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SYNOPSIS 

To study how the properties of extruded medium-density polyethylene products are influ- 
enced by the microstructure, rodlike samples, whose morphology can be changed under 
appropriate processing conditions, were produced by extrusion. A special extrusion line 
was developed consisting of an extruder equipped with a cylindrical die, thermal separator, 
lubrication unit, and cooling die. A wide range of representative morphologies was achieved 
using various temperatures of polymer melt and of the cooling die (calibration unit). A 
significant structural gradient, determined by differential scanning calorimetry (DSC), was 
found in all extruded rods, depending on the thermal conditions. The molecular orientation 
through the section of the rods, resulting from the shear during the extrusion, was determined 
by Fourier transform infrared (FTIR) spectroscopy and by thermal relaxation, showing 
good agreement between both methods. 0 1996 John Wiley & Sons, Inc. 

INTRODUCTION 

The flow of molten polymers through dies and 
channels during processing usually leads to prefer- 
ential orientation of the macromolecular chains in 
the flow direction. An important velocity gradient 
is observed through the cross section because of the 
high viscosity of molten polymers. Therefore, the 
flow-induced orientation can be strongly heteroge- 
neous. Beside this effect, a competition between the 
development of orientation (inducing a decrease of 
the entropy) and the development of a crystallinity 
gradient (due to the very low thermal conductivity) 
is usually noted, especially in the fast crystallizing 
polyethylene (PE). 

Two very different zones of flow stresses occur 
generally in extruded full profiles (rods): shearing 
flow near the wall of the channel and elongational 
flow in the center. The velocity profile can be directly 
detected and measured without contact by using the 
laser Doppler anemometer method.'-3 It follows from 
such measurements that in the center of the flow- 
where almost no velocity gradient exists-only 
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elongation of the molten polymer occurs, followed 
by relaxation of the molecules. A significant velocity 
gradient is observed, on the contrary, in the near 
wall part of the flow, resulting in some cases in shear- 
induced cry~tallization.~ This can lead to the devel- 
opment of a structure gradient as well as to the vari- 
ation of molecular orientation in the cross section 
of the extruded profiles. 

The same effects (shearing in the outer part and 
elongation in the center) are also observed in the 
cylindrical flow of molten p~lypropylene.~ McHugh' 
observed that high-pressure extrusion, followed by 
well-controlled cooling and with important elonga- 
tion, improves the mechanical properties due to the 
constitution of shish-kebab structures. 

Characterization of the Orientation 

Macromolecular orientation can be characterized by 
various methods. The most commonly used are di- 
rect methods based on structure measurements- 
by X-ray diffra~tion,~ birefringence: or infrared 
spectroscopyg-or indirect ones, e.g., by the evalu- 
ation of the anisotropy of thermal properties."." 
Another orientation parameter is, however, obtained 
by each of these methods; therefore, the results can 
only be compared qualitatively. 
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Wide-angle X-ray scattering (WAXS) allows one 
to observe changes of the unit cell parameters. 
Swan12 measured the unit parameters of high-den- 
sity polyethylene (HDPE) at different temperatures 
and found significant changes of the a and b param- 
eters but no changes of the main period c. For the 
same polymer, Kobayashi and Kellerl3~l4 determined 
the changes of the c parameter with temperature. 
Similar measurements were performed also by use 
of synchrotron radiat i~n. '~  

Choy et a1.16 determined the linear thermal ex- 
pansion in directions parallel and perpendicular to 
the preferred orientation between 5 and 300 K. They 
proposed a layer-structure model to account for the 
results in which partly aligned crystalline layers 
embedded in an isotropic amorphous matrix are 
connected by stiff intercrystalline bridges. Wolf and 
Karl17 published similar investigations showing a 
strong difference between thermal contraction for 
parallel measurements and expansion for perpen- 
dicular ones. 

An important temperature gradient is always ob- 
served during cooling of extruded or injection- 
molded pieces due to the very low thermal conduc- 
tivity of PE. The very high cooling rate in the skin 
due to direct contact with the walls of the injection 
mold or of the calibration unit leads to quite in- 
stantaneous solidification. The core stays, on the 
contrary, in the molten state for some time, de- 
pending on the thickness of the part. For this reason, 
solidification first induces compression in the center 
and elongation in the outer parts and a reversed 
state of residual stresses after the cooling process is 
finished. 

