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In this paper, the influence of deformation and thermomechanical drawing conditions on the development
of birefringence and orientation in high-density polyethylene during zone drawing is described. The
orientation process of the crystalline phase does not proceed uniformly with deformation and is complete
at lower draw ratios, while orientation of the amorphous phase increases continuously up to the highest
draw ratios. The maximum birefringence considerably exceeds that of a polyethylene crystal (as high as
0.081) and the amorphous orientation almost approaches that of the crystalline phase. This indicates that
the zone-drawing technique is highly effective in producing orientation. The birefringence is affected
simultaneously by drawing stress and temperature; at higher temperatures and lower stresses, softening
effects predominate, while in the opposite case stiffening effects become operative. The occurrence of both
factors is regulated by the time of thermal exposure in the heating zone.
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INTRODUCTION

During drawing of a semicrystalline polymer, its bire-
fringence increases as a consequence of chain orientation
in the direction of stress. The birefringence can be
expressed in terms of the equation derived by Stein’:
An=An_+ An, +An;+ Angy 1)

where An = An f.a. and An, = An; f,(1 —a,) are the bire-
fringences of the crystalline and amorphous phases,
respectively; Ang and An; are the intrinsic birefringences
of the crystalline and amorphous phases; f, and f, are
the respective orientation factors; An; and Any are the
form and deformation birefringences; and o, is the
percentage crystallinity.

The published values of the intrinsic phase birefringence
of polyethylene?~!! have been in the range of 0.048-
0.0585 for Ani and 0.042-0.261 for An;. The most
frequently used values An;=0.0585 and An;=0.2 are
employed for calculations in this study. The terms An,
and Any will be neglected in the current calculations (it
is true that An; can make up 5-10% of the total
birefringence but it will decrease considerably with the
deformation ratio?). Then, according to equation (1),
provided that values of An, o, and f, are known, the
factor f, can be estimated!?.

The birefringence of polyethylene depends on the
deformation ratio A in a similar way for both tensile
drawing (4 is the draw ratio) and extrusion (4 is the
extrusion ratio)'*~'7. First, An increases very steeply up

* Dedicated to Dr Frantisek Hoff on the occasion of his 70th birthday
t Present address: University of Bristol, H. H. Wills Physics
Laboratory, Tyndall Avenue, Bristol BS8 1TL, UK

0032-3861/92/194158-06
© 1992 Butterworth—-Heinemann Ltd.

4158 POLYMER, 1992, Volume 33, Number 19

to A= 5-10, then it increases much more slowly. Depend-
ing on the deformation technique, the limiting value of
An exceeds the intrinsic birefringence Anl: when using
drawing in an oven or solid-state extrusion, the highest
value obtained has been 0.062'%13:17; while using the
zone-drawing technique, values as high as 0.065-0.076
have been reported!!''®, Crystal orientation increased
quickly with the deformation ratio up to A between 5
and 10, and f, reached values very close to 1 for the
parallel alignment of chains (f,=0.97-1.0)!416:19:20,
Orientation of the amorphous phase increased mono-
tonically over the whole range of 1. The factor f, reached
values of 0.2-0.816:19:20,

This study is to be a continuation of our previous
papers on polyethylene treated by the zone-drawing
technique with constant load?! and the resulting morph-
ology?? and thermal shrinkage?3.

EXPERIMENTAL

The material used was blown, preoriented film (1,=1.37
+3.7x1072, Any=0.0028+8x 107%) of linear poly-
ethylene Liten VB33 (Chemical Works Litvinov, Czecho-
slovakia), which had a density of 0.958gcm ™3 and a
molecular weight M, = 197000, M_ =22 000.

The drawing method in non-isothermal (NR) and
1sothermal (IR) regimes has been described in detail
elsewhere?!. Here, it is essential to emphasize that the
drawing temperature 7T, was the temperature of the
heating zone. After an initial stress o, was applied (a
load was hung on the sample), the polymer drew. Then,
a true stress 0 =0,5,/S acts upon the narrowing neck,
where S, and S are the cross-sections of the original and
drawn samples. The draw ratios were determined as
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A=14S,/S. Drawing was complete after sample fracture
at a stress o and a draw ratio Ag.

