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To investigate further the effect of the crystal phase on amorphous-phase relaxation, samples of 6—6,
5-7, and 6-10 polyesters have been oriented by extrusion in the solid-state through a tapered die and
the dielectric constant and loss measured both parallel and perpendicular to the extrusion direction.
The data have been analysed quantitatively in terms of the Cole—Cole phenomenological equation and
relaxation times, width parameters and relaxation strengths determined. For the S (glass—rubber
relaxation) the relaxation times are shifted 2—-3 orders of magnitude to longer times and the relaxation is
broadened slightly compared to the unoriented polymers. There also tends to be reduction of overall
parallel and perpendicular relaxation strength for the § process on orientation. The y processes show little
effect of orientation on relaxation time and width and do not show reduction of overall relaxation
strength. These observations are consistent with crystal displacement further restricting amorphous-
phase longer-range segmental motion (f process) but having little effect on the locallized motions
associated with the y process. Both the y and g processes show anisotropy in relaxation strength. The
anisotropy is analysed with a newly developed theory to separate inherent phase anisotropy from
apparent anisotropy due to composite or form effects. The average angle made by the lamellar surface
normal to the extrusion direction enters as a parameter in the theory. Measurements of relaxed specimen
g, and ¢, values for both the y and f processes serve to determine both f, the amorphous-phase
orientation function and the average tilt angle for the specimens here. This is possible because for the y
process relaxation strength is small and specimen anisotropy is dominated by inherent phase anisotropy
but for the y+ B processes larger relaxation strength leads to specimen anisotropy being strongly
influenced by crystal-amorphous phase composite effects. Values of f, are in the range of 0.056-0.20 for
specimens with £, in the range 0.5-0.9. Indicated lamelliar tilt angles are in the range of 24°-80°.
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relaxation spectrum
INTRODUCTION

In the previous two papers of the series! -2, the effect of the
presence of the crystalline phase on relaxation processes
in the amorphous phase in semicrystalline polymers was
studied. Variation of crystallinity, effected over wide limits
via copolymerization, was the principal variable assessed.
In the present work, the effect of orienting the crystal
phase on the relaxations in the amorphous phase are
studied as a means of examining the interaction between
the phases. In Parts 2 and 3 it was shown that the
confinement (folds, loops, tie chains, and restriction of
amorphous chain configurations by crystal surfaces) of
the amorphous phase by the crystals has a marked effect
on relaxation width, broadening the relaxation greatly.
Dielectrically it was shown that equilibrium restriction of
amorphous chain configurations was manifest in the
relaxation strength also. Mechanically it was found that
the amorphous fraction has an extremely high relaxed
rubbery modulus compared to the unconfined amor-
phous phase. The displacement of crystal surfaces that
accompanies sample orientation during plastic defor-
mation can in principle provide another means for
manipulating the dynamic and configurational behaviour
of the amorphous fraction (see Figure 1). If there were
weak coupling between the phases, orientation of the
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crystal phase carried out well above the glass temperature
of the amorphous phase would be expected to have
relatively little effect on the relaxation of the latter.
However, in the presence of tight coupling and extensive
connections between the two, crystal displacement could
result in increased immobilization of the amorphous
fraction. The latter could be manifested in the displace-
ment of the relaxation to longer times, further broadening
of the spectrum and a reduction in relaxation strength.
In the work reported here specimens oriented via solid-
state extrusion are studied and the dielectric relaxation
measured parallel and perpendicular to the extrusion
direction are compared with that in unoriented samples.
Another possible effect of specimen orientation, of
course, is the development of orientation in the
amorphous phase that would manifest itself as anisotropy
in the dielectric constant of this phase. In fact, as the
relaxations can be assigned morphologically (amorphous
versus crystalline) measurement of relaxation anisotropy
provides in principle a direct probe into phase anisotropy.
The dipole direction in the polyesters is largely normal to
the chain axis in the extended planar zig-zag
conformation. Hence, if the crystal orientation is
accompanied by amorphous chain orientation (favouring
extended conformations in the extrusion direction), then a
reduction in the dielectric strength associated with amor-

POLYMER, 1984, Vol 25, March 347



Relaxation processes in crystalline polymers: 4. R. H. Boyd and A. A. Hasan

Figure 1 Schematic representation of (a) free amorphous chain
relaxation, (b) amorphous chain relaxation confined by crystals,

(c) amorphous chain relaxation further restrained due to crystal

displacement

phous phase relaxation measured in the parallel direction
and an enhancement in the perpendicular one would be
expected. These remarks are appropriate when the effects
of intramolecular dipole correlation are negligible. As a
monitor of this consideration, therefore, both 66 and 5-7
polyesters (poly(hexamethylene adipate) and poly-
(pentamethylene pimelate) respectively) have been in-
cluded. In the former the extended conformation tends
towards an alternating dipole direction normal to the
chain and a reduction in intromolecular dipole cor-
relation factor, whereas the 5-7 tends toward a uniform
dipole direction and enhanced intramolecular dipole
correlation factor. The detection of anisotropy in the
amorphous phase dielectric constant is complicated by
crystal-amorphous phase composite effects and it is
necessary that these are properly considered. Here, a new
theoretical treatment of these effects is used in analysing
the data.

