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The effect of the electric field on crystallization behaviour of polyamide-6,6 (PA-6,6) was investigated by a
rheological measurement. The crystallization kinetics were estimated by monitoring the changes in the
absolute value of complex viscosity during crystallization. In both isothermal and nonisothermal
crystallization experiments, it is observed that the crystallization rate of PA-6,6 decreases with increasing
the applied electrical field. This phenomenon is explained by the orientation of dipole moments in amide
groups under the electric field. In the PA-6,6, dipoles of amide groups are aligned antiparallel to each other
to yield a stable crystal structure. The external electric field disturbs the antiparallel orientation of dipoles
and thus prevents the chain packing during crystallization. Copyright © 1996 Elsevier Science Ltd.
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Introduction

The mechanical and physical properties of crystalline
polymers are influenced by the crystallization processl’5 .
Information on the kinetics of crystallization are
required for optimizing the polymer processing condi-
tions and are commonly obtained from dilatometry,
optical microscopy, and differential scanning calorimetry
(d.s.c.)6‘8. The rheological measurement can also be used
for examining the crystallization behaviour by monitor-
ing the changes in rheological properties, i.e. the absolute
value of complex viscosity (|n*|), elastic shear modulus,
etc. As the crystallization proceeds, the viscosity is
increased due to the increasing friction between the
growing crystallites. During the crystallization process,
the nuclei formed will act like physical entanglements,
hence increasing the modulus of the melt. Recentiy
Rudin er al.’ investigated the crystallization behaviour of
polypropylene, polyethylene and their blends by
monitoring the changes in elastic shear modulus.

There have been several reports about the effects of
electric field on the crystailization behaviour of polar
crystallizable polymer'®!'. These studies used the optical
microscopy method for measuring the crystallization
kinetics. However, attempts to investigate the crystal-
lization behaviour by a rheological measurement are
lacking. In the present study, we investigate the effect
of electric field on the crystallization behaviour of
polyamide-6,6 (PA-6,6) by means of rheological
measurement.

Experimental

The commercial PA-6,6 (M, =23 000 gmol™') was
obtained from Tongyang Nylon Co., Korea, and used
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without further purification. All samples were dried prior
to use in a vacuum oven at 80°C for at least 3 days. The
PA-6,6 pellets were compression-moulded into a disc of
2mm thickness and 25mm diameter by a hot press at
300°C for 5min.

The absolute value of complex viscosity of compres-
sion-moulded specimens was measured by Rheometrics
Mechanical Spectrometer (RMS-800) with a parallel
plate fixture. The sample was heated in the parallel plate
fixture at 280°C for 5 min to ensure complete melting and
purged by nitrogen gas to minimize thermo-oxidative
degradation. The absolute value of complex viscosity
was measured by using a strain of 5% at a frequency of
1rads™!. The reason for choosing a low value of strain
and frequency was to ensure that the dynamic shearin
would not disrupt or disturb the crystallization process”.
The measurement was carried out to the largest extent of
crystallization before the torque exceeded the maximum
value limited by the transducer. The sample was
isothermally crystallized by quenching the specimen
from 280°C to the crystallization temperature of 230°C
under the electric field. The nonisothermal crystallization
studies were performed by cooling the specimen at
constant cooling rate from 280°C to 180°C under the
electric field. The cooling rates used were 2, 5, 10, and
20°Cmin~".

A special apparatus was designed to allow the
application of d.c. electric fields to the PA-6,6 melts. A
Teflon insulator of 20 mm thickness and 40 mm diameter
was inserted between the transducer and parallel plate
fixtures, and another Teflon insulator was placed
between motor and parallel plate fixtures to avoid the
electric shock. The polymer specimens were placed
between the parallel plate fixtures. The parallel plate
fixture was coiled with a metal spring. The spring was
linked with heat-resistant wire which was connected with
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Figure 1 The change of the absolute value of complex viscosity with

the crystallization time when the sample is isothermally crystallized at
230°C under various electric fields
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Figure 2 Effect of the cooling rate on the absolute vaiue of complex
viscosity under no electric field

d.c. electric field supply. A high voltage power supply
(Keithiey model 247) was used to apply the d.c. electric
fields to the PA-6,6 melts. The applied electric fields were
0, 50, 150, and 250 Vmm~'. The temperature controller
chamber was made of Teflon sheets of 2mm thickness.

Results and discussion

Figure 1 shows the change in the absolute value of
complex viscosity of PA-6,6 with the crystallization time
when the samples are isothermally crystallized at 230°C
under various electric fields. The absolute value of
complex viscosity increases with the crystallization
time, and the increasing rate becomes slower as the
applied electric field increases. This means that the
crystallization of PA-6,6 is retarded when the external
electric field is applied. If the time when the absolute
value of complex viscosity increases from 107 to 10* Pa - s
is used as an arbitrary measure of crystallization rate’,
the isothermal crystallization rate (161s) under
250 Vmm ! is approximately three times slower than
that (56s) under no electric field. The decrease of the
crystallization rate seems to be closely related to the
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Figure 3 Effect of the electric field on the absolute value of complex
viscosity during nonisothermal crystallization at a constant cooling rate
of 5°Cmin~!

dipole alignment of amide groups in PA-6,6 as will be
discussed later.