Struik18 and Kubat and Rigdahllg proposed a 
mathematical approximation of the residual stress 
relaxation as a function of elongation and of relax- 
ation time. They annealed samples to eliminate the 
residual stresses and to decrease the state of ori- 
entation produced during polymer processing. Their 
modeling was performed for constant elongation and 
the stress relaxation was combined with the thermal- 
aging parameters. 

Numerous authors used polarized infrared spec- 
troscopy for the determination of orientation. The 
possibility to measure orientation separately for 
crystalline and for amorphous domains is the main 
advantage of this method.20 Infrared spectroscopy 
as a relatively simple method is preferred for the 
measurement of orientation in such polymers where 
the corresponding crystalline and amorphous bands 
are easily found.'l For PE, the authors proposed 
mostly the band at  1896 cm-' for the crystalline do- 

mains and the band at 1305 em-' for the amorphous 
ones. 

It is known that the mechanical properties depend 
on the processing conditions where, especially, the 
flow ratio and cooling rate are responsible for the 
development of the structural character. The aim of 
our work was to determine the state of macromo- 
lecular orientation and its distribution through the 
cross section of extruded PE rods as a function of 
varying thermal processing conditions. This article 
presents only the structural part of the experiments, 
which will be followed by the presentation of me- 
chanical experiments performed on rods with a well- 
defined structure. 

EXPERIMENTAL 

Materials 

Experiments were carried out on a commercial me- 
dium-density PE grade manufactured by Solvay & 
Cie, Laboratoire Central, Belgium. Its main char- 
acteristics are as follows: density 0.949 g/cm3 at 23°C 
(ASTM D 1505); molecular weight a, between 
180,000 to 200,000 g/mol; polydispersity about 10, 
containing only about 6 butyl branches per 1000 
carbons; and carbon black content of about 2.3 wt 
5%. This resin is widely used on the gas-distribution 
market.22 A similar carbon black-free resin (Eltex 
B 6920) was also used for comparison. 

Extrusion and Calibration of the Rods 

Rods with a diameter of 8 mm were extruded using 
an extrusion line composed of a FAIREX extruder 
with a screw diameter of 30 mm and a length to 
diameter ratio LID = 24. It was equipped with a 
cylindrical die with a diameter of 8 mm and a ratio 
LID of 4.5. The die was provided with a converging 
inlet to reduce the flow diameter from 30 mm (screw 
output) to 8 mm. The final rod diameter was ob- 
tained with a slightly divergent die cross section. 
The increase of the output diameter should limit 
the effect of the extrudate swell leading normally to 
irregularities in the extrudate shape. 

The extrusion die and the calibration unit (cool- 
ing die) were c o n n e ~ t e d ? ~ ? ~ ~  A thermal separation 
and a lubrication unit were inserted between the 
extrusion die and the calibration unit. The role of 
the thermal separation was to reduce effectively the 
axial heat flow from the hot extrusion die to the 
tempered calibration unit. The lubricating unit was 
intended to facilitate slippage of the extruded rod 
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on the wall of the calibration unit. Low-viscosity 
silicon oil was used as a lubricant. Its quantity and 
pressure were adjusted to assure both a constant 
lubricating film and to keep permanent contact be- 
tween the extruded polymer and the wall of the cal- 
ibration unit. 

The rods were cooled in a calibration unit with 
the temperature control in the range from 15 to 
90°C. To avoid the formation of voids in the ex- 
truded rods (resulting both from the very fast crys- 
tallization of the skin layer and important crystal- 
lization shrinkage), the extrusion was accomplished 
with a very low mass flow ratio, giving a mean ex- 
trusion speed of about 12.5 cm/min. As the length 
of the conformation unit was 30 cm (with a well- 
defined wall temperature Tc),  the mean cooling time 
was of the order of 2.4 min. Such a low extrusion 
rate under a relatively high extrusion pressure al- 
lowed us to achieve a high packing pressure in the 
molten polymer and during crystallization, giving 
PE  rods free of shrinkage cavities which are usually 
observed in the center of PE  products with high wall 
thickness. 

Extrusions were performed with different pro- 
cessing parameters, by varying both the tempera- 
tures of the extrusion die (T,,, between 180 and 
245°C) and of the calibration unit (T, = 16, 30, 50, 
and 7OoC). The nomenclature that we use subse- 
quently for the samples is of the type T,,,/Tc. 

