resistivity of the"matrix, p,"can be com-
puted from the equation [32],"7

2(1—¢q) .
oy (13)

At 200 °C, p, for specimen 0.80 was 7>(10" ohm-cm.
Therefore, p is about 2.5>10% ohm-cm. Sub-
stituting into eqs (11) and (12) we find 7=760 sec
and Ae=0.3. A Debye-type loss peak is therefore
predicted at a frequency of about 2>X10* ¢/s, with a
peak height of 0.15. A relaxation process of this
nature would not detectably affect the data even at
0.1 ¢/s. Therefore, Maxwell-Wagner polarization
is not responsible for the relaxation processes occuring
at higher frequencies or at lower temperatures. In
only one case was an appreciable conductivity effect
noted in a crystalline specimen after the measured
d-c contribution to ¢’ had been subtracted. In the
175 and 200 °C data for specimen 0.80 shown in
figure 6, a large upswing is seen in €'’ at the lowest
frequencies. This was identified as being principally
a conductivity effect and was not taken as indicating
a true relaxation mechanism. In any event, this
conductivity does not lead, through the Maxwell-
Wagner effect, to the loss peaks at higher frequencies
shown in figure 6.

If the erystals are assumed to be ellipsoids with a
high axial ratio (corresponding electrically to indi-
vidual lamellae) the proposed Maxwell-Wagner
effect would occur at a frequency still lower than that
caleulated using the spherical approximation.

Equation (11) shows that 7 is proportional to p,
the resistivity of the amorphous matrix. In this
connection, it is of interest to note that the resis-
tivity of a specimen decreases considerably while the

17 The applicability of the equation p.=p(2+¢)/(2-2¢) to the present situation
was roughly checked. Crystallizing a specimen of PCTFE at 200 °C to a degree
of erystallinity near 0.57 resulted in an increase in the re vity to 2.7 times the
valueof theliquid (p:=(2.7)p). Equation (13) with ¢=0.57, predicts ps=(2.99)p,
which is in reasonable agreement with the experimental observation.
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pecimen is maintained near or above 200 °C. If
hermal degradation (or indeed any other mech-
anism) reduces the resistivity sufficiently, the pre-
dicted Maxwell-Wagner peak will move sufficiently
far into the measurable frequency spectrum to com-
bine with or mask the true relaxation peaks. This
did not occur in the present study.

S
t

4.5. Summary of Interpretation

In the main, the high-, intermediate-, and low-
temperature processes uncovered in PCTFE are
consistent with an emerging pattern of the dielectric
and mechanical behavior of semicrystalline polymers
-whose chains possess no independently rotatable side
groups. A summary giving the important results
concerning these mechanisms is given in table 10.

It is useful at this point to mention the nomen-
clature used by certain other authors in dealing with
the specific mechanisms and phases involved in these
three effects. Takayanagi calls the resolved high-
temperature process in polyethylene, polyoxymeth-
vlene, and isotactic polypropylene “@.”, and
attributes it to the effect of chain-folded lamellar
structures [17, 18] as we have shown in the case of
PCTFE. The resolved intermediate temperature
process in the same polymers is denoted “a,” by
Takayanagi, and attributed to relaxations in the amor-
phous phase, as shown here for PCTFE. The
present work on PCTFE establishes a clear relation
between the relaxation effects associated with the
intermediate-temperature process and the V— 7 glass
transition at 7,=52 °C. The low-temperature
process is called the “g” process in comparable
polymers by Takayanagi. The present work shows
that it is principally a result of the amorphous phase
in PCTFE. On no account should the low-tem-
perature process in the amorphous phase of the type
of polymers mentioned above, which have no in-
dependently rotatable side groups, be confused with
the relaxation effect that occurs in the amorphous
phase of polymers that possess independently
rotatable side groups, such as poly(methyl metha-
crylate). This latter effect is also often called
“B” [34, 35], but is to be distinguished from the
“B” process in polvmers without rotatable side
groups.

The present work on PCTFE provides insight into
the circumstances that allow the intermediate and
high temperature processes to appear as two re-
solved peaks on the one hand, and as one “mixed”
peak on the other. Two resolved dielectric loss
peaks appear in specimens of high x crystallized
from the melt that contain well-formed lamellar
spherulites; a single “mixed” dielectric peak appears
in an equally crystalline specimen crystallized with-
out large well-formed spherulites prepared by the
quench—anneal technique. Another interesting
point clearly brought out by the work on PCTFE is
that increasing the degree of crystallinity does not
actually lead to a large true increase of 7', as meas-
ured by the V—7 method or by mechanical loss
measurements. The apparent increase of 7, implied
by the dielectric data is a result of mixing and in-

TaBrLe 10.  Summary of results of analysis of dipolar relaxation
and polarization effects in semicrystalline PCTFE

T'max for 1 ¢/s

loss peak on

e’ versus 7'
plot

Phase Remarks

involved

Process

+150 °C | Appears in resolved form only

in highly crystalline spheru-

| crystalline | litic specimens. AH*~~80

| kecal/mole. Probably in-

| volves lamellar surfaces or
interlamellar interactions.

