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INTRODUCTION

This article is a presentation of progress of studies of the crystalline super-
structure in high polymers by the light-scattering and microscopic tech-
niques. In previous review articles!: 2, it was pointed out that the scattering
is a consequence of regions of correlated orientation of crystal-amorphous
aggregates with dimensions comparable with the wavelength of light. In
this paper more recent progress is reviewed. Much of this is centred about
the use of the photographic procedure for recording the angular distribution
of low-angle scattering, particularly at small angles. The use of the optical
diffractometer technique for interpreting scattering pictures is discussed.
Comparison of information obtained by light-scattering and optical and
electron microscopy is made. '

REVIEW OF EARLIER WORK

Procedures and preliminary studies of the scattering from thin polymer
films have been described by Stein and Keane3: 4. (A computer technique
for easily obtaining absolute scattered intensities from experimental data
has been recently developed®.) It was concluded that scattering at angles
greater than 10° results principally from regions within the polymer con-
taining crystallites having correlated orientation over regions of several
thousand A in size. This conclusion is in agreement with the results of
studies of:

(a) polarization of the scattered light;

{b) changes in scattering accompanying the swelling with solvents of
differing refractive index; and

(c) changes in scattering accompanying the melting and regrowth of
crystals.

The existence of such regions is consistent with current mechanisms of
crystallization® involving growth through autonucleation of crystals in
regions close to those already containing crystals. It is proposed that
crystalline orientation tends to be preserved in this autonucleation process.
A description of such crystalline superstructure in terms of a correlation
function for orientation has been proposed?:7:8, which specifies the probability
of two crystals with correlated orientation occurring in volume elements
separated by distance r. By employing simplifying assumptions (with some
loss of generality), it is experimentally possible to separate contributions to
scattering resulting from such fluctuations in orientation from those resulting
from fluctuations in density or degree of crystallinity. This requires the
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measurement of scattering intensities using polarized light. It has been
found, in this way, that most of the scattering from polyethylene films
originates from orientation fluctuations.

THE PHOTOGRAPHIC TECHNIQUE

A simple photographic method for recording scattering patterns at low
angles has been described?® 19, utilizing the experimental arrangement shown
in Figure 1. The scattering pattern is observed as a function of the radial

~ Polarizer

Photographic
film

Figure 1. The experimental arrangement for photographic light-scattering from films
(Stein and Rhodes?® by courtesy 7. Appl. Phys.)

angle, 0, and the azimuthal angle, u, for cases where the polarizer and
analyser are parallel and vertical (Vv scattering), and where they are per-
pendicular (Hy scattering). One observes complex angular dependency
of the scattering pattern which is oriented with respect to the polarization
direction (Figure 2). The pattern may be understood in terms of scattering
from an anisotropic system having circular symmetry. A theory for such
scattering from isolated spheres having differing radial and tangential
polarizability has been presented!?, giving rise to the equations for the
scattered intensity, I, for Vy and Hy polarization:

3\2
Ivy = As} (ﬁ) [(at — ag)(2sinU — UcosU — Sil)

+ (o — og) (SiU — sinl) + (o — ar)coszg

2
X cos?u(4sinll — UcosU — SSiU)] ()
I _Aziz( o (4sinU
By = A%\ 7 oy — oty)COS 5 sinucosy (4sin
2
— UcosU — 3SiU)] (2)
where A is a proportionality constant; (a; — a,) is the difference between

the tangential polarizability and that of the surroundings of the sphere,
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(ar — og) is this difference for the radial polarizability, and (e — o) is the
difference between the tangential and radial polarizabilities; v, is the volume

47 R
of thesphereof radius R; and U = ( il ) sin(0/2), where A is the wavelength

A
of light in the medium. Similar equations have been derived!? for aniso-
tropic discs lying in the plane of the film, and are:

tvy = B3 () {(at — ) [ 0) +50(e) — 11+ (o — 201 = Folo]
b ) 2~ 2) — a@loots| ()

tay = 843 () {(a — ansiopoosnl2 — 270(0) —u7@]] @

where B is a proportionality constant; A4, = area of the thin disc of radius
R; o =27(R/X)sinf; and Fy(w) and ¥,(w) are Bessel functions of the first
kind of order zero and one respectively.