EXPERIMENTAL

The general methods used previously®~® were followed.
An improved 3-terminal guarded parallel-plate cell of
0.5 in (12.7 mm) active electrode diameter was used.
Samples were extruded in the solid-state through a
tapered die* and to a 2 x diameter reduction. Extrusions
of 2—1, 1—-0.5 and 0.5~+0.25 in. could be undertaken. In
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a number of cases multiple extrusions with succeedingly
smaller reductions were made. Two thin samples were cut
from each final extruded rod. One had the thin direction
(transverse cut) such that the electric field in the dielectric
measurement was parallel to the extrusion direction and
the other (longitudinal cut) such that the field was
perpendicular, For the transverse cut specimen the rod
section was first encapsulated in a Teflon cylinder by force
fitting the rod in a predrilled hole in the cylinder. The
surrounding teflon was left in place after cutting. For the
0.5 in. (12.7 mm) final diameter rods the teflon occupied
only the guard ring space. However, for the 0.25 in. (6.35
mm) diameter, the sample occupied only approximately
1/4 of the active electrode area and correction for the
Teflon contrbution was made. This, however, seriously
degrades the accuracy of the parallel measurements for
the 0.25 in. (6.35 mm) rods. This is especially true for ab-
solute values of dielectric constant and less so for com-
parison loss factor peak heights, etc. The 0.5 in. (12.7 mm)
longitudinal cut specimens were not encapsulated.
However,for 0.25 in (6.35 mm) samples encapsulation was
used. The specimen, after the first of the two cuts, was
glued (quick-dry epoxy) to a brass backing plate, then the
second cut was made. The plate was left in place during
measurement. The Teflon occupied part of the active
electrode space but the sample-filled fraction was much
higher than for the transverse cut parallel measurements
on the 0.25 in. (6.35 mm) rod and the accuracy is not
seriously degraded. Conductive silver paint was coated on
the surfaces of the specimen before measurement and the
samples dried in a vacuum oven. Further details
concerning the experimental technique may be found in
ref. 6. As considerable importance will be attached to
comparison of the parallel and perpendicular measure-
ments, results of measurements made with the cell and
sample cutting procedure but carried out as a test on an
unoriented molded rod are shown in Figure 2 and 3.

The degree of crystal orientation of each sample
was determined by X-ray diffraction (flat camera
pictures, pin-hole collimation, CuKa radiation). The
intensity of a prominent (hko) reflection ((210) for 66
polyester, (110) for 5-7 polyester and (110) for 6-10
polyester) was measured as a function of azimuth angle,
0. The average orientation of the crystallographic C-
axis with respect to the extrusion direction, 6, was
computed®’ from:

{cos? 6,y =1—2{cos? b,,> (1
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Figure 2 Dielectric constant versus temperature (1 kHz) of (x) a
parallel and (A) perpendicuiar measurement of unoriented
moulded rod of 6-6 polyester
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Then a Hermans orientation function®:
f.=%3(cos? 6.>—1) 2

was calculated.

The extrusion schedules and crystal onentation
functions of each specimen studied are summarized in
Table 1. The crystallinities of the samples were charac-
terized via density (KBr/water density gradient column)
and dsc. The parameters used for crystallinity
calculations are from Part 1°: the crystallinity values
determined are summarized in Table 2.

Attempts were made to determine via small-angle X-
ray scattering the orientation of the crystal surfaces with
respect to the extrusion direction. However, using pin-
hole collimation, long path-length, small-angle camera
under conditions that produced four-point streaks in
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Figure 3 Dielectric loss for same samples as Figure 2

Table 1 Solid-state extrusions and degree of orientation

Diameter Extrusion Extrusion Degree of
Extrusion reduction temperature rate orienta-
designation  {in) e {emmin—1} tion (f¢)
6-6 E1 1-05 23 0.15 058
6-6 E3 1-05 15 0.09 0.70
6-6 E4 1-05-025 23 0.27 0.90
5-7 E1 2—1 18 0.18 0.49
5-7 E2 1-05 15 0.08 0.63
5-7 E3 2—->1-05 15 0.1 0.73
6-10 E1 1-05 22 0.17 0.70

Table 2 Crystallinity characterization of studied samples

polyethylene, no observable pattern could be obtained in
long-exposure photographs with the polyesters.

