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ABSTRACT: To check the possibility of zone-drawn poly(N-vinylcarbazole) (PVK) thick
films as base materials of photorefractive polymers, the effects of the initial polymer
concentration and zone drawing on the physical properties of PVK film were investi-
gated. PVK films were prepared from 1,1,2,2-tetrachloroethane (TCE) solutions with
different initial concentrations. To investigate the drawing behavior of the PVK films
with different solution concentrations, the films were drawn under various zone-
drawing conditions. Through a series of experiments, it turned out that the initial
concentration of the PVK solution in TCE caused significant changes in the draw ratio
of the PVK film, that is, the zone draw ratios of the film at an initial concentration of
9.8 g/dL exhibited their maximum values and gradually decreased at higher or lower
concentrations. Thus, it was determined that the initial concentration of 9.8 g/dL is the
optimum polymer concentration to produce the maximum draw ratio in this work. The
lightness (whiteness) of the zone-drawn PVK film was much higher than that of the
hot-drawn PVK film, resulting from diminishing microcrystallite formation, crystalli-
zation, and back-folding of molecular chains by zone drawing. Moreover, the mechan-
ical properties of the PVK film were dominantly improved by introducing a zone-
drawing technique, maintaining lightness of the zone-drawn film to a similar degree as
that of the undrawn film. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 81: 1297–1304, 2001
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INTRODUCTION

Poly(N-vinylcarbazole) (PVK) film is one of the
most promising materials for good photoconduc-

tors,1–3 charge-transfer complexes,3 electrolumi-
nescent devices,4–8 and photorefractive materi-
als.9–13 To prepare the best film (especially thick
film above 100 mm thickness for photorefractive
application) having good performance for photore-
fractive base materials, many parameters related
to the structure and properties of the film should
be considered. The important factors affecting the
photorefractivity of PVK film are the physical
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properties such as the crystallinity, lightness
(whiteness), surface smoothness, uniformity of
thickness, and mechanical properties. Thus, to
control these physical properties, in general, hot
drawing of PVK thick film has been done.14 How-
ever, in producing various films having high and
regular chain orientations, uniform dimensions,
and good physical properties accompanied with
fine and easy controlling of properties for partic-
ular uses, hot-drawing methods have problems
such as higher probabilities of microcrystallite
formation, the back-folding of molecular chains, a
lightness decrease, and thermal degradation of
the samples.15–20

In general, the molecular weight,19,21–24 molec-
ular weight distribution,25 and concentration of
the polymer solution26,27 have a marked influence
on the drawability (orientation) of polymers. The
drawability increases as the molecular weight in-
creases.28 Under the same molecular weight, this
property depends principally on the initial con-
centration of the polymer solution from which the
film was made.21,26 This is due to a reduced num-
ber of entanglements per molecule of the solution-
cast or spun polymers in comparison with those
obtained from the melt29; that is, macromolecules
are thought to form a transient network with
entanglements acting as friction centers or non-
localized junctions. Because high-entanglement
density impedes a large deformation of solidified
high molecular weight polymers, their drawabil-
ity might be improved by reduction of the number
of entanglements. However, in the case of a dilute
solution, which has fewer entanglements, the
maximum draw ratio cannot be obtained, owing
to rare coil overlap and chain slippage occurring
at the drawing step. Therefore, a proper level of
entanglements is needed to increase the orienta-
tion of polymer chains which can be realized by
the control of the solution concentration.

Zone drawing,16,19,20,24 a method inducing
necking on one point of a film by heat, has many
advantages as described above compared to hot
drawing. It reveals that higher orientation is sig-
nificantly related to the zone draw ra-
tio.15,17,18,30–32

In this study, effects of the initial polymer con-
centration and zone drawing on physical proper-
ties such as the orientation, crystallinity, light-
ness, and tensile properties of the PVK film were
investigated. A convenient one-step zone-drawing
method was introduced for finely controlling the
physical properties of solution-cast PVK film, for
improving the mechanical properties and resis-

tance in a high electric field, and for obtaining
both higher orientation and higher lightness than
those of general hot-drawing methods.