For isotropic surroundings, o and «4 are the same. In most actual cases,
however, the structure is close-packed so that crystalline aggregates are
surrounded by other similar aggregates which are anisotropic, and the
meaning of «g and «g is not clear.

The theoretically predicted scattering patterns for Hy scattering from
spheres and discs are very similar. In Figure 3, a calculated scattering
contour (obtained using the IBM 1620 computer of the University of
Massachusetts Research Computing Center), is plotted for discs showing
the variation in intensity with w and . The lines represent levels of con-
stant logarithmic intensity (with the value of logarithmic intensity in-
dicated). The pattern is very similar to ones obtained for spheres (see
Figure 7 of the paper by Stein and Rhodes!?), and has the four-leaf clover
symmetry found experimentally.

A greater variety of shape is found in the Vv patterns. These depend
upon the relative values of the polarizabilities as well as upon the shape of
the scattering aggregate. For example, in Figures 4 and 5, the scattering
for spheres and discs is compared for the relative polarizability differences

(o —or) =3, (ag — o) =1, and (o — ;) = — 2. The patterns are
of very different appearance. In Figure 6, the scattering for spheres for
which (ot — o) = 3, (ay — as) = 2, and (o&r — oc;) = — 1 is plotted. The

pattern again differs for, in this case, the intensity decreases from a maxi-
mum at p = 90°, as U increases from 0, rather than increasing as in Figure 4.

Variations of this sort are found in practice. For example, a comparison
of the Vy and Hy scattering patterns from nylon films cooled rapidly and
slowly from the melt is made in Figure 7. The birefringence of nylon
spherulites is known to depend upon the temperature of growth?, and the
difference in the scattering patterns is associated with polarizability differ-
ences accompanying the birefringence variation.

A more systematic study of the effect of polarizabilities on scattering
patterns has been made, and variations in scattering patterns have been
reported1l,
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It has been pointed out!® that the distance from the centre of the scattering
pattern to one of the 45° lobes of the Hy “‘ clover-leaves > may be taken as a
measure of the size of the scattering aggregate. A calculation of the
variation of Iy, with U using equation (2) for spheres or with w using

equation (4) for discs indicates maximum intensity at U = w = 4-0. At
small angles, this gives, for both shapes:

R 2
X = wsinfmax

(5)

where Omax is the angular position of the intensity maximum. A measure-
ment of R in this way gives values which correlate well with average spheru-
lite sizes measured with a polarizing microscope!®. Three Hy scattering
patterns for differing polyethylene spherulite sizes are shown in Figure 8.
The agreement of the R values characteristic of the scattering aggregate
with measured spherulite sizes makes the association of the aggregate with
the spherulite reasonable. It should be noted that R values may be readily
measured in this manner for samples possessing spherulites which are too
small to be resolved with an optical microscope. From the nature of their
scattering patterns, it is probable that such samples possess * spherulitic-
like >’ aggregates of crystals, even though these cannot be observed.

The physical explanation for the orientation of the Vy scattering patterns
with respect to the polarization direction may be understood from a study of
Figure 9. 'This represents an idealized sphere with zero radial polarizability;
that is, the electrons are only free to move in a tangential direction. The
arrows represent the magnitude of the induced dipoles when this sphere is
placed in vertically polarized light. It is seen that the polarization is
greatest in the equatorial regions of the sphere. Thus, the sphere acts as
an anisotropically-shaped scattering body giving a scattering pattern which
is most extended in a direction perpendicular to the direction of greatest
extension of the dipoles!?.