Core sample (Tm = 220"C, T' = 16'C): 

weight 9 51 rng 
crystallinity 64.0% 
peak 129.5"C 

. . , . I . . , .  I . . . . , .  

Crystallinity 

Differential scanning calorimetry (DSC) measure- 
ments were performed on several points on the sec- 
tion of the rods to characterize the radial crystallin- 
ity gradient. Due to its easier utilization, the DSC 
technique was preferred to the somewhat more ac- 
curate density measurement method, both tech- 
niques being well ~orrelated. '~ Samples for the DSC 
investigations with a thickness of 200 microns were 
cut using a Leitz 1300 microtome. The measure- 
ments were done using a Perkin-Elmer DSC 4 ap- 
paratus under constant heating rate of 10 K/min. 
The melting enthalpy AH,,, was measured from the 
area of the melting peaks between 30 and 141.5"C 
by taking a value of 8.22 kJ/mol for pure crystalline 
PE,26 which corresponds to 293 J/g. Figure 1 pre- 
sents an example of a typical DSC thermogram. The 
crystallinity of the samples was always measured 
during the first heating scan, so the results represent 
their real crystallinity corresponding to the ther- 
momechanical history produced by the extrusion 
process. 

Preliminary experiments were carried out on one 
representative sample with six consecutive heating- 
cooling cycles between 0 and 150°C to test the re- 
producibility of the crystallinity measurements by 
this method. The average crystallinity of this sample 
amounts to 63.84% with an estimated standard de- 
viation of 0.10%. 

Fourier Transform Infrared Spectroscopy 

FTIR measurements were used for the determina- 
tion of molecular orientation of the extruded rods. 
The apparatus used was a Nicolet 60SX spectrom- 
eter equipped with polarizing filters. 

The orientation of extruded PE  was determined 
using two absorption bands: a crystalline one (CH2 
rocking at  1896 cm-l) and an amorphous one (CH, 
twisting + CH, asymmetric wagging at 1305 ~ m - l ) . ~ ~  
The dichroic ratio D,  Hermans orientation function 
f, and the average value of the angle 4 between the 
flow direction and the polymer chains were evaluated 
from the infrared measurements. 

The dichroic ratio D for each band is calculated 
from 

where A, ,  and Al are the optical densities with po- 
larizer, respectively, parallel and perpendicular to 
the main flow axis. In the transmission mode, the 
optical density for a given wavelength is evaluated 
as 
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where I. represents the incident light intensity; I ,  
the transmitted light intensity at maximum absor- 
bance; d, the sample thickness; a, the absorption 
coefficient; and c,, the absorbant group concentra- 
tion. 

The Hermans orientation function is defined as 

(3) 

The relationship between the orientation function 
f for the c-axis and the dichroic ratio for a particular 
band is given as2' 

(4) 

where 0 represents the angle between the c-axis and 
the dipole moment, D is the measured dichroic ratio, 
and Do = 2 cot2 0. 

The dipole moment for the crystalline band at 
1896 cm-' is almost perpendicular to the c-axis (i.e., 
6 = 90") according to Krimm.28 Therefore, Do = 0 
and 

D - 1  
f = -2- 

D + 2  

For the amorphous band at  1305 cm-', it can also 
be taken into account that the dipole moment is 
nearly parallel to the c-axis (0 = O"), i.e., Do = co 
and 

D - 1  
f=- 

D + 2  

Thermal Expansion During Annealing 

The macromolecular orientation was measured in- 
directly by recording linear expansion during an- 
nealing. The samples were heated in an oil bath 
maintained at constant temperature (100°C). Each 
sample was submitted to the same thermal treat- 
ment, combining two cycles of alternating heating 
and cooling. 

The deformation of the samples was measured 
with an inductive linear transducer and recorded on 
an X-Y recorder. The experimental setup allowed 
measurement resolution of thermally induced linear 
deformation better than 4 pm. 

RESULTS 

Crystallinity Distribution 

The crystallinity x, was determined from DSC melt- 
ing thermograms at several points through the radius 
of the extruded rods. The DSC scans were performed 
from 20 to 170"C, with the maximum of the melting 
curve taken as the melting temperature. For the 
samples taken on the various positions through the 
section of the extruded rods, we did not observe any 
important changes of the melting temperature or of 
the crystallization temperature. The mean melting 
temperature was about 129°C for all samples. 