High-

Chain-folded
temperature |

lamellar

| Relaxation eflfect associated
with onset of normal glass
transition at 7T,=52 °C.
AH* follows WLI relation
with 7,=52 °C. Mecha-

t nism involves complex mo-

|

|

Normal
amorphous

Intermediate- —+95 °C

temperature

tionsof many chain segments
in amorphous regions.
| Relaxation effect in
| phous phase associated with
‘ short-range reorientation of
a few chain segments over
‘ fairly simple barrier system
|
|
|
|

Normal
amorphous

—10 °C
(extrapolated |
to x=0) |

LO\\'—‘(‘IH]){‘I“J- amor-
ture (normal

component) ]

(kinking or “jump rope”
AH*=17.4
Leads to most
peak ob-

type motions).
kecal/mole.
prominent loss
served.

|

Low-tem- |
perature
(abnormal
component)

Abnormal ‘ Appears most prominently in
amorphous | highly crystalline speci-
or disordered | mens, mixes with normal
crystal | component, AH*=13.5

‘J kcal/mole. A high degree

|

|

—45°C |
(extrapolated |
to x=1)

of orientational disorder is

| indicated.
Bulk property of crystals.
at 1 ¢/sin Relaxation time very short
temperature | (7~10-11 sec at 23 °C).
range Mechanism may involve
studied. untwisting of spiral chain
May appear structure. Polarization in-
below | creases with temperature,
—50 °C ‘ becomes comparable to
| liquid polarization near 7.
| AH* unknown, hut prob-

ably small.

High-
frequency
crystal
polarization

| Not observed | Crystalline

tensity factors. 'There is no reason to suppose that
a phase clearly indentifiable as basically amorphous
does mot exist in semicrystalline specimens of
PCTFE even at high x.

The fact that dielectrically active relaxation effects
are observed both above and below the nominal
glass transition temperature in the amorphous phase
mplies that a flexible right-angle dipole polymer
liquid (with no independently rotatable side groups)
can possess a bimodal distribution of relaxation
times. The longer time set ‘“freezes out,” near or
above 7, depending upon the frequency, and con-
sists of complex modes of relaxation mvolving a
large number of polymer segments. The shorter
time set involves more simple and localized motions
which persist at temperatures far below 7,=52 °C
in the case of PCTFE.*

An interesting and unusual feature of the present
work on PCTFE is the proof of the existence and
description of a large bulk crystal polarization effect
associated with a very fast dipolar reorientaticn
process. The loss process is so rapid that the
corresponding maximum on an €'’ versus log f plot
is not quite reached even at 8.6 kMe/s at 23 °C.

18 If the side group constituting the right-angle dipole rigidly attached to the
main chain backbone is large, the simple localized motion leading to the low-
temperature process may be subdued or moved to higher temperatures. In
such a case, the low-temperature process and the intermediate-temperature
process might merge and become indistinguishable. However, this did not
occur in PCTFE or the other semicrystalline polymers mentioned above.
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This process may appear in other semicrystalline
polymers in the microwave region. No large loss
peak on an €’ versus 7" plot at a fixed frequency due
to this process was uncovered.

Maxwell-Wagner polarization 1is incapable of
causing any of the loss peaks discussed.

5. Appendix. Micrometer Specimen Holder,
Measurement Techniques, and Accuracy
of Results for 0.01 c/s to 10 Mc/s

5.1. Introduction

During the course of our investigation of the
dielectric properties of PCTFE and other poly-
meric materials, a number of problems relating to
apparatus and measurement techniques were en-
countered and solved. Doubtless many of these
problems were noted and adequately dealt with in
various ways by other investigators, but the fact
remains that such uselul details are rarely published.
The object of appendixes 5, 6, and 7 is to give an
account of the experimental details in a form that
will provide maximum usefulness to workers dealing
with other systems, and which at the same time de: s
specifically with the measurements on the PCTFE
specimens used n this research.

In this appendix, the following items are covered:

(a) The construction of the micrometer specimen
holder used to make dielectric measurements on
rigid disk specimens between 0.01 ¢/s to 10 Me/s,
and at temperatures ranging from —40 to 4500 °C.
(Descriptions of the two bridges and the (-meter
used with this specimen holder are given in appendix
6.)

(b) Methods used to compute ¢ and e” for rigid
disk specimens, such as PCTFE 0.80, 0.73, and 0. 44,
in the micrometer specimen holder.

(¢) Analysis of accuracy of results on rigid disk
speclmens.

(d) Addition of a guard ring to the specimen
holder, and the use of this device to measure ¢ and ¢’
for deformable materials such as the liquid specimen
of PCTFKE, 0.0. Also given are details of the experi-
mental procedure, methods of calculation of results,
and an analysis of the accuracy.

(e) Modifications of technique used to obtain e
and ¢’ for thin films (such as PCTFE 0.12) with the
mimometel holder. Included here is a special analy-
sis of the effect of surface irregularities in the film,
and the effect of surface electrodes.

4

5.2. Micrometer Specimen Holder
a. Design Requirements

Most of the electrical measurements were made
using a two-terminal sample holder which had been
designed for use at temperatures from about —40
to 500 °C.* The substitution method was em-
ploved. The holder was designed so that it would
have the following features: (a) Low differential
thermal expansion so that there 1s a minimum of
warping in the holder, and so that the spacing be-

19 The design and construction of this holder was performed as a part of the

research project on high-temperature-resistant polymers sponsored by the Ord-
nance Corps, Department of the Army.

tween the electrodes can be readily measured at all
temperatures. (b) Low dielectric loss in the holder
at all temperatures. (¢) A means of controlling and
accurately measuring the spacing between the elec-
trodes. (d) A means of reproducibly connecting and
disconnecting the holder from the two-terminal meas-
uring circuit. (e) Series resistance and inductance
should be sufficiently low that the holder may be
reliably operated up to 10 Me/s. A slicht modifi-
cation described later by which the holder may be
operated in a three-terminal manner makes it possible
to extend the frequency at the lower end to 0.01 ¢/s
using a three-terminal low-frequency bridge [5].
b. Description of Holder

The holder was designed according to the princi-

ples given by Hartshorn [36], w]n(h eliminate the

edge capacitance from the determination of capaci-
tance, and which i1s a modification of the holder

described by Baker [37]. The design is such that
the electrodes can be placed in a furnace with con-
trols for separating the electrodes and measuring
the spacing between them outside the heated space.
A view of this holder is given in figure 25. A
schematic diagram of the holder is given in figure 26.