EFFECT OF DISTRIBUTION OF SPHERULITE SIZES

It is of interest to determine the effect of a distribution of spherulite sizes
upon the Hy and Vv scattering patterns. If the number of spherulites
with radii between R and (R + dR) is N(R)dR), the total Hy scattering from
spheres is, from equation (2):

3
I, = 161r2AfN (R) {g;a [(at — ar)coszgsiny.cosp]

[4sinU — UcosU — 3SiU]}2dR (6)
If C = 1672A(x; — or)%cos*(6/2)sin%pcos®u, and U = kR
where & = 4#sin(8/2)A, then this becomes:

In, = f.N(R) his[z}sin(hR) — (hR)cos(hR) — 3Si(RR)]*dR  (7)

This permits one to calculate Ig, as a function of 4 (or 6) for a known
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distribution N(R). This integral was evaluated numerically for the two
assumed values of N(R):

(a) Gaussian, where N(R) = exp[~—(

R — Ry\? .
- 2} | (where R, is the most
probable radius in Gaussian distribution or maximum radius in box

distribution, and ais the width of Gaussian distribution, the correlation
distance for fluctuations) ; and

(b) box sketched in Figure 10,
using the IBM 1620 computer.

The resulting scattering curves are compared with those for monodisperse
spherulites of 10 p radius. They are plotted as a function of (U, = hRy),
where R = 10 p is the most probable radius in the Gaussian distribution
and the maximum radius in the box distribution (Figure 11). It is seen that,
while there are small shifts in the position of the maximum, the shape of the
scattering curve is not appreciably affected by the distribution of sizes.
The average size calculated using equation (5) would be 10 p for the mono-
disperse distribution, 12-1 p for the Gaussian and 8-5 w for the box dis-
tribution. The average size obtained is heavily weighted in favour of the
larger sizes in the distribution because of the dependency of scattering power
upon R®.

The result for Vy scattering depends upon the assumptions concerning
wsand «;.  If, asin the case of isotropic surroundings, ag = ag = (ar + 224)/2,
(scattering pattern of Figure 4) one obtains from equation (1) at p = 90°:

RG
Ty (s =90°) = 167A (o — as)2fN(R)7J—G[4sinU — UcosU — 3SiUJdR ~ (8)

The predicted variation with U is the same as that for [uy as given by
equation (6), and the effect of distributions of spherulite size upon the
scattering curve will be the same.

In the case where (or — ag) = — (@ — ag)/2, (which seems to give Vy
scattering patterns of the type shown in Figure 6 having similar appearance
to the experimental pattern for the sample studied), equation (1) leads to:

R6
Tvy(p = 90°) = 4n%A (o — tg)? f N(R)g[5sinU — 2Ucosl — 3SiUTXR (9)

A plot of this function for the Gaussian distribution:
N(R) = exp[—(R — Ry)*/a"]

is given in Figure 12 for monodisperse spheres (¢ = 0) and fora = | and 5 g,
and Ry = 10 p. It is seen that the sharp minima in the curve for mono-
disperse particles become more diffuse with increasing breadth of dis-
tribution of particle sizes. Thus, in this case, in calculating a particle size
from the angular dependency of scattering, the influence of broadening on
the scattering curve must be considered.

In the theory used, the surrounding medium was considered as homo-
geneous, and contributions to scattering due to interparticle interferences
were ignored. The justification of this may be made in terms of the
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conclusion that scattering in theregion of small # ultimately results in a scatter-
ing minimum occurring at # = 0°, and a maximum at an angle charac-
teristic of interparticle interference. “ The positions and magnitudes of
the secondary maxima are only slightly modified in passing from a very
dilute to a dense system. This is not true for the principal maximum; the
principal maximum occurs at zero angle for dilute solutions, and as the
concentration increases, it is displaced towards larger angles, occurring at
values of U between 0 and 2-5 for systems of average concentration *’13,
Such maxima are not observed experimentally. Evidence for the effect of
interparticle interference will be presented in the following section on the
optical diffraction technique. More detailed discussions of the effect of
particle size on scattering will be reported elsewherel4.