It is known that in the case of low-density PE 
the slow changes of the DSC melting curves make 
the determination of the temperature of the begin- 
ning of the melting process rather difficult. This was 
clearly not the case in the investigated samples (cf. 
Fig. 1). 

Figure 2 presents the radial distribution of x, for 
the rods extruded from both resins, with and without 
carbon black. Lower x, values are observed in the 
outer part compared to the center of the rods for 
both melt temperatures, T,,, (180 and 245"C), as well 
as for both calibration unit temperatures, T, (70 
and 16OC). 

A lower crystallinity is observed on the carbon 
black containing samples extruded at 245°C and 
calibrated at 16"C, when compared to the carbon 
black-free samples. It amounts to about 5% in the 
core but only to 2% in the skin. This lowering is 
either due to the presence of some nucleating ad- 
ditives in the carbon black-free samples or to an 
inhibiting effect of the carbon black. In the 180/70 
samples, a decrease of crystallinity is still observed 
in the core, however, at a lower level. 

.... ---:w 
- - ! - 6 i r 3  Temperatures TmITc 

0 0 180l70 without C 
$ 

6o 0 - - - - -  180l70with C 

- - ! - 6 i r 3  Temperatures TmITc 

0 0 180l70 without C 
$ 

6o 0 - - - - -  180l70with C 
0 ------ 245116 without C 

245116 with C 

0 1 2 3 4 

Distance from rod center (mm) 

55 

Figure 2 Influence of carbon black on the radial crys- 
tallinity distribution of samples extruded at melt temper- 
atures T,,, = 180°C (respectively, 245OC) and calibration 
unit temperatures T, = 16°C (respectively, 7 O O C ) .  
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Figure 3 Influence of melt temperatures T,,, (180, 200, 
230, 245OC) and calibration unit temperatures T, (16, 
70°C) on the radial crystallinity distribution in extruded 
samples. 

Figures 3 and 4 present the influence of temper- 
ature conditions on the radial crystallinity distri- 
butions of carbon black-filled samples. Figure 3 
shows crystallinity profiles for the calibration unit 
temperatures, T, = 16 and 70"C, both for two dif- 
ferent melt temperatures. A higher crystallinity for 
lower-temperature differences, A T  = T,  - Tc, is ob- 
served for all conditions. This tendency is also visible 
by comparing samples with the constant melt tem- 
perature (T, = 200°C) and variable calibration unit 
temperatures T, of 70 and 16"C, respectively (Fig. 
4). In this case, the differences A T  are much smaller 
(130 and 184"C, respectively) and the crystallinity 
differences appear not significant. An important ra- 
dial structure gradient, i.e., a lowering of x, in the 
outer part of the rods, is observed in all cases. 

The much higher cooling rate in the outer part 
of the rods is probably at the origin of these obser- 
vations. A very fast cooling in the outer layer which 
was in direct contact with the calibration unit can 
even lead to the formation of a thin amorphous skin 
followed by a radial structure gradient. This was 
observed for other semicrystalline polymers, as, e.g., 
polypropylene. Although more complex, similar 
trends were obtained on 110 mm-thick PE gas pipes 
extruded from the same resin." 

Thermally Induced Deformation 

The state of macromolecular orientation was deter- 
mined using thermal deformation measurements. 
The measurements were done separately for the skin 
and for the core of the extruded rods. Full cylindrical 
samples of the center part with a diameter of 4 mm 
and hollow cylindrical ones of the outer part with a 
thickness of 2 mm were prepared. The machining 

0 ... ..... - -  200/70 

644 
0 1 2 3 4 

Distance from rod center (mm) 

Figure 4 Influence of calibration unit temperature T, 
(16, 70°C) on radial crystallinity distribution in samples 
extruded at  T,,, = 200°C. 

was made under appropriate conditions to maintain 
the state of orientation produced by extrusion. 

During heating and cooling of partly oriented 
samples, different effects can occur: 

Reversible thermal expansion of both the 
amorphous (Al,) and the crystalline domains 
( AL). 
Anisotropic deformation of amorphous domains 
due to orientation relaxation (Air). 
Recrystallisation (secondary crystallization) 
and stress relaxation, both which we consider 
to be insignificant for the thermally induced 
dimensional changes. 