The upper electrode, C, is attached to a movable
frame consisting of three metal rods, a ceramic disk
at the top, and two brass plates, all clamped together
to form a rigid framework. This framework moves
only in a vertical direction guided by six guide
wheels, O, which can also be adjusted to center the
two electrodes. The wheels are attached to a fixed
framework of rods and clamping plates. This fixed
framework is rigidly attached to the supporting
transite plate, F, and supports the silver base plate,
E. The vertical position of the movable frame and
electrode is controlled by the thumb nut, K. The
position of the movable frame and electrode with
respect to the fixed framework is measured by a
micrometer screw, L. A pulley and counterweight
system has been installed (not shown) which reduces
the compressive force which the movable upper
electrode and framework apply to the specimen when
resting on it.

The movable electrode is electrically connected by
a silver wire to the silver base plate, E, and thus to
the stainless steel tube which forms the grounded
terminal of the holder. For three-terminal opera-
tion with the low-frequency bridge this wire is
disconnected from the movable electrode. Electrical
contact between the electrode and the appropriate
terminal of the low-frequency bridge [5] is established
by plunging a brass rod tipped with a phosphor-
bronze spring contactor downward through the oven
into the hole in the upper electrode ordinarily con-
taining a thermocouple. Electrical insulation be-
tween the upper movable electrode and ground is
provided by the ceramic disk supporting the elec-
trode. For operation at temperatures above 150
°C it was found desirable to place thin mica washers
between all metal to ceramiec contacts in order to
increase the resistance to ground from the movable
electrode.

The lower electrode,
that is held concentric with the thin-walled

D, is mounted on a rod, M,
tube
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which is welded to the silver base plate, E. The
rod is axially centered and insulated by two Teflon
disks 2 (see P, fig. 27). Vertical support is provided
through three small fused silica rods, U, which pass
through the upper Teflon disk. The rod and tube
serve as terminals for the holder, and connection is
made to the measuring instruments by means of
rigid concentric leads, J. The silver cover, B, is

20" Polytetrafluoroethylene, a product of E. I. DuPont de Nemours Co.,
Inc.

Ficure 25.

Photograph of the specimen holder with the_oven,
A, and the silver cover, B, raised.

A =Cylindrical oven

B=Silver cover of holder case
C=Movable electrode
D =Fixed, insulated electrode

E =Silver base of holder case
F=Transite support and base for oven
G =Clamping plate for movable frame
H=Clamping plate for fixed frame
witch

J=Coaxial leads
K =Nut for supporting movable frame

lowered over the electrodes to form a complete
electrostatic shield. Its high thermal conductivity
helps to maintain uniform temperature in the holder.

Low differential expansion was obtained by con-
structing from the same material all members ex-
posed to heat whose expansion contributes to verti-
cal motion of the electrodes. Thus, the vertical
rods, electrodes, and thin-walled tube are made from
stainless steel. Stainless steel has a relatively low
thermal conductivity, which is a desirable feature in

=~

F1aUre 26. Schematic of the specimen holder (not drawn to
scale) .

L=Micrometer screw
M =Support rod for insulated electrode
N =Thin-walled tubing

O=Guide wheel

P =Teflon support washers

Q=Rod of movable frame

R=Flexible silver wire

S=Small tube to permit insertion of thermocouple
T =Heater coils

U=Fused silica rods

V=Disk specimen in measuring position
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those parts of the holder which extend outside the
electrode area. The differential expansion was de-
termined by noting the micrometer reading at each
temperature with the electrodes together. These
ralues were used as corrections to the micrometer
“zero”” at the appropriate temperature. A further
correction was made to compensate for the expansion
of the segment of support rod which enters the
heated area when the electrodes are separated.

Expansion of the movable framework perpendic-
ular to the axis of the electrodes was nearly elimi-
nated by making the top plate of the movable
framework from Stupalith?®' ceramic, which had a
very low coefficient of thermal expansion. The
other horizontal plates of the movable framework
are outside the heated space. As a result, the
warping of the holder is negligible.

Spring washers were placed on the underside of
the Stupalith disk so that it was firmly pressed
against the upper nut of each of the vertical rods,
1'0011'(11(\5@ of the difference in expansion between the
rods and the Stupalith. The shoulder of the upper
electrode which was pressed against the Stupalith
disk, was made large in order to seat the movable
electrode firmly to the disk.

Low dielectric loss in the holder was achieved by
using Teflon disks to insulate the high-potential
electrode, and locating the disks outside of the oven.
Because of thermal conduction in the tube and the
rod, M, the upper insulating disk becomes heated
to a temperature approaching 200 °C when the
oven is at 500 °C. The electrical properties of
Teflon remain sufficiently constant up to this tem-
perature so that the heating of the Teflon disk had
no effect on the operation of the holder. At 1 ke/s,
over the entire temperature range, this holder has a
loss tangent lower than the two-terminal variable
air capacitor in the Schering bridge.