OPTICAL DIFFRACTOMETER STUDIES

A quantitative treatment of the effect of interparticle interaction on
scattering is difficult. However, a qualitative appraisal of the effects of
this interaction may be made using the optical diffractometer technique?5.16,
The method involves making a two-dimensional drawing of the structure
which is proposed to be responsible for the light-scattering. A diffraction
mask is prepared photographically from this drawing. The enlarged
diffraction pattern obtained using this mask should then be similar to the
light-scattering pattern arising from the actual structure.

An example of the application of this technique is illustrated in Figures 13
and /4. An idealized model of a spherulite as viewed through a horizontal
analyser in vertically-polarized light is shown in Figure 13. The white
areas represent the region of high concentration of dipoles as seen through
the analyser arising, as previously discussed, because of the anisotropy of
polarizability of the tangentially-polarizable spherulite. The large scatter-
ing occurs at 45° to the polarizer and analyser because the maximum com-
ponent of polarization (which is greatest in a direction at 90° to the polarizer)
is transmitted through the analyser at 45°. For simplicity, the spherulite is
divided into two zones, the white which contains dipoles and the black
which does not. This is an idealization of the actual spherulite which
contains a gradient of polarization. Figure 14 represents a close-packed
array of such spherulites with some variation in their size.

The diffraction patterns corresponding to those two models are shown in
Figures 15 and 16. (The patterns were obtained by Professor S. Krimm of
the Department of Physics, University of Michigan, Ann Arbor, Michigan.)
The pattern, as is predicted, exhibits the cross pattern found experimentally.
The single spherulite pattern is similar to that for the array, with the excep-
tion that there is more diffuseness in the array pattern, probably resulting
in part from the variation in size of spherulites in the array and in part from
the incompleteness of spherulites with irregular edges where they abut other
spherulites. The intensity of the array pattern is greater than that of the
single spherulite because of the greater number of scatterers.

INTERNAL RING STRUCTURE

The appearance of concentric rings in spherulites has been observed
under the polarizing microscope, and has been explained in terms .of the
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helicoidal variation in the orientation of crystals within the spherulites,
the angular orientation varying periodically with radius!?-1%, The scatter-
ing patterns from such “ ringed spherulites ”” exhibit a maximum?20: 21,
The existence of such a maximum is theoretically predicted!®, and the
dependency of the intensity of the scattering maximum upon the azimuthal
scattering angle with Vy polarization confirms the postulate of periodically
varying orientation.

The effect of ring structure on the scattering from an array of spherulites
has been examined using the optical diffractometer technique!. One
finds that the scattering maximum obtained from an array is similar to that
obtained from a single spherulite, but that its intensity is greater, and the
angular width is broader.

CHANGES ON HEATING AND COOLING

When molten polyethylene is cooled, the scattered intensity exhibits a
maximum at a temperature slightly below the melting point? 22, 23, This
maximum has been studied by the photographic technique® 23 using
polarized light. It has been proposed that the maximum results from the
refractive index difference between spherulitic and amorphous material, the
effect of which is a maximum when the polymer is about half-spherulitic.
With further crystallization, the spherulites become volume-filling and
scattering decreases. With still further crystallization, there is an increase
in scattering. The photographic patterns reveal that the intensity of Vv
scattering in the region of the first scattering maximum is independent of
azimuthal angle, but that the pattern accompanying this second increase is
highly oriented along the polarization direction as in Figure 2. The inter-
pretation is that this second increase is a consequence of the development of
anisotropy resulting from intraspherulitic crystallization, The growth of
spherically symmetric oriented crystals within the spherulite causes («; — ar)
to increase and gives rise to an increasing contribution from the third term
of equation (1) which is dependent upon the azimuthal angle, p.
Consequently, the scattering which is observed at room temperature arises
almost entirely from this cause.