RESULTS AND DATA FITTING

Only typical results for the many specimens studied are
shown. In Figures 4 and 5 the dielectric constant and loss
factor, respectively. of unoriented 66 polyester are shown
as isochronal plots versus temperature (although the data
was taken in isothermal mode). In Figures 6 and 7 the
dielectric constant and loss of 6—6 polyester oriented to
£.=0.70 and measured in the perpendicular (to the
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Figure 4 Dielectric constant versus temperature of unoriented 66
polyester (X, 10 Hz; A, 100 Hz; O, 1 kHz; +, 10 kHz;
., 100 kHz)
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Figure 5 Dielectric loss versus temperature for sample in
Figure 4

Density Crystallinity based Heat of fusion Crystallinity Melting point
Sample (g cm—3) on density (Jg—1) based on AH °c)
6-6 Unoriented 1.160 0.52 78.3 0.52 60
6-6 fc =0.58 1.163 0.52 78.7 0.52 58
6-6 fo = 0.60 1.151 0.44 80.0 0.63 61
6-6 fc = 0.70 1.158 0.50 81.2 0.54 61
6-6 fo = 0.90 1.162 0.53 829 0.55 61
5-7 Unoriented 1.149 048 72.4 0.48 51
5-7 fc =0.49 1.151 0.50 86.2 0.57 49
5-7 fo = 0.63 1.155 0.54 78.3 052 49
5-7f.=0.73 1.151 0.50 85.8 057 49
6-10 Unoriented 1.099 0.56 745 0.56 72
6-10 f. =0.70 1.101 0.57 76.6 057 Al
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Figure 6 Dielectric constant versus temperature of oriented 6—6
polyester (f,=0.70), perpendicular direction. Same frequencies as
Figure 4
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Figure 7 Dielectric loss foe same sample as Figure 6
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Figure 8 Dielectric constant versus temperature of oriented 6—6
polyester (f,=0.70), parallel direction. Same frequencies as Figure
4

extrusion) direction are shown. In Figures 8 and 9 the
results for the same sample measured in the parallel
direction are shown. In Figures 10 and 1] comparison
plots at 1 kHz of dielectric constant and loss, respectively,
are shown for the unoriented specimen and the
perpendicular and parallel measurements on the f,=0.70
sample. In Figures 12 and 13 data for unoriented 5-7
polyester are shown and data for unoriented 6-10
polyester is shown in Figures 14 and 15.

To facilitate further interpretation, as in Part 2, pheno-
menological relaxation parameters characterizing the
results have been determined. Although it could have been
necessary to use the full Havriliak—Negami'® equation, it
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was established that the results required only symmetrical
broadening so that the Cole-Cole!! function could be
used and the relaxation was fitted to:

e* =gy +(ey—ep)y/[1 +(iwr, )al]
+(ey—er)o/[ 1 +(iwr, )] 3
where U, R refer to unrelaxed and relaxed values,
respectively, w to angular frequency, t to central
relaxation time, a to the broadening parameterand 1,2 to

the y and § processes, respectively. The same forms for the
temperature dependence of the parameters as in Part 2
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Figure 9 Dielectric loss for same sample as Figure 8
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Figure 10 Dielectric constant of unoriented ([J) 6-6 polyester
compared with oriented (£,=0.70) perpendicular (+) and parallel
(A) samples at 1 kHz
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were involved (equations (2a-¢) of Part 2). The same
fitting procedure was used’*°. One slight change, however,
was made. It was noticed that slightly better fits could be
obtained if the broadness parameter, a, for the y process
was allowed to increase more rapidly above T, (where the
low frequency side of the y process overlaps the § process)
than below it. Hence, two linear segments of differing
slope but coincident at T=200 K were used to represent
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Figure 12 Dielectric constant versus temperature of unoriented
5-7 polyester. x, 10; O, 100; A, 1000; +, 10000; *, 100000 Hz
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Figure 13 Dielectric loss versus temperature of unoriented 5-7
polyester. Same frequencies as Figure 12

Table 3 Cole—Cole phenomenological parameters for the y process?