For operation above room temperature, heat is
supplied by the oven, A, and the auxiliary heater,
T. The auxiliary heater T is wound on a ceramic
tube about 2 in. in diameter. A thermocouple
attached to the silver base plate, E, is the sensing
element to control the current in the auxiliary
heater T. After some experimentation, the correct
settings of the control temperature and of the
currents in the two heaters can be determined such
that thermal gradients anywhere in the specimen do
not exceed 0.3 °C at any temperature up to 500 °C.

The temperature of the specimen is measured by
a thermocouple located at the bottom of a hole
drilled down the center of the upper electrode to
within 1 mm of the lower surface. The thermo-
couple is inserted through the top of the oven, A,
into this hole. The porcelain tube containing the
thermocouple can be seen in figure 25 extending out
of the hole.

A refrigerated head (not shown) replaces the oven,
A, for operation down to about —40 °C. (By pack-
ing dry ice around the silver can, B, lower tempera-
tures can be achieved, but the temperature control
problem is then somewhat troublesome.) Tempera-

21 Stupalith 2417, a product of Stupakoff Ceramic Manufacturing Co.

tures between —40 and 0 °C are attained by supply -
ing heat through a disk-shaped heater element (not
shown) which rests on top of the silver can, B. A
control thermocouple is also located in B near this
heater. A flow of dried nitrogen gas is maintained
in the holder to prevent the condensation of moisture
at low temperatures, and to inhibit oxidation at all
temperatures.

To assure accurate capacitance measurements
using the substitution technique, a switch, I, was
placed in the coaxial line. This switch consists of
a spring contact, attached to the lower end of the
rod, M. The spring switch is so constructed that its
movable end is normally in contact with a grounded
adjustable screw, projecting from the tubular shield.
The switch is opemtul bv a thumb screw having a
Teflon tip which pushes the spmw into contact with
the center lead. The “open’ and “closed’ positions
of the spring are fixed and highly reproducible thus
assuring negligible error in the capacitance determi-
nation.

Though it was unnecessary in the present investi-
gation, the stainless steel electrodes were electro-
plated to prevent their oxidation when operating in
air near 500 °C.  (Such oxidation would introduce a
resistance in series with the specimen.) Gold
plated over nickel appeared to be excellent, but with
continued use at the high temperatures, the gold
color slowly disappes ared. The surface remained
sufficiently conducting, however, so that no ap-
preciable errors were introduced.

The opposing surfaces of the electrodes were lapped
optically flat to within a few wavelengths of light
before they were plated. After being plated they
were again lapped to remove the unevenness of the
plating. After assembly, the surfaces of the elec-
trodes were made parallel by adjusting the nuts
above and below the Stupalith disk.

Modification of this holder to incorporate a guard
ring is discussed in appendix 5.3a.

c. Preparation of Disk Spec1mens for Measurement

Specimen stock was carefully selected to be free of
foreign matter and voids. After determination of
the radius » and thickness ¢ of the disk specimens,
they were carefully wiped, and cleaned if necessary.
Care was taken to use no materials in cleaning which
sorbed into the specimens. (In the case of PCTFE,
warm water with detergent was found entirely
satisfactory.) After rinsing and thoroughly drying,
evaporated gold electrodes were applied wn vacuo.
Enough gold was applied (sometimes in several
stages) to give an edge-to-edge resistance of less than
0.2 ohm as measured with point contacts. This
assured that resistance effects due to the gold coat-
ings would not affect the loss measurements even up
to 10 Me/s. Such evaporated gold electrodes ad-
hered well to the specimens. The specimens were
always flat enough so that very numerous contacts
between the electrodes and the gold specimen coating
were assured when the specimen was in the holder.

The position of the disk specimen, V, in the
micrometer holder is shown in figure 26. The speci-

men radius is kept less than the electrode radius by
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an amount 2¢, so that the edge capacitance will be

unaffected by the presence of the specimen, and to

assure that the specimen is in the uniform field

region.

d. Method of Computing the Dielectric Constant and Loss Index
(Disk Specimens)

In all measurements of the dielectric constant of
PCTFE specimens 0.80, 0.44, and 0.73 using this
holder, the following method was used to calculate
¢ from the capacitance measurement. (The proce-
dures used for specimen 0.12 and 0.0 are given in
appendixes 5.4 and 5.3 respectively).

First, the capacitance of the empty holder, Cy, is
measured as a function of electrode separation, .
For two-terminal measurements using the General
Radio 716—C bridge or the Boonton ¢-meter, the ca-
pacitance Cy includes all capacitance beyond the
coaxial switch. In this case, Cy consists of the sum of
Oy, (fixed lead capacitance), €, (direct capacitance
between the electrodes, eexAy/ty),? and (', (inter-
electrode “‘edge” capacitance). For three-terminal
measurements using the low-frequency apparatus Cy
1s the sum of C, and C, only.