INTERNAL STRUCTURE

The light-scattering consequences of helicoidal crystal orientation within
spherulites have been already discussed. These studies indicate that
spherulites do not have perfectly uniform internal composition, but are
internally heterogeneous as a result of their polycrystalline structure. A
consequence of this is that there is a much greater intensity of scattering at
high angles than would be predicted for uniform spheres. For example,
for a medium-density polyethylene sample, the average size of spherulites
calculated using equation (5) from the position of the Hy scattering maxi-
mum at p = 45° was 2-7 p. (This is in agreement with estimates from
microscopic observations.) For spheres of this size, the calculated logarithm
of the ratio of the intensity at § = 3° to that at 10° (using equation (9) ) is
between about 1-3 and 2-0, depending upon the assumed width of dis-
tribution of spherulite sizes. The experimentally measured logarithmic
intensity ratio at these angles is 3-9. Thus, the actual intensity at 10° is
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over a hundred times as great as might be expected for internally homo-
geneous spherulites.

The observation that a sample of polyethylene which is of the order of
50 per cent crystalline may have its volume completely filled with spherulites
indicates that spherulites may exist having degrees of crystallinity 50 per
cent or less. It is of interest to inquire into the scale of mixing of crystalline
and amorphous material within the spherulite.

One means for estimating the size of the amorphous regions is from the
effect of swelling on the intensity of scattered light. This depends upon the
size of the scattering regions and upon the square of the refractive index
difference between them and their surroundings?$, The size may be
obtained from the dependency of the intensity of scattering upon angle.
Such a measurement on low-density polyethylene at angles in the range of
10-30° has indicated a size of about 0-26 p and a mean square refractive
index difference, 52, of 2:9 x 10-* for a sample of about 50 per cent crystal-
linity?,

Since

n? = X)X, (n, —ny)? (10)

and X, and X, and =, and n, are the fractions and refractive indices, respec-
tively, of the scattering system which is assumed to consist of two phases,
this corresponds to (n; — n,) of the order of 0-01 refractive index units.

One may swell this polymer with 23 per cent tetralin having a refractive
index of 1:545. Since the crystalline X-ray diffraction pattern is unchanged
upon swelling, all of the tetralin must enter the amorphous phase. Its con-
centration in the amorphous phase must be of the order of 46 per cent.
Assuming a linear change of refractive index with concentration, at an initial
amorphous refractive index of 1-49, the refractive index of the amorphous
regions should change by 0-03 to a value of about 1-52. The change in
refractive index produced by the swelling liquid is three times the refractive
index difference which is responsible for the scattering. There is no
significant change in the size of the scattering region upon swelling. The
observed change in scattering at 10° is less than 10 per cent. Consequently,
the amorphous-—crystalline boundary cannot be a significant contributor to
the scattering.

If all the observed scattering were due to the refractive index difference
between crystalline and amorphous material having a refractive index
difference of 0-05, then the value of 52 calculated with equation (10) would
be 0:006 refractive index units. Then, one may estimate the size of the
scattering regions by using the integrated form of the Debye-Bueche equa-
tion?4 for an exponential correlation function:

472 al
Nt (1 + kistad)? (I +co

R = s26) (1)
where R is the Rayleigh ratio, a the correlation distance, A, the wavelength in
vacuum, £ = 27/X and s = 2 sin(8/2). Using the measured value of R of
about 20 cm-1 for such a sample?, one obtains an a value of about 900 A.
From the swelling studies, however, it does not seem that more than 10 per
cent of the scattering can be due to the refractive index difference between
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Vy Hy

5°

Figure 2. The photographic light-scattering patterns for a medium-density polyethylene
sample with Vy and Hy polarization. The line under the pictures represents 5° of scattering
angle: (a) unstretched sample; (b) sample stretched 400 per cent vertically; (c) sample
annealed for 1 h at 102° without constraint on length and then cooled to room temperature
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Figur 3. Logarithmic intensity contours for H scattering from thin discs where (o —oq) =3

3

= af = (ar + 204)/2)

tours for Vy scattering from spheres where (o — ar)
= — 2. (This corresponds to ag

Figure 4. Logarithmic intensity con
(a — as) — 1 and (o — o)
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V ”
L

Figure 5. Logarithmic intensity contours for Vy scattering from thin discs where (o —op)=3,
(e — %) = | and (xp — af) = — 2 (this corresponds to ag — af = (o - 20%)/2.)

