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ABSTRACT

The morphology and structure of three types of normal and abnormal spherulites of polyethy-
lene terephthalate cast from solution in dimethylphthalate were studied by polarizing microscopy,
transmission electron microscopy and electron diffraction techniques. In the normal negative spheru-
lites the [210] * direction is parallel to the radius direction. In the normal positive spherulites the
radius direction is parallel to the [326] *. Tn the abnormal PET spherulites the Maltese cross extinc-
tion pattern in the polarizing microscope under crossed polars is oriented at 45° to the polars and
there are concentric_extinction rings around the center of the spherulite. Electron diffraction pat-
tern indicates that [512] * js parallel to the radius of the spherulite and this explains the observed ex-
tinction pattern, in the abnormal spherulite.

INTRODUCTION

Polyethylene terephthalate (PET) is easy to crystallize in the temperature range between
the glass transition temperature (69°C) and melting point (264°C), usually spherulites are
obtained. There are several types of PET spherulitesi'~3], Normal spherulites are char-
acterized by their Maltese cross extinction pattern oriented parallel to the polars in the
polarizing microscope under crossed polars. The Maltese cross extinction pattern of abnor-
mal spherulites is observed at 45° to the polars. Kellerl?] had studied the molecular orien-
tations of positive and negative normal PET spherulites by X-ray microbeam technique and
discussed them theoretically. Because it was difficult to obtain spherulites larger than 60
wm, he did not solve the problem completely. In order to clarify the structure of PET normal
spherulites, it is necessary to use spherulites larger than 100xm and more suitable techniques,
such as electron microscopy and electron diffraction. Abnormal spherulites are often
encountered in natural and synthetic macromolecular compounds(4-1%), but have not
been studied in detail. Therefore, it is important to well understand the morphology and
structure of both normal and abnormal PET spherulites.
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EXPERIMENTAL
1. Samples used

PET samples were obtained from Beijing 5th Chemical Plant. The weight average mo-
lecular weight is about 17,000.

2. Spherulitic film preparation

In order to obtain large size (100uwm) PET spherulites the solution cast technique was
used. PET samples were dried in vacuum at 120°C for 6 h, then the solution of PET in di-
methylphthalate with different concentrations (0.05—0.49;) were prepared. A few drops of
hot solution (~240°C) were deposited on the bottom of a small covered Petri dish which
was previously heated to the crystallization temperature (240°C, 235°C or 220°C), then it
‘was maintained at the crystallization temperature for 4 h and then slowly cooled down to
room temperature. The films so prepared were composed of normal positive or normal
negative spherulites or abnormal spherulites depending on the crystallization conditions.
Most of the spherulites in the films were larger than 100um. The film formed on the bottom
of the Petri dish was then floated off by 29/ HF solution and rinsed several times in distilled
'water and picked up onto a microscope slide for bolarizing microscopy study. A Leitz
SM-LUX-POL Polarizing Microscope was used. After careful examination and identifica-
tion of the spherulites in the polarizing microscope the film was cut into small pieces, subse-
.quently refloated off on distilled water and picked up onto 3 mm copper grids for examina-
tion by JEOL JEM-200CX electron microscope with 200KV accelerating voltage and about
S pA beam current.

RESULTS AND DISCUSSION

1. Morphology and structure of PET normal spherulites

(1) Negative spherulites

Fig. 1 shows the appearance of the spherulites of the film obtained by solution (0.1—
0.49%) casting at crystallization temperature 220°C in the polarizing microscope under cross-
ed polars. There are Maltese cross extinction patterns oriented parallel to the polars.
After insertion of the compensator () plate) the interference colour in the first and third di-
ametrically opposed quadrants of the cross is orange and in the second and fourth ones is
blue. This indicates that the spherulites are negative. The size of the spherulites are not
uniform in the film. The diameter of large spherulites can be over 120um and that of small
ones around the large spherulite are only < 10um. There is a ring-like structure which
separates the large spherulite from small ones. This indicates that the morphologies of the
large and small negative spherulites are different. This has been well confirmed by the elec-
tron microscopy. Fig. 2 is a transmission electron micrograph of small negative spherulites,
showing a radiating fibrillar morphology. Fig. 3 is a transmission electron micrograph
of a large PET negative spherulite, with an electron diffraction pattern overlayed in proper
orientation. This figure shows that the spherulite is composed of radiating helical lamellae.
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Fig. 3 Electron micrograph of a PET large negative spherulite and a
correctly oriented electron diffraction pattern

The electron diffraction pattern, corresponding to a sector of the spherﬁlite, obtained with
the selected area diffraction, indicates that the 100 and 110 (110) reflections are in the region
of the meridian (the radius direction of the spherulite). 011 and 010 reflections are in the
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region of equator. In order to determine the crystallographic index of the direction of the
spherulite radius we studied the reciprocal lattice of PETI'!]. Fig. 4 presents the reciprocal
lattice of PET. Three layers of (001) projected along the c-axis direction are represented.