If C, represents the equivalent parallel capacitance
of the specimen then the dielectric constant ¢’ of the
material can be computed from the ratio C,/C,
where (U, is the vacuum capacitance of the specimen,
A/t (see eq (3)). Assuming O, and C, to be
unchanged by the presence of the specimen, the
capacitance measured with the specimen in the holder,
C,, may be expressed as the sum of C,+Cy—C,,
where C4is e,€/yA/ly, the capacitance across that area,
A, of the electrodes now occupied by the specimen,
but previously occupied by dry nitrogen. (With the
electrodes of the holder in contact with the specimen,
the electrode separation {5 will in general be slightly
larger than the specimen thickness ¢.) The expres-
sion for ¢ may be written:

e/:gg:Cr_OH_}—n*:(Yf_(jH té\' (Y +_

C, C, C, ty
(A—l)

The ratio t/ty is always sligchtly less than unity.
For specimens about 0.2 ¢cm thlck t/tz may be about
0.99. This departure from unity is due to slight sur-
face irregularities resulting from warping or uneven-
ness, and the thickness of the conductive coating
apphed to the specimen.

Equation (A-1) is applicable to measurements
made at all temperatures provided the variation of
Oy (at constant ty) with temperature is known. It
has been determined that Cy varies with temperature
in such a way that the variation can be ascribed to
the calculable change in electrode area.

The loss index is determined for the measured
parallel resistance, £, of the specimen from the
equation

’ZS

’r__ 1 )
Wk,

22 A flow of dry nitrogen gas is malntqmed in the specimen holder so that the
relative dielectric constant of nitrogen, e\, appears in the expression for Cl,.

2 The error introduced in eq (A-1) by setting €y equal to unity is only 0.02%
for the specimens considered, for which ¢’~2.5 and #/tp=~1. We shall therefore set
ey equal to unity in the following discussions.

(A-2)

e. Accuracy of Measurements of ¢ for PCTFE Disk Specimens
0.80, 0.44, and 0.73

The following discussion is given in order to deter-
mine how accurately ¢ may be measured using the
micrometer holder and techniques described above.
(From eq (A-2) we see that the accuracy of ¢’ will
be determined primarily by the accuracy with which
R, can be measured. This depends primarily upon
the measuring instrument. The ability of the meas-
uring instruments to measure R, is discussed in
append1\ 6, and estimates of the accuracy of ¢
given there)

The accuracy with which ¢ may be determined
depends upon a number of factors, as can be seen
from eq (A-1). We shall now rewrite eq (A-1) i
terms of the independent varlable% involved and
compute &¢, the error in &, from the equation

2= (A-3)

where the z; are the independent variables and éz;
is the uncertainty in x,.

Note that the accuracy of Cy (the capacitance of
the empty holder at separation t;) depends upon two
factors—the accuracy with which the measuring
device can measure capacitance, and the ability to
reproducibly set the separation of the electrodes to
ty with the specimen removed. These two effects
may be approximately separated by writing Cy as

CH 604‘1[1

+(C+C.). (A-4)

Any error in t; will be reflected in the term e, Ag/ty
where A, is the area of the holder’ s electrodes, while
the error of the capacitance measuring device may be
thought of as affecting the term ((”L—I—(e), which is
essentially independent of .

Equatlon (A-1) may now be rewritten in the form:

G COVIRE L
€ A2 1y A2

+ (A-5)

The independently measured \Anables are, V, the
volume of the specimen; A, the area of the specimen;

ty, and (C,—Cp,—0C,).

Since
be’ E’
oV 7 ey
o 1V ]
DA AltgA” "]
o1
oC,—C,—C,)
and

g;; (\%H_l) b
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eq (A-3) becomes:

iV <o r_t)28d_ 3(C—C—C,)
fee "+ =€ fH (/ (V,.
A1)t (4
fll fll

where d is the diameter of the specimen.
Since V' was determined by the buoyancy tech-
nique, it is given by

I‘ Y i !

P (water)

IIY(\water)

Ve
We may write

6‘7 6IIv(alr)+511 (water)

" ‘ P (water)

6P(water).

(A-8)

P(water)

The balance employed is accurate to 0.0001 g, and
the density of water may et wsily be obtained to an
accuracy of 0.00002 g/em?, therefore sW 1, =W aren
=0.0001 g and 6p(warery=0.00002 g/cm?®.  Since piyater
~1 g/cm?® we have,

>) 3
fs“f 0 000‘,‘—'—'1 +0.00002.

Although d could be measured to 0.0001 c¢m by the
traveling microscope employed, in general the speci-
mens were not perfectly eylindrical. The diameter
of specimens 0.80, 0.44, and 0.73 varied from point
to point by as much as 0.001 em from their respective
average values. Accordingly, dd 1s 0.001 cm.

ty can be measured using a micrometer to an accu-
racy of at least 0.0002 c¢m, so that 6t i1s 0.0002 cm.

We can now evaluate the accuracy of measure-
ments of € performed on the specimens whose dimen-
sions are given in table Specimens 0.80A and
0.44A are quite similar in physical dimensions so
that rough average values may be assigned for the
quantities necessary to compute d¢’ from eq (A-7)
for these two specimens. The assigned values are:
ci—oN—1y— 0 2kcn A 4T 58c 2 N =6 38pL R d—4*3
cm, V=29 cm? and for our 2-in.-diam electrodes
Az=20 em?  Using these values, eq (A-7) gives

6((1—(*[,* (Y(').

de’ =0.00291+ 0

(A-9)

The term 6(C,—Cp—(,) depends upon the accuracy
of the capac 11:111(‘0 measurement. In the case of the
low-frequency bridge and the Schering bridge
(described later) this is about (0.05%+0.002pf).
d¢’ then becomes

0.011+40.002

d¢’=0.00291 + 63 —==0.0050.

This uncertainty in the value of € (0.16 percent) is
the maximum error of ¢. The probable error is of
course smaller, since some of the factors may tend to
cancel one other.