The aspect of linear thermal deformation of partly 
oriented samples of a semicrystalline polymer during 
two heating-cooling cycles is schematically pre- 
sented on Figure 5. During the first heating, both 
thermal expansion and orientation relaxation occur, 
leading to a measured total expansion All: 

All = Al, + Al, + Alr (7) 

Time 

Figure 5 Linear thermal deformations of an oriented 
semicrystalline sample during two consecutive heating- 
cooling cycles. 
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Melt temperatures. 
0 - - - - - -  200°C (core) 
- 230°C (core) 

0 ...... . 200°C (skin) 
0 230°C (skin) 

10 2C 30 40 50 60 70 
Calibration unit temperature ("C) 

Figure 6 Linear thermal deformation Al, due to ori- 
entation release of central and outer parts of samples ex- 
truded at two melt temperatures T,,, (200, 230°C) vs. cal- 
ibration unit temperature T,. 

During the following first cooling, the measured 
shrinking of the previously annealed polymer is ex- 
clusively due to thermal contraction: 

During the second heating, only thermal expansion 
occurs (A13 = -A12). The ultimate cooling shows ex- 
clusively the corresponding thermal contraction: Al, 

The importance of thermal contraction A12 de- 
pends on the crystallinity of the sample, as amor- 
phous and crystalline phases have very different 
thermal expansivities. From the literature data,30 a 
linear coefficient of thermal expansion p, of (1 
+ 0.2) - lop4 K-' for pure crystalline PE and a coef- 
ficient pa of (2.4 k 0.3) * K-' for pure amorphous 
PE are deduced. Consequently, A12 must be lower in 
samples of higher crystallinity. 

The variation of the linear thermal contraction 
A12 vs. the calibration unit temperature is presented 
in Figure 6 for the core and for the outer part of the 
rods. We see that the absolute value of A12 decreases 
with increasing calibration unit temperature. As 
mentioned, the lower thermal expansion should be 
due to higher crystallinity, which can primarily be 
explained by the smaller differences AT between the 
polymer melt temperature and the calibration unit 
temperature. 

The orientation release Al,. is supposed to belong 
only to the amorphous phase. By using the experi- 
mental values All and Al, and knowing the crystal- 
linity of the sample, we define a normalized coeffi- 
cient C to quantify the state of orientation of the 
amorphous phase: 

= A&. 

Al,. All + A12 c=-- - 

1-x, 1 - x ,  

Negative values of the C coefficient are represen- 
tative for the case where an orientation in the flow 
direction took place during extrusion. On the con- 
trary, a positive C coefficient indicates that the ex- 
pansion on heating (All) was greater than the con- 
traction on cooling (Ah). In this case, the preferential 
direction of the macromolecular chains was perpen- 
dicular to the flow direction. 

Figure 7 presents the variation of the C coefficient 
as a function of the calibration unit temperature for 
two melt temperatures: 200 and 230°C, both for the 
core of the rod (C,) and for the outer surface (Cs). 
The coefficient C, is negative in most cases, i.e., the 
amorphous segments of the molecules in the skin of 
extruded samples were predominantly oriented in 
the flow direction. Values of C, near zero correspond 
to the situation where no orientation existed, which 
is observed only for the low T, for the outer part of 
the rods. 

The positive C, values can be explained by the 
following simplified model'? During the cooling in 
the calibration unit, rapid solidification of rod skin 
took place. The created rigid shell contracted, which 
was counteracted by the still fluid core. But due to 
its small stiffness, hardly any stresses were built up, 
neither in the skin nor in the core. The latter crys- 
tallized subsequently progressively inward. The 
contraction produced by the densification then in- 
duced orientation of the amorphous segments in the 
radial direction. 

0.15 
Melt temperatures: 

- 0 ------ 200°C (core) 

i, 0.10 

0.05 

.g 0.00 
0 

0 
m -  

. . . . . . . . 
. .  