Figure 6. l.ogarithmic intensity contours for Vy scattering from spheres where («, — ar) = 3,
(o — ag) = 2 and (ap — o) = —
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Figure 7. Vy and Hy scattering patterns for nylon films (a) cooled rapidly and (b) cooled
slowly from the melt

Figure 8. Hy scattering patterns for poly-
ethylene samples with spherulite diameters
of (a) 39 u, (8) 6:4 u, and (¢) 8-7
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Figure 9. 'The distribution of induced dipoles in a tangentially-polarizable spherulite in
vertically-polarized light
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Figure 10.  'The assumed distribution functions for spherulite sizes conespondmg to: A, mono-

dlsperse distribution, R = 10 p; B, Gaussian distribution, Ry, = 10 p, @ = 3 u; and
C box dstnbutlon Rpin = 0-1 g, Rmax =10 u
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Figure 11. The calculated dependency of the Hy intensity on U, for: A, monodisperse
distribution; B, Gaussian distribution; and C, box distribution
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Figure 12. The calculated dependency of the Vy intensity on U,
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Figure 13. The optical diffraction mask
for an isolated tangentially-polarizable
spherulite between crossed polaroids (Hy
scattering). The polarizer and analyser lic
at 45° to the vertical and at 90° to each other

Figure 15. The optical diffraction pattern

from the diffraction mask of Figure 13 for a

single spherulite with H, polarization

(Wilson, Krimm and Stein'®. By courtesy
F. Phys. Chem.)
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Figure 14. 'The optical diffraction mask for
an array of spherulites like that in Figure 13
(Hy polarization)

Figwe 16. The optical diffraction pattern

from the diffraction mask of Figure 14 for an

array of spherulites with Hy polarization

(Wilson, Krimm and Stein'®. By courtesy
F. Phys. Chem.)
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Figure 17. The change in the Vy scattering pattern for polyethylene with elongation:

(a), no elongation; (b), 25 per cent elongation; (c), 50 per cent elongation; (d), 100 per

cent elongation; (e), 125 per cent elongation; (f), 300 per cent elongation. The stretching
direction is vertical
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Figure 18. Phase-contrast microscope picture of an undrawn polyethylene film

Figure 19.  Electron-micrograph (shadowed surface replica) of an undrawn portion of a
polyethylene film showing spherulite structure
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Figure 20. Phase-contrast micrographs of polyethylene films stretched 250-350 per cent at
two magnifications
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Figure 21. Two magnifications of electron-micrograph of a 100 per cent stretched poly-
ethylene film
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Figure 22. Electron-micrograph of a 400 per cent stretched polyethylene film

Figure 23. Electron-micrograph of a relaxed 400 per cent stretched polyethylene film
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Figure 24. Vy and Hy light-scattering patterns for Teflon films at a series of elongations:
(a), no elongation; (), 60 per cent elongation; (¢) 200 per cent elongation
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crystalline and amorphous regions, so that the contribution to the Rayleigh
ratio from this cause cannot be more than 2 cm~1. This would limit a to
around 300 A. It is probable that more precise measurcments would lead
to a lower value.

The result of 300 A is comparable with crystal size measurements obtained
by low-angle X-ray diffraction and from the width of wide-angle diffraction
peaks. In a 50 per cent crystalline polymer, the size of crystals and amor-
phous regions is about the same.

The correlation distances obtained for low-density polyethylene are of the
order of 3000 A. It has been concluded that most of the scattering arising
from internal spherulitic structure originates from fluctuations in orientation
of the constituent crystals?> 2. It would appear that correlation in orienta-
tion occurs within groups of crystals having linear dimensions of the order of
5-10 times the crystal size.