When using the zone-drawing technique, the polymer
passes through the heating zone with a certain velocity.
Therefore, values of the zone temperature Ty, and the
real temperature of the sample may differ. This difference
becomes more pronounced as the velocity increases with
T, and stress. Thus, the polymer can be drawn in the
solid state even if T, exceeds its melting point, depending
on the stress?!~23. By choosing the appropriate values
of Ty, and o,, drawing can be performed either in the
solid state (T, < Ty, or Tp>T,,, and o,>3MPa) or
in the melt (T,>T,,, and o,<3MPa)*?. The value
Ty, =130-132°C was the melting point of the undrawn
polymer as determined from the disappearance of
birefringence.

The birefringence was measured using a Reichert
polarizing microscope equipped with a Berek com-
pensator. The density of the polymer, p, was measured
using the flotation technique in mixtures of CCl, and
n-heptane. The samples were narrow strips with given
draw ratios cut out from the neck?®. The volume
crystallinity:

acz(p—pa)/(pc_pa) (2)

was then calculated (p, =0.854gcm™® and p. .=
0.9972gcm™ 3 are the densities of crystalline and
amorphous polyethylene, respectively)?*.

RESULTS AND DISCUSSION

The experimental dependences of the birefringence as a
function of the draw ratio are shown in Figure 1. For
samples drawn in both IR and NR conditions, all curves
have a steep region at the beginning of drawing and a
subsequent slowly increasing region. Both regions can
be regarded as linear and they intersect at the retardation
point (4,, An,). The increase in birefringence with draw
ratio (the orientational efficiency) is then equal to the
slopes of the respective parts of the curves before and
after retardation, respectively:

vy =(An,— Ang)/(4,— 4o) ()
vy =(Ang—An,)/(Ap—4;) (4)

where Any is the birefringence at the place of fracture.
The dependences of An,, 4, v,, Ang and v, on the
thermomechanical conditions of drawing are summarized
in Figure 2.

Birefringence and draw ratio

For A<A4,. In agreement with data already pub-
lished'*17, the steep increase in birefringence at A</,
can be attributed prevalently to orientation of the
crystalline phase. At the retardation point on the curves
An= f(A) in Figure 1, this process was completed and,
at A> 4., the crystallites can be considered as uniaxially
oriented!#:16-19:20,

Figures 2a and 2b show that in IR at T, =104°C both
An, and 1, increase within the whole range of ¢, used.
At higher temperatures, there is a maximum; the higher
Ty, the lower is ¢, at the maximum. Above T, ,, both
quantities first decrease in the melt-drawing region until
g, reaches the value of 3MPa for the transition into
solid-state drawing. In NR, An, and 4, also decrease with
o, until drawing again takes place in the solid state.
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Figure 1 Birefringence of polyethylene, An, as a function of the draw
ratio 4. Drawing carried out at: (a) IR, T,=112.5°C, 6,=4 (O), 7
(@), 15MPa ((0); (b) IR, Tp,=138°C, 6,=0.8 (O), 2.5 (@), I0MPa
(0); (¢) NR, a4 (MPa), Ty (°C) and T (°C) are 0.8, 130.4 and 140.2
(0), 9, 729, 108.5 (@), and 13, 52, 101.6 (O). Ty and T} are the
temperatures of neck formation and fracture?!; An? is the intrinsic
crystalline birefringence of polyethylene

Then, the dependences pass through a maximum at
0o~ 8 MPa. A linear relation was found between An, and
A, irrespective of drawing conditions (regression function
An,=0.0385+0.00174,).

The orientational efficiency v, is inversely dependent
on the drawing conditions (Figure 2¢) as is evident from
the linear relation 1/v, versus A,, shown in Figure 3. This
fact means that birefringence increases more slowly with
A if the crystalline orientation has been completed at
higher draw ratio and vice versa.

The course of orientation of both the crystalline and
the amorphous phase as well as the contributions of An,
and An, to the total birefringence were judged from the
A, values and equation (1). For A= 4, the plateau value
of f. =097 was taken from ref. 20; f, was calculated
according to equation (1) assuming that the form and
deformation birefringences were negligible.