EXPERIMENTAL

Preparation of PVK Film

The relative viscosity of the PVK (Aldrich Chem-
ical Co., Milwaukee, WI, weight-average molecu-
lar weight 1.1 3 106) solution was measured at
25oC using an Ubbelohde viscometer. From these
results, the reduced viscosity for film casting was
calculated. The concentrations of PVK solutions
in 1,1,2,2-tetrachloroethane (TCE) used in the
film casting were 6.5, 9.8, 13.0, and 16.0 g/dL,
respectively. The homogenized solution was
poured into a stainless-steel dish and dried under
a vacuum at 25oC for about 10 days. After TCE
was removed from the films, the dried films, hav-
ing similar thicknesses of 210 mm, were obtained.

Zone Drawing of Film

Zone drawing was carried out at several temper-
atures by moving a pair of narrow band heaters
with dimensions of 7 cm length, 2.5 cm width, and
1 mm thickness (Fig. 1). The film used for zone
drawing was of 210 mm thickness, 5 mm width,
and 10 cm length, being drawn under tensions
controlled by different dead weights, on an In-
stron Model 4201 (Fig. 2).20,24,33–36 The zone-
drawing conditions are listed in Table I.

Hot Drawing of Film

The PVK film was drawn by tensile force in an air
oven equipped with a tensile tester at the same
drawing temperatures as in the case of zone
drawing.

Figure 1 Schematic representation of band heater
assembly.
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Characterization of Film

Birefringences were measured on a polarizing mi-
croscope with a senarmont compensator (Nikon,
Optipot-Pol 104). The birefringence was deter-
mined by dividing the optical path length by the
thickness.

Wide-angle X-ray diffractograms of PVK film,
for determining crystallinity, were obtained with
nickel-filtered CuKa radiation (40 kV, 200 mA)
using an X-ray diffractometer (Mac Science,
MXP-18). To measure the degree of crystallinity
of the film, the X-ray diffraction patterns were
recorded in the range of 2u 5 5–65o at a scan
speed of 1o/min. The degree of crystallinity was

calculated by using a basic method for diffraction
between crystalline and amorphous scattering in
diffraction intensity curves.37

The lightness of the PVK film was measured by
a color eye (I.D.I., Model C). Load-elongation
curves were recorded on an Instron Model 4201
using a sample length of 2 cm and a crosshead
speed of 100 mm/min. The tensile strength and
modulus of the PVK film were each the average
values of 20 samples.

RESULTS AND DISCUSSION

Determination of Optimum Polymer Concentration

It has been known that the draw ratio of solution-
cast film is influenced by the solution concentra-
tion and that the maximum molecular orientation
can be obtained at a certain solution concentra-
tion. Moreover, in the vicinity of this concentra-
tion, the solution viscosity steeply increases.
Thus, in this study, first, relative viscosity mea-
suring experiments were tried in order to predict
the optimum polymer concentration of PVK, as
shown in Figure 3. From the fact that all the
measured data were approximated to two differ-
ent linear lines in Figure 3, it can be seen that a
critical polymer concentration of 9.8 g/dL, show-
ing an abrupt change in the solution viscosity, is

Figure 2 Schematic representation of zone-drawing
apparatus.

Table I Zone-drawing Conditions of PVK Film

Drawing stress (MPa) 0.32, 0.63, 0.95, 1.26
Drawing temperature (°C) 120, 140, 160, 180
Heat band speed (mm/min) 1, 5, 10, 50

Figure 3 Reduced viscosity of PVK solution in TCE
at 25oC with solution concentration.
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present. To confirm the viscometry data, we tried
to determine the optimum polymer concentration
of the PVK solution by the zone-drawing method.
The structure and physical properties of zone-
drawn film may vary with the conditions of prep-
aration and drawing of the film; that is, first, the
initial concentration of polymer solution during
preparation of the film and also, second, process-
ing parameters such as drawing stress, drawing
temperature, and heat band speed during draw-
ing of the film have a marked influence on the
drawing behavior of the film. In this study, effects
of those factors on the draw ratios of the films
were investigated.

Figure 4 shows the zone draw ratios of PVK
films drawn under various drawing stresses, a
drawing temperature of 180oC, and a heat band
speed of 1 mm/min as a function of the initial
solution concentrations. The draw ratio increased
with increasing drawing stress. Also, the maxi-
mum value of 6.2 could be obtained at a drawing
stress of 1.26 MPa. This result can be explained
as that deformation of molecular chains increases
with increasing drawing stress above the glass
transition temperature of about 130oC. At 1.26
MPa or above, a brittle breakage of the film oc-
curred. The maximum value of the draw ratio
appears at a solution concentration of 9.8 g/dL.