the temperature dependence of & for the y process.
Considerable more conductance related, Maxwell-Wag-
ner loss was found at high temperatures above the
process for the 5-7 polyesters than in the 66 or 6-10
polyesters (cf- Figures 12,13 with 4,5 or 14, 15). This led to
lower accuracy in the gz values for the f process for the 5-7
polyesters. All of the resulting parameters are listed in
Tables 3 and 4. An illustrative fit is shown in Figures 16
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Figure 14 Dielectric constant versus temperature of unoriented
6—10 polyester. Same frequencies as Figure 12
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Figure 15 Dielectric loss versus temperature of unoriented 610
polyester. Same frequencies as Figure 12

e €R @, T<200 K @, T>200 K log r

Sample ey Su R Sk ag o ap o A -B
6-6 Unoriented 2.75 0.0000  3.10 0.0020 0.303  0.0026 0.373  0.0039 2103 1653
667, =058 | 2.70 0.0000  3.01 0.0016 0272  0.0025 0.340  0.0027 2444 1854
667, =058 1 2.72 0.0000  3.09 0.0023 0.278  0.0029 0.357  0.0063 217 16.92
667.=070 | 2.69 0.0001 298 0.0023 0.264  0.0019 0.317  0.0035 1966  15.88
667, =070 1 267 0.0000  3.03 0.0030 0256  0.0013 0.290  0.0049 1952 1591
667, =090 (b (2.60)  (—0.0001) (2.87) (0.0015)

66f,=090 1 2.60 -0.0001 298 0.0015 0.292  0.0036 0.3%0  0.0036 2000  16.43
5-7 Unoriented 2.63 0.0000 302 0.0016 0.2905  0.0031 0.379  0.0031 2467  18.74
57f.=049 | 2.74 0.0000  3.10 0.0021 0278  0.0021 0.334  0.0063 2229 1738
5-7/.=049 1 274 0.0000  3.14 0.0027 0.279  0.0023 0.342  0.0042 2225 1747
5-7f.=063 | 2.70 0.0002 305 0.0026 0.265  0.0022 0.323  0.0068 2240  17.23
5-7fc=063 | 283 0.0000  3.29 0.0040 0289  0.0023 0.352  0.0058 2061 16.16
57f.=073 | 272 —0.0001  3.12 0.0018 0.266  0.0027 0.339  0.0057 2274 1751
57f,=073 1 2.74 -0.0004  3.21 0.0029 0.264  0.0021 0.321  0.0053 2344 1785
6-10 Unoriented 2.67 —0.0001 285 0.0020 0.302  0.0020 0.355  0.0059 1870 1559
610, =0.70 | 2.65 0.0000 294 0.0025 0.280  0.0016 0322  0.0047 2112 16.60
6107, =070 1 2.68 0.0001  3.04 0.0031 0.303  0.0086 0.347  0.0086 1778 14.94

0

4 Parameters for equation (3) of text; €ur eg are the unrelaxed and relaxed dielectric constants at 173 K, S, Sy their temperature coefficients;
ag is width parameter at 173 K, ' its temperature coefficient (additional set for ag at 200 K for T> 200 K is also given);log 7 = A /T + B

b See text for discussion
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Table 4 Cole—Cole phenomenological parameters for the g process?

€y €p E log 7

Sample e Sy R Sr o o A -8B T (K)
6-6 Unoriented 3.20 000198 390 00000 0.170 0.0000 1614.0 2248 150
667, =058 | 3.09 0.0016 3.51 —0.0003  0.130 0.0006 12670 20.67 170
667, =068 1 3.21 0.0023 3.70 —0.0003  0.140 0.0011 639.2 1492 190
667.=070 3.09 0.0023 351 —0.0009  0.135 0.0009 2491.0 26.73 140
667.=070 1 3.18 0.0030 3.65 —0.0002  0.180 0.0002 715.1 14.40 180
667, =090 b (295) {0.0015)  (3.38) 0.0004

66f,=090 1 3.05 0.0015 3.60 0.0004 0.119 0.0017 7298 13.83 180
5-7 Unoriented 3.10 0.0016 4,00 0.0000  0.167 0.0008 512.7 1458 180
57f. =049 | 3.20 0.0020 3.96 —0.0002  0.149 0.0005 586.5 14.48 180
57f,=049 3.28 0.0027 423 00017  0.135 0.0006 650.6 13.15 180
57f,=063 | 3.18 0.0027 3.80 —0.0002  0.126 0.0005 7949 16.26 180
577, =063 1L 349 0.0040 434 0.0011  0.150 0.0000 645.1 14.20 180
57f,=073 | 3.21 0.0018 381 0.0000 0.144 0.0002 591.7 13.00 180
57f,=073 L 3.35 0.0028 430 00000  0.142 0.0005 2303.0 26.16 140
6-10 Unoriented 3.04 0.0020 350 -0.0003  0.146 0.0004 11250 19.23 160
6107, =070 | 3.06 0.0025 348 —0.0013  0.092 0.0009 47480 36.85 100
6107, =070 | 3.19 0.0031 3.69 —0.0008  0.136 0.0005 594.6 13.90 180