If the @-meter is employed, the error in the
apacitance measurement may be as high as 0.08 pf.
For specimens 0.80A and 0.44 A this gives

de’=0.002914-0.0127220.016,

corresponding to a maximum error of 0.5 percent in
e/. The @Q-meter is of course less accurate than the
bridges employed at lower frequencies.

The error ivolved in measurements of ¢ on
specimens 0.80B, 0.44B, and 0.73 may be similarly
alculated.  These specimens have quite similar
physical dimensions. Assuming that ¢ =3, t=t,=
02FcmA'="5tcma N ) —2'28p i ¥ di=2 5 Nem s/ —"Ncim?)
and A;=20 cm? we have from eq (A-7),

3(Co— O —C)

o —02007665 === 0

(A-10)

If the low-frequency bridge or Schering bridee is
employed we have:

0.0066-+0.002

be’=0.00766+——3 - ———=0.0116.
If the ¢-meter is used,
o’ =0.044.

From the above considerations it is apparent that
the data obtained from specimens 0.S0A and 0.44A
are more accurate than the data from specimens
0.80B, 0.44B, and 0.73. In this regard we shall now
indicate the frequency range over which dielectric
measurements were made upon the various individual
specimens.  Measurements on specimens 0.80A and
0.44A were made using the Schering bridge and the
(-meter covering the [requency interval from 50 ¢/s
to 10 Me¢/s.  These specimens were then cut down
in diameter to form 0.80B and 0.44B, which were
measured using the re-entrant cavity and the low-
frequency bridge (0.01 to 200 ¢/s). The values of
¢’ obtained using the low-frequency bridge on these
specimens have a possible error of about 0.4 percent,
as compared to an error of 0.16 percent in the data
taken on specimens 0.80A and 0.44A with the Scher-
ing bridge. Occasional discrepancies between the
two sets of ¢ data were then remedied by shifting the
low-frequency data by a constant amount to match
that from the Schering bridge in the region of over-
lap (50 to 200 c¢/s). Since both sets of data are
internally consistent to much better than 0.1 percent,
then the error in the resulting ¢’ values for specimens
0.80 and specimens 0.44 is about 0.16 percent in the
frequency interval from 0.1 ¢/s to 100 ke/s.  From
100 ke/s to 10 Me/s the uncertainty may be as high
as 0.5 percent.”*
mmparison of the ¢ values obtained by the two-terminal method
for disk specimens described here, and three-terminal measurements on specimens
of similar size, has been made in our laboratory on a number of materials with
moderate to low dielectric constants. Several of these had properties resembling
PCTFE. These results, carried out from 100 ¢/s to 100 ke/s, clearly show that
the two- and three-terminal methods give € values that generally agree to within
2 parts in 1,000, the error being random. It is clear from this and similar studies

at lower frequencies [5] that the results on the disk specimens of PCTFE are free
from fringing effects.
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At all temperatures the ¢ data obtained on speci-
mens 0.80A and 0.80B under the same experimental
conditions agreed to within 0.01. The data taken
on specimens 0.44A and 0.44B, while showing equally
good agreement at temperatures below 50 °C; de-
viated by as much as 0.027, or about 1 percent at
118 °C. 1t is possible that these more amorphous
specimens may have become distorted at these
elevated temperatures due to the slight compressive
force of the electrodes. In any event, average values
are given in this temperature region so that the error
mavy be as high as about 0.5 percent.

The accuracy of measurements of ¢ for specimen
0.73 has been previously discussed. In this case
occasional mismatches in ¢ values obtained on the
low-frequency bridge and on the Schering bridge
were remedied by shifting both sets of data to their
average value in the region of overlapping frequency.
The maximum shift in € required to match the data
at any temperature was 0.004 or about 0.1 percent.
The maximum uncertainty was previously calculated
as about 0.4 percent in the frequency interval from
0.1 ¢/s to 100 ke/s and about 1.5 percent from 100
ke/s to 10 Mc/s.

Measurements of the liquid specimen are discussed
in appendix 5.3, while a detailed consideration of
the accuracy of thin film measurements is given
in appendix 5.4.

5.3. Measurements on Pure Liquid (Specimen 0.0).
Three-Terminal Modification of Micrometer Holder

Above its melting temperature (224+1 °C, [7])
PCTFE is a very viscous liquid. Although gross
deformation of the specimen did not take place in
dielectric measurements up to 250 °C, there was
sufficient change of the specimen’s area due to
deformation to cause some doubt as to the accuracy
of the results obtained wusing the technique of
measurement outlined in appendix 5.2. To remove
this uncertainty in the area, the specimen holder
was equipped with a guard ring. With this arrange-
ment three-terminal measurements were made upon
a specimen of PCTFE (specimen 0.0) whose di-
ameter was greater than that of the inside diameter
of the guard ring. Changes in the specimen’s area
became unimportant since the area involved in
computing ), was then the equivalent area of the
guarded electrode [38].

a. Holder Modifications, Guard Ring

The following is a briel description of the modi-
fication of the specimen holder, previously discussed
in section 5.1b.

A stainless steel guard ring was attached to the
movable electrode by four 0.125-in.-diam sapphire
rods which pass horizontally through the guard
ring and into the guarded electrode at 90° intervals.
The sapphire rods were fitted tightly into carefully
machined holes and held the guard ring in place
with good rigidity.

The gap width between the guarded and guard
electrodes was 0.0499 cm. The guard ring was
grounded through a silver wire.