Figure 2 shows the effect of cooling rate on the
absolute value of complex viscosity of PA-6,6 when the
sample is nonisothermally crystallized. Somewhat arbi-
trarily, the onset crystallization temperature (7, ;) 15
taken as the intersecting point of the slopes of both
curves in the melt and in the crystallization. It is observed
that the absolute value of complex viscosity increases as
the nonisothermal crystallization proceeds and that the
T onser becomes lower with increasing the cooling rate.

Figure 3 shows the effect of the strength of electric field
on the absolute value of complex viscosity when the
PA-6,6 is nonisothermally crystailized at a constant
cooling rate of 5°Cmin~'. Here the T onset 18 also
determined as described above. It is observed that the
T.onset decreases with increasing the electric field,
indicating that the crystallization of PA-6,6 is retarded
when the electric field is applied. More specifically, the
T onser under the field of 250 Vmm ™! is about 20°C lower
than that under no electric field. This result may be also
related to the orientation of dipole moments of amide
groups as explained by the following discussion.

The results of both isothermal and nonisothermal
crystallization show that the crystallization of PA-6,6 is
retarded under the electric field. This phenomenon could
be explained by the molecular structure of PA-6,6. In
polyamides, hydrogen bonding, which is many times
stronger than van der Waals bonding, controls the chain
packing. In PA-6,6, the molecules are in the form of
extended planar zig-zags joined together in hydrogen-
bonded sheets'?>!*. The two crystal structures, a- and
s-form, contain hydrogen-bonded sheets of fully
extended planar zigzag chains and differ only in the
side-by-side packing of the sheets. In a-form, succes-
sive planes are displaced in the ¢ direction whereas in
the J-form the hydrogen-bonded sheets have alternating
up and down displacements. Figure 4 shows the orienta-
tion of dipole moments of amide groups in PA-6,6. The
arrows in Figure 4 indicate the dipole moments in the
hydrogen bonds. The dipoles of amide groups are
aligned antiparallel to each other and thus form a
stable crystal structure. If the strong external electric
fields are applied to PA-6,6, during crystallization from
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Figure 4 Schematic representation of the orientation of dipole
moments in hydrogen bonding of PA-6,6

the melt, the dipoles will tend to align parallel in the
direction of the fields. Therefore the electric field disturbs
to some extent the antiparallel orientation of dipoles
which gives the stable crystal structure. In summary, the
electric field has an unfavourable effect on the packing of
crystal structure and thus retards the crystallization of
PA-6,6.

Conclusions
The effects of electric field on the crystallization

behaviour of PA-6,6 have been examined by a rheo-
logical measurement. In isothermal crystallization
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experiments, it is observed that the crystallization rate
decreases with increasing the applied electric field. In
nonisothermal crystallization experiments, the onset
temperature of crystallization under the electric field is
lower than that under no electric field, indicating that the
crystallization is retarded under the electric field. It is
suggested that these phenomena are closely related to the
orientation of dipole moments of amide groups. In PA-
6,6, the dipoles of amide groups are aligned antiparallel
to each other and thus form a stable crystal structure.
However, when the electric field is applied to PA-6,6
during crystallization, the field disturbs the antiparallel
orientation of dipoles of amide groups and thus prevents
the chain packing to some extent. Consequently, the
crystallization of PA-6,6 is retarded under the electric
field.

References
1 Lovinger, A. J. and Williams, M. L. J. Appl. Polym. Sci. 1980,
25, 1703

2 Muzzy, J. D., Bright, D. G. and Hoyos, G. H. Polym. Eng. Sci.
1978, 18, 437
3 Eder, G., Kriegel, H. J. and Liedauer, S. Prog. Polym. Sci. 1990,
15, 629
4 Brady, D. J. Appl. Polym. Sci. 1976, 20, 2541
5 Maemura, E., Cakmak, M. and White, J. L. Int. Polym. Proc.
1988, 2, 79
6 Sharples, A. ‘Introduction to Polymer Crystallization’, Edward
Arnold, London, 1966
7 Cimmino, S., Pace, E. D., Martuscelli, E. and Silvestre, C. Poly-
mer 1991, 32, 1080
8 Ramesh, C., Keller, A. and Eltink, S. J. E. A. Polymer 1994, 35,
5300
9 Teh, J. W., Blom, H. P. and Rudin, A. Polymer 1994, 35, 1680
10 Marand, H. L., Stein, R. S. and Stack, G. M. J. Polym. Sci.:
Part B: Polym. Phys. 1988, 26, 1361
11 Marand, H. L. and Stein, R. S. J. Polym. Sci.: Part B: Polym.
Phys. 1989, 27, 1089
12 Bunn, C. W. and Garner, E. V. Proc. Roy. Soc. (London) A
1947, 189, 39
13 Young, R. J. and Lovell, P. A. ‘Introduction to Polymers’,
Chapman and Hall, London, 1991
14 Northolt, M. G. and Alexander, L. E. J. Phys. Chem. 1968, 72,
2838
15 Colclough, M. L. and Baker, R. J. Mater. Sci. 1978, 13, 2531

POLYMER Volume 37 Number 18 1996 4185