. [3261*

[210]*

Fig. 4 Ewiprogil lattice of_fET crystal structure, showing three (001) layers and the
[210] *, |212] * and [326] * directions, projected along the c-axis

In addition, the angle between each crystallographic plane of interest and a particular plane,
assumed perpendicular to the spherulite radius, was calculated using the classical equations
of crystallography. Table 1 presents some of the calculated values. These values were
then compared directly with the azimuthal angles of the reflections measured on the diffrac-
tion pattern. A very good correspondence was found for the radius direction taken to be
parallel to [210}*. Kunigi et al.[!2] calculated the polarizabilities of the PET crystal and ob-
tained 2.27 X10-%" and 2.15x 10-2"cm?®, respectively, for the polarizabilities along the chain
.and perpendicular to it in the plane of the terephthalate residue and the polarizability per-
pendicular to the plane is smaller. Because the plane of the terephthalate residue is located
nearly to the (100) plane, [100]* is the direction of the smallest polarizability. The angle be-
tween [210]* and [100]* is about 20° and the c-axis is perpendicular to [210*. When the
unit cell of PET rotates around the [210]* direction the sections of indicatrix (cutting in the

Table 1
in 110 100 011 010
210 42.39 22.50 160.3 96.13 100.9
326 25.17 49.79 111.1 92.02 72.37
212 24.34 27.75 141.8 91.14 90.64
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direction parallel to the spherulitic film plane containing [210]*) are ellipses. The longer
axis of each ellipse is nearly perpendicular to the [210]* and the shorter one is nearly parallel
to it, therefore, n,<<ny (n, is the refractive index parallel, and n; the one perpendicular,
to the radius of the spherulite), the spherulite is negative. In addition, the two axes of the
ellipses of the lamellae near the direction of the crossed polars are nearly parallel to the polars,
so there is a Maltese cross extinction pattern oriented parallel to the crossed polars.

(2) Positive spherulites

The spherulitic film obtained by solution (0.1—0.49%) casting technique at the crystal-
lization temperature 240°C exhibits a Maltese cross in each spherulite also parallel to the
polars (Fig. 5). After insertion of the compensator () plate) the interference colour in the

Fig. 5 Optical micrograph of PET positive spheruiites (crossed polars)

first and third quadrants of the cross is blue and in the second and fourth ones is orange.
This indicates that the spherulites are positive. The diameters of most spherulites are over
140um and there are some small spherulites 20um in diameter located between the large
-spherulites. Electron microscopy indicates that the morphology of the positive spherulites
is very similar to that of the negative spherulites. They are also composed of radiating heli-
-cal lamellae, but the orientation of the unit cell around the radius of the spherulites is dif-
ferent from that of the negative spherulites (Fig. 6). The electron diffraction pattern in Fig. 6
is correctly oriented with respect to the micrograph. It shows that 111 and 110 reflections
.are in the region of meridian and the angle between 111 reflection and the meridian direction
is about 25° and the angle between 110 and the meridian is about 44°, 011 and 010 reflections
are in the region of equator. According to the reciprocal lattice of PET (Fig. 4) and the
values of the angles between planes (Table 1) we found that [326]* is in the direction of the
radius of positive spherulites. The angle between [326]* and c-axis is about 42°, while
the angle between the same direction and [TOO]* is about 69°. When the unit cell of PET
rotates around the [326]* direction, the sections of indicatrix (in the plane of the spherulitic
film containing [326]*) are ellipses, those longer axes are nearly parallel to the [326]* and the
:shorter ones are nearly perpendicular to it, therefore n, >n, . the spherulites are positive.
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Fig. 6 Electron micrograph of a PET positive spherulite and a correctly
oriented electron diffraction pattern

Because the two axes of the ellipses of the lamellae located in the direction close to the crossed
polars are nearly parallel to the polars, the Maltese cross extinction pattern is normal i.e.
parallel to the polars.