The diameter of the fixed unguarded electrode
was increased to match the outside diameter of the
guard ring (6.46 cm) by attaching a stainless steel
circular plate to the smaller fixed electrode. This
plate was machined so that a large shoulder extends
down over the edge of the smaller electrode, serving
to center the plate accurately on the smaller elec-
trode. The plate and smaller electrode are tightly
held together by three screws which pass horizontally
through tapped holes in the shoulder and bear
against a groove on the side of the smaller electrode.

All metal parts are made of stainless steel and
have been gold plated.

In order to increase the electrical resistance be-
tween the movable guarded electrode and the ceramic
plate which supports it, fused silica washers and
spacers have been installed between all areas of con-
tact.

This guarded electrode arrangement has been
used only up to 250 °C. There is no apparent reason,
however, why it could not be employed up to 500 °C.

b. Experimental Procedures

The specimen employed (specimen 0.0) was a disk
about 54 cm in diameter and 0.2 cm thick. No
surface electrodes were applied, since after heating to
250 °C the specimen and electrodes made good ad-
hesive contact.

The dielectric measurements were first made near
250 °C, then near 220 °C, then near 200 °C. Meas-
urements at 200 °C, where the specimen is in the
supercooled liquid state, must be made as rapidly as
possible since crystallization will become noticeable
after about an hour [7]. Furthermore, since deg-
radation takes place after prolonged exposure to
temperatures above the melting point, these meas-
urements were performed as rapidly as possible and
in a nitrogen atmosphere.

The imminence of crystallization at one thermal
extreme and the possibility of degradation at the
other, made it unwise to take the time to cover more
than a limited portion of the frequency spectrum.
Three-terminal measurements were made only be-
tween 20 and 200 c¢/s.

Knowing the capacitance, (', as a function of the
electrode separation, ¢,, from experiment, the dielec-
tric constant can be computed from the measured
capacitance, C,, by the equation

,_ C

ZCTH' (A—l 1 )

€

c. Accuracy

The error involved in the determination of ¢ is
given by

' S0 _
b’ = 60t ¢ 80, (A-12)
The quantity 8C, consists of two “parts: (a) the

bridge uncertainty 4+ (0.059%-0.002 pf) and (b)
the error due to our uncertainty in the value of ¢,
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(0.0002 em). Therefore

5 Cy—0.002 pi-+0.0005 Oyt Oy M”- (A-13)

Since (,=8.4 pf and #,=0.22 em this becomes

6Cy=(0.0024-0.004+0.0076) pf=0.0136 pf
(A-14)

Substituting this into eq (A-12), with (’,~22 pf, and
6C,= £ (0.05%-+0.002 pf) gives

o€’

——O 0006-0.0016=0.0022. (A-15)

Therefore the calculated percentage error is 0.22
percent.

This apparent accuracy will be achieved however,
only under ideal conditions, in particular only if the
specimen and the electrodes make perfect contact.
Inspection of the surface of the specimen after re-
moval from the holder ** showed no signs of bubbles
or irregularities, indicating that the contact with
the electrodes was good. To be safe, however, the
uncertainty in the values of ¢ given in table 6 is
stated as +0.5 percent.

5.4. Thin Film Measurements (Specimen 0.12)

Tt is difficult to determine the dielectric properties
of thin films with high accuracy. The most accurate
results appear to be obtained by using the liquid dis-
placement technique. This involves computing the
dielectric properties of the specimen from the change
in capacitance and resistance which results when the
film 1s placed between the plates of a test cell con-
taining a nonsolvent liquid whose dielectric properties
are known. A complete description of this method is
given elsewhere [39]. For the present application
such a procedure was not adopted since it would
have substantially prolonged the experimental phase
of this investigation. The measurements of thin
films reported here were made using the specimen
holder with the guard ring attached as described in
sec. 5.2. Three-terminal measurements were made
up to 200 ¢/s using the low-frequency bridge modified
to measure higher values of capacitance and conduct-
ance. Two-terminal measurements were made
between 50 ¢/s and 200 ke/s after shorting the guarded
electrode to ground.

The specimen was cut from a quenched thin film to
have a diameter greater than that of the holder’s
guarded electrode. A guarded specimen electrode
(slightly smaller than that of the holder’s), a guard
ring, and an unguarded electrode were applied to the
specimen with silver conducting paint. Evaporated
gold was not used because it was feared that the
specimen might be excessively heated at its surface
and thus crystallize locally. (The series resistance

2 It was necessary to dip the electrode assembly into liquid N3 in order to
remove the specimen from between the electrodes. This severe thermal shock
did no apparent damage to either the specimen or the electrodes. The sapphire
rods holding the guard ring in place were removed prior to this thermal shock,

of the conducting paint led to no perceptible anoma-
lous behavior in the measured loss up to 200 ke/s.)
The specimen’s average thickness, =0.01464 cm,
was determined using the buoyancy technique
(sec. 2.3) before applying the surface electrodes.

a. Three-Terminal Measurements on Films

The basic equation used to compute the dielectric
constant from the three-terminal measurements is:

=C./C,, (A-16)

where O, is the measured three-terminal capacitance
of the holder with the specimen between the elec-
trodes and O, is the vacuum capacitance computed
using the specimen’s average thickness and the area
of the holder’s electrodes. This equation, however,
neglects several factors which require closer inspecton
when thin films are considered.