200°C (skin) 
- 230°C (core) 

T \ +  0 230°C (skin) 

1 1 
-0.051 . I . , I . I , . , 

10 20 30 40 50 60 70 
Calibration unit temperature ("C) 

Figure 7 Variation of the orientation coefficient C of 
central and outer parts of samples extruded at two melt 
temperatures T,,, (200, 23OOC) vs. calibration unit tem- 
perature T,. 
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Orientation Determined by Infrared Spectroscopy 

The value of the Hermans orientation function for 
the crystalline domains is always higher for the lower 
melt temperature. It reaches values between 0.07 
and 0.15 for a melt temperature of 200°C and values 
between 0.05 and 0.11 for 230°C. The orientation 
coefficient for the amorphous domains is rather 
small and remains constant vs. the calibration unit 
temperature, i.e., when the difference between the 
melt temperature and the calibration unit temper- 
ature decreases. 

The term 

characterizes the average value of the angle between 
the flow direction and the crystallographic c-axis. It 
follows from the definition of the Hermans orien- 
tation function that the angle (4) = 54.74" denotes 
the isotropic state, which corresponds to f = 0. An 
angle (4) lower than 54.74" indicates orientation in 
the flow direction. Figure 8 presents the mean values 
of the angle (4) vs. the calibration unit temperature 
for the amorphous and crystalline domains. 

For the amorphous domains, the values are rather 
small and quite independent of the calibration unit 
temperature. For the crystalline domains, a certain 
decrease of the (4) angle (i.e., higher orientation) 
with decreasing AT (i.e., with increasing viscosity 
of the molten polymer) is observed. It is known that 
usually much higher crystallization rates are ob- 
served at  lower temperatures. Therefore, the higher 
state of orientation can be the effect of the less ef- 
fective relaxation process due both to the higher 
crystallization rate at lower melt temperature and 
to the shorter cooling time. 

CONCLUSION 

We observed significant structural changes, al- 
though the only variable processing parameters were 
melt temperature and calibration unit temperature. 
We noted crystallinity gradients in all cases, with 
higher values in the core of the extruded rods and 
lower ones in the skin. Higher average crystallinity 
was, however, produced by lower temperature dif- 
ferences between melt and calibration temperatures. 
We established the following points concerning mo- 
lecular orientation: 

amorphous phase 
---__.__.________ _____.--.-------- 

u 
54 

..._ .... .._ 
-i7 

crystalline phase 

A 230°C 

Calibration unit temperature ("C) 

46 L . , . I .  1 ' I ' I . I  

10 20 30 40 50 60 70 

Figure 8 
phases vs. calibration unit temperature. 

Mean angles (4) of amorphous and crystalline 

The amorphous phase in the rod skin is much 
less oriented compared to the crystalline do- 
mains. 
The average orientation increases when the 
melt temperature decreases and the calibration 
unit temperature increases (increase of the vis- 
cosity of the polymer). 
The influence of the calibration unit temper- 
ature is more significant than that of the poly- 
mer melt. 

Hence, for the production and use of extruded 
products with important wall thickness (e.g., rods, 
gas, and water pipes), it is important to consider 
that the thermal processing conditions are respon- 
sible not only for the formation of the structure but 
also for the dimensional stability through the de- 
velopment of molecular ~ r i e n t a t i o n . ~ ~  

NOMENCLATURE 

crystallographic unit cell parameter 
optical density with polarizer parallel to the 

optical density with polarizer perpendicular 

crystallographic unit cell parameter 
crystallographic unit cell parameter 
absorbant group concentration 
coefficient proportional to the orientation, 

orientation coefficient in the core of the rod 
orientation coefficient in the skin of the rod 
sample thickness 
dichroic ratio 

main flow axis 

to the main flow axis 

calculated from thermal expansion 

2 Cot2 e 
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f 
M ? n  

I 

Alp 

Hermans orientation function 
melting enthalpy 
intensity of transmitted light at maximum 

absorbance 
intensity of incident light 
thermal expansion of the amorphous phase 
thermal expansion of the crystalline phase 
thermal expansion during the ith heating 

cycle ( i  = 1, 2, 3, 4)  
deformation produced by relaxation of mo- 

lecular orientation in the amorphous 
phase 

weight-average molecular weight 
temperature difference between T,,, and T, 
temperature of the calibration unit 
temperature of the extrusion die (=melt 

crystallinity 
temperature ) 

Greek letters 

a absorption coefficient 
pa, p,  

4 
(4) 

e 

linear coefficients of thermal expansion of 

angle between flow direction and the c -axis 
average value of the angle between flow di- 

angle between c -axis and the dipole moment 

amorphous, viz., crystalline PE 

rection and the c -axis 
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