@ Parameters for equation (3) of text; eJ, e are the unrelaxed and relaxed dielectric constants at 223 K, S, Sg their temperature
coefficients, ag is width parameter at 223 K, o its temperature coefficient;log 7= A/(T —T_) + 8

b see text for discussion
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Figure 16 Fitting of data with Cole—Cole phenomenological
equations. Dielectric constant of perpendicular 6~6 polyester

(f.=0.70). Points are experimental, curves are calculated from
equation (3) of text and parameters of Tables 3 and 4
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Figure 17 Fitting of data with Cole—Cole phenomenological
equations. Dielectric loss of perpendicular 6—6 polyester
(f.=0.70). Points are experimental, curves are calculated from
equation (3) of text and parameters of Tables 3 and 4

and /7. The results for the 6-6 polyester with f,=0.90
were obtained on a specimen of 0.25 in. (6.35 mm) dia-
meter and, as was explained previously the parallel
measurement is not of as high accuracy, especially with
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Figure 718 Dielectric constant of unoriented 6—6 polyester ((J)
compared with oriented (f,=0.90) perpendicular (A) and parallel
(x) samples at 1 kHz

respect to absolute values of dielectric constants, as the
other measurements. Comparison plots of dielectric
constants and loss for the perpendicular and parallel
measurements for this specimen are shown in Figures 18
and 19. For the parallel measurement, the relaxation
strength of the y process, g — &y, was taken to be 0.72 (the
ratio of parallel and perpendicular eflax values in Figure
19) times that of the perpendicular measurement and g
was taken to be the same. As the width parameters, &, are
very similar in the two directions for other specimens
(Table 3) for the y process this should be a very good
approximation. For the B process the analogous
procedure has been followed but it is not as certain as
there is a tendency (Table 4) for the 6-6 and 6-10
polyesters to have lower « values in the parallel direction
than in the perpendicular.

DISCUSSION

Dynamics

First the effect of crystal orientation on the location
(central relaxation time 1) and shape (width parameter &)
of the amorphous phase # and y relaxations is examined.
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Figure 19 Dielectric loss of unoriented 66 polyester ((J)
compared with oriented (f,=0.90) perpendicular (A) and paraliel
(x) samples at 1 kHz
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Figure 20 Log of Cole—Cole relaxation time, z, for the § process
versus 1/T for unoriented (O) 6—6 polyester and parallel (1)
and perpendicular (A) 6—6 polyester, £,=0.70. The points are
from isothermal fitting procedure and curves are calculated from
parameters of Table 3

In contrast to the copolymer studies (in Part 2) where the
effect of changing crystallinity on 7 is obscured by changes
in the chemical composition, here the effect of crystal
orientation on t is readily observed. Discussing the glass—
rubber f relaxation first, Figure 20 is a plot of log t versus
1/T for the 66 polyester oriented to f,=0.70 (same
specimen as shown in Figures 4-9). It is evident that the
relaxation time is shifted to larger values for both the |
and || directions in the oriented specimen (approximately
2-3 orders of magnitude). This result is typical of all of the
samples. There is a good correlation between the degree of
crystal orientation (f.) and the relaxation time shift in the

|| direction for all of the specimens. This is not the case for
the L direction where the amount of shift with orientation
is more erratic. The width parameter for the same
specimens are plotted in Figure 21. It is evident that there

is not a marked effect of crystal orientation on the §
process relaxation width. However, the parallel direction
does have a lower & value and Table 4 indicates a general
tendency for the a values for both directions to be lower in
the extruded samples than in the unoriented.

Turning to the y process, Figure 22 for the same
specimens (6—6 polyester, f,=0.70) shows that the
relaxation times are very similar in both the unoriented
and extruded samples. In general for the specimens in
Table 3 there is very little effect of crystal orientation on the
y process relaxation times. In Figure 21 it is evident that for
this specimen the width parameter a for the y process is
not very sensitive to extrusion. Table 3 shows that, in
general, the y process width has a slight but discernable
trend toward broadening an orientation of the samples.
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Figure 21 Cole—Cole width parameter « for y process unoriented
6—6 polyester (O), and parallel (0) and perpendicular {A) 6-6
polyester; filled symbols are for § process