The density was found to increase with A, and the
melt-drawn samples had a higher density than those
drawn in the solid state (Figure 4a).

As mentioned above, the factor f, may be regarded as
reaching its constant saturated value at 4,. The fact that
A, changes with Ty, and o, (Figure 2b) then means that,
within the interval 1<Ai<4,, the slope Af,/AA must
increase linearly with 4. Consequently, the process of
crystalline orientation does not proceed affinely to
deformation but is faster the lower 4.
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Figure 2 Birefringence behaviour of polyethylene drawn under various thermomechanical conditions. From top to bottom: (a) birefringence
An,, (b) draw ratio 2, at the retardation point, (c) orientational efficiency v, before the retardation point, (d) birefringence at the place of fracture
Ang, and (e) orientational efficiency v, after the retardation point, all versus the initial stress. Polymer drawn in IR at T,,=104, 121, 138°C
and in NR; Ang is the intrinsic crystalline birefringence; the vertical dashed line separates the melt-drawing (MD) and the solid-state-
drawing (SSD) region; arrows denote the positions of the maxima of the draw ratio Ag (ref. 21) on the o, coordinate

The estimated orientation factor f, increases linearly
with A, (Figure 4b), so the increase in the amorphous
orientation before the retardation point can be considered
uniform with deformation (df,/dA ~0.05; calculated from
the slope of the dependence f, = f(4,)). As f.> f, at the
retardation point, the crystalline birefringence An_ contri-
butes much more to the total value of An than the
amorphous birefringence, An,, as shown in Figure 4c. At
the same time, An, increases considerably faster with A,
than An.. This is due to a significant rise in f, in the
amorphous term in contrast to only a mild increase of
o, (f.=constant)in the crystalline term in equation (1).

As to the density of the melt-drawn and the solid-state-
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drawn polymer, there is evidently a difference between
them (Figure 4a) but it is not great enough to affect the
terms in equation (1) significantly. Consequently, the
data points in Figures 4b and 4c¢ for both melt- and
solid-state-drawn polymers approximately fit single lines.

For A> .. An increase in birefringence with 1 above
A, is due to a further increase in the amorphous
orientation and it is also somewhat influenced by the rise
in crystallinity (Figure 5).

The ultimate birefringence at the place of fracture, Ang,
usually exceeds the intrinsic crystalline birefringence
(Figure 2d). In NR, being more favourable for high values
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Figure 3 Linear relation between the reciprocal value of the
orientational efficiency 1/v, before the retardation point and the draw
ratio A, at which orientation of the crystalline phase is completed.
Polymer drawn in IR at T, =104 (Q), 112.5 ([J), 121 (A), 129.5 (@),
138°C ((0) and in NR (A)
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Figure 4 (a) Density p, (b) orientational factor fand (c) the crystalline
and amorphous contributions to the total birefringence An as a function
of the draw ratio 4, at the retardation point. Polymer drawn in IR at
Tp =104 (O), 129.5 ([J), 138°C (in the melt (A) and in the solid state
(A)) and in NR in the melt (W) and in the solid state (7); p, is the
density of the undrawn foil; the subscripts c and a denote the crystalline
and amorphous phases, respectively

of An to be achieved, we obtained Anp=0.081 with the
sample drawn to =102 at 6,=8 MPa. This shows the
high orientational effectiveness of the drawing method
employed.

The shape of the curves Ang= f(0,) (Figure 2d) is very
similar to that for An, (Figure 2a). Hence, the bire-
fringence behaviour of the polymer above A, is pre-
determined by the state immediately after the completion
of the crystalline orientation. The orientational efficiency
v, in this stage of drawing increases with ¢, and
somewhat with T, as well (Figure 2¢). The passage from
the melt-drawing to the solid-state-drawing region is
accompanied by a drop on the curve v,= f(g,); the
orientational efficiency has decreased because of the
presence of a solid state.

A mild increase of o, after the retardation point (by
only about 6% when A — 4,2~ 90) only slightly affects the
crystalline term An_ of equation (1), so the extreme values
of An, must be accompanied by high values of the factor
f,. Its estimate, along with those of An, and An,, are
illustrated for highly drawn samples in Table I (the
prerequisites necessary for the calculations have been
quoted above). Under proper drawing conditions, f, can
reach values compared with those of f,.