Surface Irreqularities. Surface irregularities or
roughness may become an important consideration
where thin films are concerned since there it leads to
a proportionally greater percentage variation in the
thickness of the specimen. The effect of such
irregularities is treated below in an approximate
manner.

Let the plane surface area of a disk-shaped speci-
men be divided by a grid coordinate system into n
small areas, each with area AA. Assuming that the
field in the dielectric is everywhere perpendicular to
the plane of the faces, then the total parallel capaci-
tance of the system, (”,,,, becomes:

L1l

Cl)rnZEIEOAA ; t_ (A_17)

Here ¢, 1s the separation between the faces at the 7th
segment of area.

The average thickness,

t, determined by the
bouyancy method is

1.7
t=—2 1 (A-18)
N =1
Since {; may be written as
=t (t,—1)=t [14—"4%?], (A-19)

then if 1/{; is expanded in a binomial series, (,,
becomes:

e € eOnAA <1+ F I:(t —t

t—t

(A-20)

Dropping cubed and higher order terms and letting
nAA=A we have %

oo [(2)]

26 Calculation of the effects of surface irregularities with eq (A-21) will lead to
a lower limit to the actual capacitance. It will be sufficiently accurate provided
the surface is reasonably smooth, possessing very few sharp discontinuities, and
also provided the undulations of the surface have ‘“wavelengths’” considerably
greater than the specimen’s thickness.

(A-21)
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Here (7, is the parallel capacitance of the specimen
calculated using the average thickness and ¢ is the
standard deviation from the average thickness

defined as:
n 1/2

> (t—t)?
S| . (A-22)

0—

Dividing eq (A-21) by ), gives

2
e[
t

where e, is the apparent or measured dielectric
constant and ¢ is the true value. This result shows
that surface irregularities will always give rise to an
apparent increase in the dielectric constant. The
extent of the increase is governed by the square of
the ratio (¢/t) and will therefore be more significant
the thinner the specimen.

A convenient method of roughly evaluating o is
through micrometer measurements. Assuming that
N micrometer readings are taken over the surface of
the specimen, then the standard deviation, o,, of
these readings, t,, from the true mean, ¢, is

(A-23)

N 1/2
Z (tm_,’>2
g,=— E}T‘ (A*24)

Since in most cases, o, will be slightly greater than
o, use of o, in place of ¢ will set an upper limit for
the effect of surface irregularities. This method is
equally applicable to specimens whose surfaces are
shghtly tilted.

For specimen 0.12, on the basis of some forty
micrometer readings, ¢, was found to be 0.00107 cm,
so that (o,/t)? is 0.0053. Therefore, to correct for
the effect of surface irregularities, the measured
value of ¢ was reduced by about 0.5 percent.

Effects of specimen electrodes. 1t is obvious that
for very thin specimens the thickness of the guarded
surface electrode painted on the specimen may be-
come important. If this electrode is sufficiently
thick, a slight fringing field will be set up at its edge,
tending to increase the capacitance.

Since the surface electrodes were about 0.0048 c¢m
thick, and the specimen’s thickness was only 0.01464
cm, a calculation of the possible magnitude of this
effect was made.

Adopting an equation of W. R. Smythe [40] to
describe the situation at hand, it was found that the
capacitance increase due to the edge of the painted
electrode was only about 0.07 percent of the total
capacitance.

A far more important effect than this is produced
by the fact that the area of the painted guarded
electrode was smaller by about 7.4 percent than the
area of the guarded electrode of the specimen holder.
This leaves an air gap between the specimen and the
holder’s electrode in the uncoated region. The effect
of this air gap is to reduce the measured capacitance,
or equivalently, to lower the calculated value of €.

A calculation showed that the measured value of
¢’ should be increased on the average 3.5 percent to
compensate for this uncoated area. This correction
is slightly dependent on ¢ and this dependence was
included in the calculated correction.

Summary. Surface irregularities can be corrected
for by reducing e,, by 0.5 percent. The effects of the
air film near the edge of the guarded electrode may
be corrected for by increasing e,, by 3.5 percent. The
small fringing capacitance from the edge of the
painted guarded electrode may be compensated for
by decreasing e, by about 0.1 percent. Therefore,
summing these, the true value of ¢ is attained by
increasing e, by about 2.9 percent. The values of
dielectric constant for specimen 0.12 reported in
table 5 include these corrections. The accuracy of
the reported values of € is estimated to be about 1
percent.

b. Two-Terminal Measurements of Films

As indicated earlier, two-terminal measurements
on specimen 0.12 were made up to 200 ke/s by short-
ing the guarded electrode to ground. Corrections
were applied to the two-terminal measurements to
compensate for the same factors which influenced
the three-terminal measurements discussed above.
The corrections to ¢ (about 79,) were larger, how-
ever, due to the air film near the specimen’s edge.
After correction, the two-terminal and three-terminal
measurements in the region of overlapping fre-
quencies agreed to within 1 percent. The two-
terminal data, which contained larger corrections,
were than shifted to match the presumably more
accurate three-terminal data.

c. Corrections to €'’

By methods similar to those discussed in section
5.4a, the effects of the factors mentioned upon meas-
urements of ¢’ were calculated and corrected. The
net correction to the three-terminal measurements
of ¢/ was about a 4.5 percent increase. Two-terminal
measurements required corrections near 14 percent.
The accuracy of the values in ¢’ given in table 5 is
about +3 percent.

6. Appendix. Impedance-Measuring
Devices Covering 0.01 ¢/s to 10 Mc/s for
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