O}
-20}+
(=
o
(o]
3 -40}
-60}
- | | | 1
80 5.0 6.0 70 8.0
I000/ 7T (K™

Figure 22 Log of Cole—Cole relaxation time, 1, for the y process
versus 1/T for unoriented 6—6 polyester (O) and parallel ([1)
and perpendicular (A) 6—6 polyester, f,=0.70
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Figure 23 Relaxation strengths for y and y+ § processes in
unoriented (QO) 66 polyester and paraliel ([1) and perpendicular
(A) 6-6 polyester, /,.=0.70

It is now possible to summarize the effect of crystal
orientation on the y and B process dynamics. For the f
process the process shifts significantly (but not dramatic-
ally, i.e. 2-3 orders of magnitude in t) to longer times
with crystal orientation. This is accompanied by some
broadening. In contrast, the y process is relatively insensi-
tive to the orientation process. These observations are
consistent with the § process as a glass—rubber relaxation
involving long-range segmental motions sensitive to
connections to and immobilization by the crystals and the
y process in contrast involving more locallized motions
that are insensitive to the crystal connections.

Relxation strength and anisotropy

Part of the aim of this work was to establish the extent
to which crystal orientation affects availability of
amorphous chain configurations and to what extent
orientation of the amorphous fraction is indicated by the
relaxation processes. In Figure 23 the relaxed and
unrelaxed dielectric constants versus T are plotted for the
y and y+p processes for 6-6 polyester, f=0.70.
Inspection of this plot as well as the data directly (Figure
10, 11) shows two features. First there is indeed noticeable
apparent or specimen anisotropy. The parallel
measurements have a lower relaxation strength (and also
edlax. as & values are similar) than the perpendicular ones
for both the y and § processes. This effect is confirmed for
all the specimens (Tables 3 and 4). The second observation
is that the specimens (Figure 23) tend to show reduction in
the B relaxation strength in both the perpendicular and
parallel directions compared to the unoriented specimen.
The reduction seems less pronounced in the 57 polyester.
However, because the 5-7 samples show more Maxwell-
Wagner conductance effects the relaxed y+ 8 dielectric
constants (especially in the L direction) are not as
accurately quantified as in the 6-6 polyesters. In the y
process there appears to be little effect of orientation in
increasing or decreasing relaxation strength beyond the
development of specimen anisotropy (Figure 23). The
reduction in relaxation strength on specimen orientation
for the B process is consistent with the notion that crystal
displacement results in further restriction on amorphous-
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phase, long-range segmental motion. The insensitivity of
the y process relaxation strength to crystal orientation
again is indicative of short-range or localized motions.
Turning now to the question of anisotropy induced in
the amorphous phase by crystal orientation it is necessary
to clarify the distinction between sample anisotropy and
phase anisotropy and the following illustration is helpful.
In a semi-crystalline specimen of lamellar structure that is
completely oriented with the lamellar surfaces normal to
the extrusion direction, the dielectric constant in the
perpendicular direction (1) to the extrusion direction is:

e =(1—x)e;, +xe, 4)

and in the parallel direction it is:
ey =(1-x)/e, +x/e, )

where 1 and 2 refer to the amorphous and crystalline
phases, respectively, and x is the volume fraction
crystallinity. As there is no relaxation process in the
crystals they are non-polar and to a good approximation
isotropic (e;, =¢,,=¢;). Even if the amorphous phase is
isotropic (¢, , =¢,, =¢,), & will be less than ¢, and there
will be apparent or specimen anisotropy. This effect is the
same phenomenon as ‘form’ birefrigence in optical
measurements. The greater the difference in ¢, and ¢, the
greater the apparent anisotropy in ¢, and ¢,. These
equations are valid only for a completely oriented
material of the type described. Recently, it has been
shown'? that relatively tight bounds to ¢, and ¢, in an
incompletely oriented specimen of lamellar structure can
be found. If the individual phases are anisotropic, this
treatment requires generalization and this has been
carried out in a separate development!3. The resulting
equations as applied here (summarized in the Appendix)
permit the determination of the amorphous-phase
dielectric constant parallel (¢, ) and perpendicular (¢, ) to
the extrusion direction from measured specimen values
€, &, the degree of crystallinity, the crystal phase
dielectric constant and the average lamellar surface
orientation. If the lamellar surfaces are normal to the
crystallographic c-axes then the experimentally measured
c-axis orientation function, f;, would serve to characterize
the orientation of the surfaces. However, it is likely that in
more highly oriented specimens the lamellar surface
normals are tilted with respect to the c-axes and extrusion
direction. Thus, another parameter, the average lamellar
surface tilt angle is required. In extremely highly oriented
specimens it is probably not appropriate to describe the
morphology as lamellar but rather as more fibrillar in
nature. However, even here the lamellar description by
adopting an extreme angle of surface tilt, one that is closer
to 90° than 0°, should provide a useful approximation. As
the lamellar surface orientation could not be measured
successfully using small-angle X-ray scattering, the
average tilt angle remains an independent parameter.
However, the experimental values of ¢, and ¢ can be used
to determine the amorphous-phase values ¢, and ¢, as
well as the average tilt angle; because there are two sets of
parallel and perpendicular relaxation strengths available,
one for the y process and one for the § process. To show
this, a convenient measure of amorphous-phase
anisotropy is used.