The draw ratio increases with increasing concen-
tration up to 9.8 g/dL, but decreases above this
concentration. This is attributed to a suitable
number of entanglements for the film prepared at
a solution concentration of 9.8 g/dL. Optimum
initial concentrations of polymer solutions vary
with the molecular weight, linearity, and stereo-
regularity of polymers and the type of solvent, etc.
In this study, however, those effects were negli-
gible because the same types of polymer, with the
same molecular weight, and solvent were used in
all the experiments. Therefore, it can be supposed
that the initial concentration of 9.8 g/dL is the
optimum concentration which contains suitable
entanglements. The general viscometric method
for a determination of the optimum solution con-
centration is time-consuming; thus, the zone-
drawing method could be the better one.

The effect of the drawing temperature on the
drawability is shown in Figure 5. The draw ratio
increased for each film with increasing drawing
temperature. This implies that as the drawing
temperature reaches the melting temperature
(180oC) of the undrawn PVK film the degree of
freedom of the PVK chains increases. The largest
value was obtained at a concentration of 9.8 g/dL,
so this can be presumed to be the optimum con-
centration manifesting the highest draw ratio.

Figure 4 Zone draw ratio of PVK film drawn under
various drawing temperatures, a drawing temperature
of 180oC, and a heat band speed of 1 mm/min with
concentration of PVK solution

Figure 5 Zone draw ratio of PVK film drawn under
various drawing temperatures, a drawing stress of 1.26
MPa, and a heat band speed of 1 mm/min with concen-
tration of PVK soution.
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Figure 6 shows the zone draw ratios of PVK
films drawn under various heat band speeds, a
drawing stress of 1.26 MPa, and a drawing tem-
perature of 180oC as a function of the initial so-
lution concentrations. It was shown that the
slower the heat band speed the larger is the draw
ratio. This may point to the softening of the film
becoming easier owing to a longer residence time
for the film between two heat bands; that is, a
more uniform heat transfer to the sample of a
slower heat band speed had a great effect on the
draw ratio of the PVK film. As shown in Figures
4–6, the zone draw ratio of the film prepared at a
concentration of 9.8 g/dL was the largest value
among all the films prepared at different concen-
trations. Thus, it was supposed that the film pre-
pared at this concentration had suitable entan-
glements to attain the maximum draw ratio. Con-
clusively, it can be predicted that the present
method of determining the optimum initial con-
centration of the PVK solution by the zone draw
ratio is correct and suitable.

Dependence of Physical Properties of Film on the
Initial Concentration and Draw Ratio

The effect of the initial polymer concentration on
the birefringence of the PVK film zone drawn under various drawing stresses, at a drawing

temperature of 180oC, and a heat band speed of 1
mm/min with draw ratios is shown in Figure 7.
Nevertheless, specimens having similar draw ra-
tios of about 1.7, 2.5, and 3.4, the effect of the
concentration on the birefringence is obvious. It
was shown that the maximum birefringence ap-
peared at a solution concentration of 9.8 g/dL. The
birefringence increases with the concentration up
to 9.8 g/dL, but decreases above this concentra-
tion. This demonstrates that the degree of overall
orientation of the PVK film cast at 9.8 g/dL, the
concentration of maximum drawability, is the
highest value among those cast at the other con-
centrations. Moreover, birefringence of the film
increased with increase in the draw ratio. It was
thought that much more heat transfer to the sam-
ple at a longer drawing time had a great effect on
the increment of the birefringence of the film.

Figure 8 compares the crystallinities of PVK
films zone-drawn with those hot-drawn under the
same drawing conditions with the draw ratios. As
the draw ratio increased, crystallinity increased
in both the zone and the hot drawings. However,
it is interesting to see that the crystallinities of
the zone-drawn PVK films were much lower than
were those of the hot-drawn PVK films of similar

Figure 6 Zone draw ratio of PVK film drawn under
various drawing stresses, a drawing stress of 1.26 MPa,
and a drawing temperature 180oC with concentration
of PVK solution.

Figure 7 Birefringence of PVK film zone-drawn un-
der various drawing stresses, a drawing temperature of
180oC, and a heat band speed of 1 mm/min with draw
ratio.
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draw ratios. In Figure 9, it can be seen that this
fact is important.

