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Relationship Between the Chain Fold Period in
Poly(ethylene Terephthalate) and the
Crystallization Temperature
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Synopsis

The dependence of the fold period in poly(ethylene terephthalate) (PET) crystals on
overcooling was investigated by the small-angle x-ray diffraction method, for samples
crystallized at 150° to 260°C. The equilibrium melting point 7, determined simul-
taneously, was 278° & 2°C. Using these results, the surface free energy o. was calcu-
lated.

INTRODUCTION

The folding of macromolecules! is one of the basic phenomena in the
process of crystallization of polymers. It has been shown that it occurs
also in the single crystals of poly(ethylene tercphthalate) (PET) crystal-
lized from dilute solution.? In spite of numerous investigations of the
process of crystallization of PET from melt, the folding of macromolecules
in this polymer-erystallized in a block is still little known. Determination
of surface free energy o, of the crystallographic planes containing the folds?+4
is essential in the investigation of the mechanisms of crystal growth. The
present work describes the current results obtained during such investiga-
tion of folding of macromolecules of PET crystallized from melt.

EXPERIMENTAL

Samples of PET in the form of granules, made by ICI, were degassed
under pressure of 104 mm Hg for 15 hr and then covered with silicon oil
and melted at 280°C in 15 min. After being melted, the samples were put
into a thermostat the temperature of which was kept to within £0.1°C.
The crystallization continued at this temperature for 5 hr within the range
of 150° to 260°C.

The following parameters were determined: density, melting point,
crystallinity, crystallite size perpendicular to the (010) plane, and chain
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fold length. The measurcments of density were carried out on a gradient
column containing KI solutions in distilled water. The column was cali-
brated with an accuracy of +£0.002g/cm3. The melting point measurements
were made using a standard method® on an optical mieroscope with a hot
stage. The melting point of a single sample was measured with an accu-
racy of £0.1°C. For five samples crystallized at the same temperature,
the erystallization temperature showed a spread of 1° to 2°C.  Using the
data found, the cquilibrium melting point 7', was determined by the graphie
method of Hoffman® to be 279° £ 2°C. It scems that the value is some-
what too low. This is probably due to the fact that during melting it was
impossible to climinate the reerystallization in samples erystallized at the
lowest temperatures. The erystallinity measurements were made by the
x-ray method as modified by Statton,” using a sample rapidly frozen to the
temperature of liquid nitrogen as an amorphous standard. A DRON-1
diffractometer, made in the Soviet Union, was used, together with a scintil-
lation counter as recorder.

The crystallite size perpendicular to the (010) plane was measured by the
Ruscher and Kochendérfer method.2  The fold length can be determined
either by the cleetron microscope! or by small-angle x-ray diffraction. The
latter technique was used because of its higher accuracy.

The value of the long period was determined by the Bragg equation.
X-Ray measurements were made on a Geigerflex diffractometer (Rigaku
Denki) with ionizing recording, using a standard goniomecter with a slit,
and a collimator according to Kratky. The width of the beam after col-
limation was 0.25°.

The wide-angle and small-angle measurements were carried out with
CuK,, irradiation, filtered with Ni.

RESULTS AND DISCUSSION

The results, given in Table I, show that:

1. The density of samples crystallized within the range of 150° to
260°C increases, reaching a maximum value at 240°C.

2. The melting point of samples crystallized below 200°C is on the
average 258°C; that of samples crystallized above 200°C exceeds 260°C.

3. The crystallinity determined by x-ray measurements increases from
479, for samples crystallized at 150°C to 629, for samples crystallized at
240°C.

4. "The crystallite size perpendicular to the (010} planc increases from
44 A to0 68 A.

5. The fold period length increases with increase in the temperature of
crystallization.

The changes in the structural parameters given above are generally in
good agreement with the data in the literaturc.®—1! It was observed that
the fold length increases with the crystallization temperature. The in-
crease may be interpreted as an inerease in the lamellar thickness, which is
in agreement with the finding of Geil.?
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Fig. 1. Dependence of fold period in PET on crystallization temperature.

The dependence of the fold length I (also called fold period) on the crystal-
lization temperature is shown in Figure 1. The curve is similar to that
found earlicr for polyethylene.!