fi=2[30¢, /2A¢, +Ag; ) ~1] ©)
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Figure 24 Derived amorphous-phase orientation function, £, for
6-6 polyester, f,=0.70, versus possible average angle of lamellar
normals to extrusion direction. Curve labelled y is calculated from
y process || and L relaxation strengths, curve labelled y+ £ from ||
and 1 y+ B relaxation strengths

where Ae, =g —¢;, Ag, =¢,—¢, and g is the
unrelaxed amorphous-phase dielectric constant, assumed
to be isotropic. In a dilute dipole system where direct
dipole-dipole correlations vanish, f, is an Herman’s
orientation function for chain direction when the dipole
direction is normal to the chain.'*'” In the work on
unoriented polyesters (Part 2) there was no evidence of an
intramolecular dipole correlation and at the low degrees
of amorphous-phase anisotropy found here it is
reasonable to suppose that £, is a true orientation function
for chain direction. As stated previously, values of ¢, and
¢;, may be calculated from the specimen values of ¢ and
g, (relaxed values in Tables 3 and 4) as a function of
average tilt angle. Values of ¢, were derived from the ¢y
values of Table 3 by the same Clausius—Mosotti density
correction method described in Part 2. Values of f, for the
y process as a function of possible values of the average
lamellar surface tilt angle are shown for the 6-6 polyester
specimen with f,=0.70 in Figure 24. It is apparent that for
the y process f, is relatively insensitive in the tilt angle.
This is because the relaxation strength is small for the y
process and the crystal and amorphous-phase dielectric
constants are not very different. Thus, the ‘composite’ or
‘from effects’ are relatively minimal. The specimen
anisotropy is mostly directly due to amorphous-phase
anisotropy. For the y + 8 process the situation is different.
The orientation function f,(y + f) is also shown in Figure
24 and in this case it is very sensitive to the possible values
of tilt angle. This is because the relaxation strength is
much higher, the amorphous- and crystal-phase dielectric
constants much more disparate, and specimens ¢, &, are
anisotropy of a specimen at a constant value, the f, values
must increase markedly with tilt angle. As it is probable
tgat f(y) and f,(y+pB) are good approximations to true
chain orientation functions they must have identical
values. Thus, the crossover point in Figure 24 defines both
[, and the average tilt angle. The values of f, and tilt angle

Table 5 Crystal- and amorphous-phase orientation functions and
average lamellar tilt angle

Sample fe fa (Tilt angle)
6-6 E1 0.58 0.12 45°
6-6 E3 0.70 0.15 48°
6-6 E4 090 0.18 80°
5-7 Et 0.49 0.05 24°
5-7 E2 0.63 0.15 35°
5-7 E3 0.73 0.07 33°
6-10 Et 0.70 0.16 4g°

determined for all of the samples are shown in Table 5.
There is some correlation between the degree of
amorphous-phase orientation and the average tilt angle.
For the most highly oriented specimen, the 66 polyester
extruded to 0.25 in. (6.35 mm) diameter, resulting in
£.=090 the tilt angle is approaching 90° presumably
indicating a transition to a fibrillar morphology.

determined for all of the samples are shown in Table 5.
There is some correlation between the degree of
amorphous-phase orientation and the average tilt angle.
For the most highly oriented specimen, the 66 polyester
extruded to 0.25 in. (6.35 mm) diameter, resulting in
£.=090 the tilt angle is approaching 90° presumably
indicating a transition to a fibrillar morphology.