Figure 9 shows the effects of the drawing meth-
ods and draw ratios on the degree of lightness of
the PVK film. The lightness of the PVK film de-
creased with an increase in the draw ratios of the
films prepared by both drawing methods. This
may be explained by the fact that, as the draw
ratio was increased, crystallinity also was in-
creased, resulting in a decrease of the lightness of
the PVK film. In addition, the lightness of the
hot-drawn PVK film was much lower than that of
the zone-drawn PVK film. This was because hot-
drawing methods have problems such as higher
probabilities of microcrystallite formation and
crystallization and of back-folding of molecular
chains than for the zone-drawing method. Be-
cause PVK film is used mostly for photorefractive
base materials,9–13 higher lightness of the PVK
film for these uses is necessary. Therefore, from
the results that the zone-drawing method pro-
duces PVK film with a higher lightness, it is ex-
pected that the zone-drawn PVK film is a prom-
ising base material for photoreactive polymers.

The effect of the initial polymer concentration
on (a) the tensile strength and (b) the tensile
modulus of the PVK films zone-drawn under var-
ious zone-drawing conditions is shown in Figure
10. It is clear that the tensile strength and tensile
modulus of the PVK film increased significantly

with the draw ratio. It is also noted from Figure
10 that the tensile strength and tensile modulus
of the PVK film showed the maximum value at 9.8
g/dL. The maximum tensile strength and tensile
modulus obtained in the PVK film with the max-
imum draw ratio were 0.48 and 4.3 GPa, respec-
tively. In general, the fact that the film represents
a high tensile strength and tensile modulus
means that the polymer has a suitable length of
tie molecules and a uniform length distribution.
The tensile strength and tensile modulus of the
PVK film cast at 9.8 g/dL were higher than those
of the PVK films cast at other concentrations be-
cause the film had suitable tie molecules and a
uniform length distribution. The PVK films cast
at higher concentrations had too many tie mole-
cules which prevented orientation of the chains,
so the tensile strength and the tensile modulus
were lowered. The PVK films cast at lower con-
centrations had fewer tie molecules, so the tensile
strength and tensile modulus were lowered due to
slippage of the molecular chains. In the case of
undrawn PVK film, shattering and crack-forma-
tion phenomena, which are undesirable for pho-
torefractive base materials, occurred frequently
during the tensile experiments. This was attrib-
uted to a lack of toughness of the undrawn film. In
contrast, these bad problems disappeared after
zone drawing. From the fact that zone-drawn
PVK film has a tensile strength and tensile mod-

Figure 9 Degree of lightness of PVK films zone-
drawn and hot-drawn, respectively, with draw ratio.

Figure 8 Crystallinities of PVK films zone-drawn
and hot-drawn, respectively, with draw ratio.
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ulus of about 0.1–0.48 and 0.4–4.3 GPa, respec-
tively, it is concluded that zone drawing and/or
the zone-annealing technique is an effective
method for preparing PVK film having higher
lightness accompanied with good surface unifor-
mity, high durability in high electric field, and
suitable toughness, arising from increased me-
chanical properties.

CONCLUSIONS

The optimum processing conditions for the PVK
film were investigated by measuring the birefrin-
gence, crystallinity, lightness, and tensile proper-
ties, in terms of the initial polymer concentration
and draw ratio of the film. PVK films were pre-
pared from TCE solutions with different initial
concentrations of 6.5, 9.8, 13.0, and 16.0 g/dL,
respectively. To investigate the drawing behavior
of the PVK films with different solution concen-
trations, the films were drawn under various
zone-drawing conditions. From several results, it
was identified that the initial concentration of the
PVK solution in TCE caused significant changes
in the draw ratio of the PVK film, that is, the zone
draw ratios and tensile properties of the film at
the initial concentration of 9.8 g/dL exhibited
maximum values and gradually decreased at
higher or lower concentrations. The lightness of
the zone-drawn PVK film was much higher than
that of the hot-drawn PVK film, resulting from
diminishing microcrystallite formation, crystalli-
zation, and back-folding of molecular chains by
the zone drawing. Moreover, the mechanical
properties of the PVK film were significantly im-
proved by introducing the zone-drawing tech-
nique, maintaining the lightness of the zone-
drawn film to a similar degree as to that of the
undrawn film. Therefore, it is definitely possible
to produce various PVK films having higher light-
ness and higher orientation accompanied with
good surface uniformity, high durability in a high
electric field, and high mechanical properties. In
the near future, we will report on the preparation
and the zone drawing of PVK thick film contain-
ing chromophores for photorefractive materials.

This study was supported by the RRC Research Fund.
We acknowledge the support with appreciation.
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