Table 1 Estimations of the amorphous orientation factors f, and the
crystalline (An.) and the amorphous (An,) contributions to the total
birefringence Ang at the place of polymer fracture. /. and p are the
respective draw ratios and densities

Ty 0o P
Regime (°C) (MPa) Ap (gem™3) Ang  f, An, An,
IR 104 16 35 09662 0.078 0.77 0.044 0.034
1125 13 34 09645 0070 0.57 0.044 0.026
121 10 41 09650 0.071 0.60 0.044 0.027
1295 7 52 09683 0.068 0.56 0.045 0.023
138 07 110 09788 0.068 0.70 0.049 0.019
NR 1411 0.8 144 09762 0077 097 0048 0.029
1172 8 102 09684 0.081 0.89 0.045 0.036
980 [ —T T
+
e 970 1
o
E 4
Q
z
@
c
@
a
960 b
A
950 et - 4
10 60 1o 160

Draw ratio, A

FigureS Effect of the draw ratio A on the density p after the retardation
point with solid-state drawing (SSD) and melt drawing (MD). Polymer
drawn in IR at T,=104 (O), 112.5 (0O), 121 (A), 129.5 (@), 138°C
(in the melt (+) and in the solid state (ll)) and in NR in the melt ()
and in the solid state (A); p, is the density of the undrawn foil

POLYMER, 1992, Volume 33, Number 19 4161



Birefringence of zone-drawn polyethylene: M. Hoff and the late Z. Pelzbauer

Birefringence and thermomechanical conditions of drawing

The orientational efficiency of drawing is affected by
the time of thermal exposure in the heating zone, ¢.,,,
which, in turn, can be controlled by choosing the proper
Tp and a,. The higher the values of T, and g, the faster
the polymer flows through the zone (shorter ¢, ) and
vice versa?>. Structural changes are not compelled by a
constant cross-head speed as in a tensile tester, but rather
the changes themselves regulate the strain rate. Therefore,
at a given T, and g, softening and stiffening lead to an
optimum orientation. Such self-regulation in drawing
gives a structure with an almost unperturbed, adequately
stretched molecular network, as has been proved by the
high thermal shrinkage of drawn samples®3.

For A< 4,. As has been shown above, the process of
crystalline orientation is decisive for the orientational
efficiency v, (Figure 2c¢). To make polymer crystals
deform plastically, the physical bonds among chains in
a crystal lattice must be broken by either a stress or a
rise in temperature or by both. Furthermore, to initiate
chain slip, a certain induction period t;,4 is needed. This
will decrease with increasing temperature and stress?!.
As the drawing temperature was chosen above the
crystalline relaxation dispersion temperature T, (except
NR, where Ty, drops below this value at higher o), which
is 70-90°C for polyethylene, a portion of less perfect
crystals can melt and accelerate the process of crystalline
orientation by crystallization in a stretched conforma-
tion, or by acting as a plasticizer. A partial melting has
been proved by our previous findings?Z. Obviously, this
effect becomes more pronounced at higher temperatures
and longer thermal exposures.

In the IR solid-state-drawing region at low initial
stresses, the polymer flows through the heating zone
slowly and ¢, is long enough so that the thermal
softening effects become prevalent. This enables signifi-
cant orientational efficiency v, (Figure 2¢). With rising
0,, the polymer flow through the heating zone becomes
faster and ¢,,, shorter, restricting the thermal effects. The
value of v, decreases as the true stress ¢ is still low and
does not contribute to a disturbance of the crystalline
lattice and, at the same time, t;,,>¢.,,. After passing
beyond a certain o, value (corresponding to the v,
minimum), the true stress is already sufficient to
reorganize the crystalline phase and, moreover, t;,q <t.,,
so the orientational efficiency begins to increase. At a
higher Ty, a lower stress is needed for intracrystalline
chain slip and the v; minimum is shifted to lower o,
values. At Tp=104°C, this minimum lies beyond the
range of the initial stress used.