Relation to other polymers

Studies of ¢, ¢, in oriented specimens have been
carried out on the y process in slightly oxidized linear
(LPE) and branched (BPE) polyethylenes® and poly-
(chlorotrifluoroethylene)'8, the B process in BPE?, the
process (=f process in polyesters here) in aliphatic
polyamides** and the « (crystalline) process in BPE and
LPE3 In PE the amorphous- and crystalline-phase
dielectric constants are very similar so that composite
effects essentially vanish. Judging from the &!,, values
associated with the y process in PE (relaxation strengths
were not reported) the aliphatic polyesters studied here
appear to be intermediate in the extent of amorphous-
phase orientiation between BPE and LPE (the f; values
are probably similar), the anisotropy being slight in BPE
(fax0.05) but f, ~0.3 in LPE. The § process in BPE shows
similar behaviour to the y process because form effects
vanish. The f process in LPE is not clearly resolved.
For the y process in PCTFE, Choy et al.'® report
f.=0.3-0.4for f, values in the range studied here (0.6-0.7).
However, no corrections for morphological composite
effects were attempted. In the « (glass—rubber relaxation)
in oriented aliphatic polyamides there is extreme
anisotropy in the measured ¢,, ¢, This no doubt is a
good example of the apparent anisotropy being
dominated by composite effects as the phase dielectric
constants are significatly different. Reduction in both ¢,
and ¢ relative to the unorienated samples indicating
further restrictions of amorphous configurations on
crystal orientation is found in the polyamides as it was
here for the polyesters. Finally, it is to be noted that the «
(crystalline) process in polyethylenes shows® just the
anisotropy expected for dipoles perpendicular to the c-axis
in the crystals undergoing re-orientation and this
behaviour, in fact, forms one of the key pieces of evidence,
regarding the mechanism for the o process.?’.
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APPENDIX

In a semi-crystalline polymer with morphology consisting
of layers of stacked lamellae the dielectric tensor ¢ of a
local region can be written as'3:

g1 0 &3

&= 0 €32 0

A-1
g3 0 &3 (A-h

where:

g1 =(1—x)e;, cos? O+¢, sin® 0)+xe,

£22=(1—x)e;, +xe,

g3=-—(1 —x)(L-—L) sin 0 cos 0 ¢, /[A]

&1y &1

2
e33=1/[A] +¢, 1[(1 —x)(—l——L> sin 6 cos 0/[A]]

&y, 1

[A]=(1- x)(sL cos? @ +ei sin? 0) +

Ly 1

X
&2

and ¢, , ¢, are the amorphous-phase dielectric constants
parallel and perpendicular to the extrusion direction; ¢,
is the dielectric constant of the crystal phase (assumed to
be isotropic); x is the degree of crystallinity and 0 is the
angle made by the normal to the lamellar surfaces with the
extrusion direction. Spatial averaging under axial
symmetry of equation (A-1) for various orientations of the
local regions to the extrusion direction leads to upper
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bounds to the specimen constant in the parallel and
perpendicular directions as:

g = (33 cos? 8 +2{e, , sin 6 cos 8 +{¢,, sin® 0)
(A-2)

&, =((e33 sin? 0)—2{e, 5 sin 6 cos ) +¢,,
+ g, cos? 0))/2 (A-3)

The brackets () denote averages over the lamellar
normal directions 8 and the components of ¢ must be
included inside the brackets as they are functions of 6.
Therefore, to compute the averages the distribution of s
must be known and not just the second moment {cos? 6.
To accomplish this it is assumed that in:

2 /2

(F(0)>=J F(0) n(9) sin 0 dﬂ/j n(0) sin 6 d6
0 0

the distribution function #(6) for lamellar surface normals
is represented by the empirical function'®:

17(6)=cos*(0—8,) (A-4)

where 6, is the average tilt angle and « is a distribution
parameter (=0 isotropic, — oo for a narrow distribution
about 8,). It is assumed also that the crystal c-axes have
the same distribution but 6,=0. Thus, « was determined
from:

{cos? 6, =(a+1)/(a+3)
and the experimentally determined f; using:
fi=3(3(cos? 6,y —1)

Lower bounds to ¢, and ¢, are found by averaging the
inverse of ¢ to find:

si=<533 cos? 0 +2(8,, sin 0 cos 8)+{3;, sin’ 0)
It
(A-5)
1
g“=(<533 sin? 0) —2(J,4 sin 0 cos 0) +5,,
4

+{8;; cos? 6))2 (A-6)
where 8, ,, 8,,, etc. are the components of §=¢"".

To summarize, the amorphous-phase dielectric
constant components (g , & ) were calculated as a
function of 6, the average tilt angle, from measured
values of specimen ¢ | and ¢, (and the known values of ;)
using equations (A-2) and (A-3), and the adjunct relations
(A-1). The averaging integrations in equations (A-2), (A-3)
were carried out numerically. The solution of equations
(A-2),(A-3)in terms of ¢, , &, | was carried out numerically
using Newton-Raphson iteration. A good starting
approximation to &, ¢, was found by combining
equations (2) and (3) as ¢, +2¢, and imposing ¢, =¢, .In
this case the equations are readily solved for g
analytically. Solution of the lower bound equations (A-5),
(A-6) leads for the data of the present study to values of ¢, ,
and ¢;, that do not differ significatly from those from
equations (A-2), (A-3).