2. Morphology and structure of PET abnormal spherulites

The films prepared by solution (0.05%) casting technique at crystallization temperature
235°C exhibit a spherulitic morphology (Fig. 7). It can be seen that the diameters of these
spherulites range from 65um to 300um. The Maltese cross extinction pattern of each spheru-
lite is not oriented along the polars, but rotated 45° to them and there are a series of concentric
extinction rings around the center of each spherulite. After insertion of the compensator
(A plate) the alternative blue and orange rings around the center of each spherulite were
observed, showing a periodic radial structure in the spherulite. This indicates that when
the unit cell of PET rotates regularly around the direction of the radius the indexes varied

Fig. 7 Optical micrograph of PET abnormal spherulites (crossed polars)



No. 2 MORPHOLOGY & STRUCTURE OF PET SPHERULITES 175

periodically from n, >n, (or n,<n,) through n,=n, to n,<ny (or n, >n,) along the
center to the periphery of the spherulite, when n,=n extinction takes place. Fig. 8 is a
transmission electron micrograph of an abnormal PET spherulite, with an electron diffraction
pattern overlayed in proper orientation. This spherulite shows radiating fibrillar morphology.
The electron diffraction pattern indicates that the 111, 110 and 100 reflections are in the re-
gion of meridian. The angles between the meridian and the 111, 110 and 100 reflections
are ~25°, ~32° and ~38°, respectively. The 011 and 010 reflections are in the equator.

Fig. 8 Electron micrograph of a PET abnormal spherulite and a correctly
oriented electron diffraction pattern

According to the reciprocal lattice of PET (Fig. 4) and the values of angles between planes
{Table 1) [212* is the direction of the abnormal PET spherulites. The angle between the
(212]* and [100]* is about 38°, while the angle between [212]* and the chain axis ¢ is about
65°. When the unit cell of PET rotates around [51 2]* the two axes of each section of indi-
catrix (in the plane of spherulitic film containing the [212]*) are tilted at an angle to the [212]*
direction and from the center of the spherulite to the periphery the refractive indexes #, and n
change regularly. When n, = n, the extinction takes place and one of the two optic axes
is parallel to the light at this point in the spherulite. Because the axes of the sections of in-
-dicatrix of the crystalline lamellae located at about 45° to the polars are parallel to the polars
the Maltese cross extinction pattern, therefore, rotates about 45° to the polars.

The structure of PET spherulites with triclinic unit cell is quite complicated. The
directions of the radius of the three types of spherulites investigated are neither parallel to the
-direction of the largest polarizability nor to that of the smaller and smallest ones. Different
types of normal (including positive and negative) and abnormal spherulites can be obtained
«lepending on the crystallization conditions, e.g. crystallization temperature, concentration
of the solution etc. Because the orientation of the unit cell around the radius of distinct
types of spherulites is different, it can be expected that the mechanical properties will be dif-
ferent in the PET materials with different types of spherulites.



176 POLYMER COMMUNICATIONS 1984

Acknowledgments The author wishes to acknowledge the Electron Microscope Laboratory of Peking
University for helpful assistance and the Chinese Textile Research Institute for the determination of the PET
molecular weight. The author also thanks Mr. Chai Hui for preparation and examination of some spheru-
litic films,

REFERENCES

[1] Keller, A., J. Polymer Sci. 1955, 17, 291.

[2] Keller, A., J. Polymer Sci. 1955, 17, 351.

[3] Baranov, V. G., Kenarov, A. V., Volkov, T. L., J. Polymer Sci., Part C, 1970, 30, 271.

[4] Roche, E. J, Stein, R. S. and Thomas, E. L., J. Polymer Sci. Polymer, Phys. Ed. 1980, 18, 1145.

[5] Adams, G. and Stein, R. S., J. Polymer Sci., Polym. Let:. Ed. 1967, 5, 541.

[6] Adams, G. and Stein, R. S., J. Polymer Sci., A-2, 1968, 6, 31.

[7] Wilkes, G. L., Vu, B. T, in “Structure and Properties of Polymer Films”, Lenz, R. W. and Stein, R,
S., Eds., Plenum, New York, 1973, p. 39.

[8] Chien, J. C. W. and Chang, E. P., Macromolecules, 1972, 5, 610.

{91 Magill, J. H., J. Polymer Sci., A-2, 1966, 4, 243,

[10] Mann, J., Roldan-Gonzaler, L., J. Polymer Sci., 1962, 60, 1.

[11] Daubeny, R. de P., Bunn, C. W. and Brown, C. J., Proc. Roy. Soc., 1954, A 226, 531.

{12) Kunigi, T., Shiratori, K., Uematsu, K. and Hashimoto, M., Polymer, 1979, 20, 171.