In NR, the time of thermal exposure does not change
very much, since a rise in ¢, is compensated by a
respective drop in the necking temperature, Ty (ref. 21).
A balance between the thermal- and stress-softening
effects is then controlled not by shortening ¢, at
constant temperature but by a drop in temperature at a
comparable t.,,. When the drawing temperature has
passed below the a-crystalline relaxation region (at
0,~6-8 MPa), the thermal-softening effects can be
neglected and the reorganization of the crystals becomes
exclusively a stress-controlled process. Then, as a con-
sequence of the increasing true stress, v, goes up. These
considerations are corroborated by the results of Sadler
and Barham?®, who did not observe any melting effects
during drawing of polyethylene below T=70-90°C.
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In the melt-drawing region, the orientational efficiency
is determined by the rate of extension of the molten chains
before crystallization outside the heating zone; higher
stresses are more favourable??. Moreover, the faster the
polymer flows through the zone, the less the possibility
of a partial relaxation of the molten chains and their
subsequent refolding. A decrease of t.,, improves the
conditions for crystallization in the oriented state. So,
the orientational efficiency v, increases with ¢, until
0> 3 MPa, when drawing again takes place in the solid
state (Figure 2¢).

For 2> A,. The orientational efficiency v, increases with
the initial stress (Figure 2e¢). Consequently, a sample
drawn at a given Tp, to a comparable A is more oriented
when a higher o, has been applied, since the true stress
is higher as well (Figure 6). This means that, at a given
draw ratio, the amorphous orientation is influenced by
the acting true stress at which the respective draw ratio
was obtained.

The drop in v, compared with »; (ca. 10 times)
along with the simultaneous increase in the true
stress (0 <140 MPa at A< 4, and o~140-600 MPa at
A, <A<ig)*! shows that an increase in the amorphous
orientation after the crystalline orientation has been
completed is much more energy-consuming than the
lamellar-to-fibrillar structural transformation. A rise in
temperature facilitates the process; chain mobility in-
creases and mutual adhesion among microfibrils during
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Figure 6 Plot of An versus o, illustrating the increase of birefringence
with the true stress 0 =0, at a given draw ratio (1=30). Polyethylene
drawn in IR at T, =104 (O), 112.5 (), 121 (A), 129.5 (@) and 138°C
(W) and in NR (A); MD (SDD) denotes the melt-drawing
(solid-state-drawing) region

Table 2 Increase in the orientational efficiency of drawing v, after the
retardation point with increasing drawing temperature T, (IR).
go=10MPa

T5 (°C) 104 112.5 121 129.5 138
v, x 107 0.020 0.028 0.031 0.036 0.13
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their slip is reduced, which improves the extension of
amorphous chains (7able 2). The difference between the
melt drawing and solid-state drawing can be explained
by an easy extension of chains in the melt before their
crystallization and by an increase of the adhesion among
microfibrils in the solid state.

In agreement with the above findings, the highest
values of Ang were obtained in NR, which also gives the
highest draw ratios®! and where drawing at comparable
o, values takes place at the highest true stresses. In the
previous study?! we have shown the maxima of oy
(analogous to the strength) to be shifted, compared with
the maxima of A, towards higher values of g,. The
maxima of Ang are shifted in a similar way. Hence, one
can expect that an increase in the amorphous orientation
brings an improvement in the mechanical properties of
the polymer rather than an increase of the draw ratio
itself.

CONCLUSIONS

The total birefringence increases linearly with the draw
ratio in two different regions; first, steeply during
orientation of the crystalline phase and then, after
completing it, much more slowly.

The development of the crystalline orientation does not
proceed affinely with deformation and is affected by the
thermomechanical conditions of drawing. Simultaneous
softening and stiffening effects are regulated by the time
of thermal exposure of the polymer in the heating zone.

The amorphous orientation increases continuously
during drawing up to the highest draw ratios. At the
optimum drawing conditions An reaches values as much
as 30% higher than the intrinsic birefringence of a
polyethylene crystal. This is a consequence of the very
high amorphous orientation. It gives evidence for the
high orientational effectiveness of the zone-drawing
technique.

The degree of amorphous orientation is not only a
function of the draw ratio but it increases with the true
stress at which the given draw ratio has been obtained.
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