Assuming that the results obtained in the present work can be desecribed
by the equations verified for polyethylene, describing the relationship be-
tween the melting point of a lamellar crystal and its thickness (dimension
in the direction of the chain axis), the following equation has been used?®*:

2-0,
T =Twl|l — —— 1
W = a1 - | 0
where [ is the lamellar thickness in the direction of the chain axis (the fold
period); T, is the cquilibrium melting point of PET crystals; AH, is the
latent heat of fusion per unit of crystal volume at temperature 7',,; and o, is
the surface free encrgy of the crystal face containing folds.
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On the other hand, according to the kinetic theory of chain folding,*
the relation between the fold length [ and the crystallization temperature is
ag follows:

- (20, + 2¢/1) T, kT
~ AH, (AT) lo-as

2

where AT = T,, — T; T is the crystallization temperature; o, is the sur-
face free energy of the crystal face without folds; [, is the fold height in the
direction b of an clementary net in the two-dimensional nucleus on the
crystal wall; k is the Boltzmann constant; and e is the edge free energy.
Using the experimentally determined values of fold periods of the
macromolecules and the melting temperature, T',(l), together with the
equilibrium melting temperature T, and the latent heat of fusion of ideal
crystals of PET in egs. (1) and (2), it is possible to determine the surface
free energy o.. Accurate values of both the latter quantities are not known
up to date. Thus, in the present calculations, the highest value of AH,
available in the literature, namely, 127 X 107 erg/ecm?, and 7, = 278°C
given by Roberts!? and Taylor!® were accepted. Interpretation of experi-
mental data for 1 = o given in Figure 2 gives T', close to 280°C. The
values of ¢, calculated with the aid of egs. (1) and (2) are presented in Table
I. Equation (1) gives value of ¢, within the limits 23-33 erg/cm?, de-
pending on the conditions of supercooling. The value of ¢, determined
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Fig. 2. Dependence of T.,(l) on I~ from eq. (2).
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from Ifigure 2 is 29 erg/em?.  In order to determine the value of o, from
eq. (2) more accurately, it is necessary to know the edge free energy e and
os. As a point of approximation, it was accepted that ¢ = 0, and the term
including o, was omitted. The last column of Table I presents the values of
o, obtained by this simplified formula. Because of this simplification, the
above valuces of ¢, are too high.

The value of ¢, determined from Figure 3 (23.5 erg/cm?) is in close agree-
ment with that obtained from eq. (1). It scems, however, that more ac-
curate values of ¢, are those obtained from eq. (1), because they are less
sensitive to variation in 7’,. The values of ¢, obtained from egs. (1) and
(2) arc generally in good agreement with the existing theories of folding of
macromolecules.

SUMMARY

Measurements made by the small-angle x-ray diffraction method con-
firmed that the chain fold period of PET erystals is inversly proportional to
the cooling rate. A similar relationship was previously found for poly-

- Sl

1%

~h

) v

2

22

20

40 60 8o 100 120 40 160 180 200 T2 (7)™’ 100
Fig. 3. Dependence of I/7 on T2(AT)~! from eq. (2).
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TABLE 1
Results of Measurements for PET Crystallized at Different Temperatures
Degree
Crystal- of Effective Fold ) 2
lization ~ Melting crystal- crystallite  period ca‘lr(exilf;tge/;?; o, m
temp., point, Density, linity, sizefrom length, " ~
°C °C g/cm3 % (010), A A eq. (1) eq. (2)
150 256.9 1.374 47 44 87.9 23.3 90.9
180 258.5 1.383 52 48 114.7 27.7 93.6
200 260.0 1.397 56 54 120.5 27.8 91.0
225 259.3 1.401 58 58 147.2 28.6 80.7
240 262.2 1.405 62 64 156.0 29.7 68.3
250 263.5 1.403 60 68 168.0 31.0 54.2
255 265.3 1.401 60 65 174.1 32.3 46.1
260 266.0 1.398 60 63 191.6 33.2 39.6

cthylene. The cquilibrium melting point was also found for PET, the
value being similar to that anticipated theoretically.!? Based on the above
results, the free surface energy o, of the crystal face containing folds was
calculated.
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