A model for the internal structure of a spherulite has been tested by the
optical diffraction techniqué®. Two states of orientation were assumed,
and it was postulated that crystals in a partictilar stat&of orientation were
more likely to occur in the neighbourhood -of similarly oriented crystals.
This resulted in a diffraction mask containing clusters of crystals of common
orientation. The diffraction pattern from this mask had an angular de-
pendency similar to that observed for scattered intensities at higher angles.

EFFECT OF STRETCHING

It has been shown that both the low-angle!® and wide-angle?5 scattering
patterns change appreciably upon stretching the polymer. The wide-angle
pattern changes were associated with the orientation of the clusters of crystals
along the common stretching direction. The low-angle patterns exhibited
complex changes which depended upon the state of polarization of the
light®. For example, Figure 17 shows the changes in the Vy scattering
patterns for a polyethylene sample stretched parallel to the polarization
direction. One first observes a distortion of the Vy pattern in the range of
0-25 per cent elongations. With further stretching, a cross-like pattern
becomes superposed upon the two-lobe Vy spherulite pattern. With still
further stretching, the spherulite-type pattern decreases in intensity while
the cross opens up and changes into a horizontal streak characteristic of
scattering from a fibrous structure having its greatest polarizability in the
stretching direction. Thus, the scattering patterns reflect the transition
from a spherulitic to a fibrous structure.

An attempt was made to observe changes in phase-contrast optical
microscope and electron microscope pictures paralleling the light-scattering
changes. Figure 18 shows a phase-contrast picture of an unstretched sample
similar to that studied by light-scattering. The graininess characteristic of
spherulites 10 p. or less in diameter is apparent. A shadowed electron-
micrograph of a surface replica of an unstretched portion of a similar sample
is shown in Figure 19%, in which the spherulitic structure is more obvious.
Two magnifications of phase-contrast pictures of stretched portions of this

*The electron-micrographs were made through the co-operation of the Monsanto Chemical
Co. (Plastics Division), Springfield, Mass., with the collaboration of Mr R. J. Clark and
assistance of Mr W. Golba.
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material are seen in Figure 20. The drawing-out of the spherulites is
apparent and the development of a ‘“ herring-bone * striated texture in the
drawn portion 15 seen in the higher magnification picture.

The striations are mere apparent in the electron-micrographs.
Figures 21(a) and 21(b) show two magnifications of shadowed surface replicas
of a 100 per cent stretched sample, while Figure 22 is for a 400 per cent
stretched sample. The development of the striated regions and the decrease
in the angle between the striations and the stretching direction with stretch-
ing i3 seen. The preceding micrographs are all for samples held under
strain. In Figure 23, the result of releasing the strain on a 400 per cent
elongated sample is shown. The material appears to become even more
fibrous with the striations aligned almost parallel to the stretching direction.
Distorted remnants of the original spherulites are seen, but these are only
about one-fifth of the size of the spherulites in the unstretched sample.

It is postulated that the cross-type scattering pattern results from the
striated regions developing from the drawn spherulites. The co-existence
of the two types of scattering patterns at intermediate elongations is asso-
ciated with the co-existence of distorted undrawn and striated drawn
material. The decrease in the intensity of the spherulite-type scattering
pattern with increasing elongation is related to the decrease in size of the
undrawn regions, while the transition from a cross to a horizontal streak is
associated with the alignment of the striations along the stretching direction.

Complex changes in scattering patterns occurring upon annealing have
been reported?. For example, in Figure 2, Vv and Hy patterns for un-
stretched, stretched and annealed polyethylene samples are shown where
the stretching direction is vertical. The additional structure developed in
the Hy pattern for the annealed sample is associated with recrystallization
of the drawn structure upon annealing. The microscopic study of these
changes is now in progress.

Complex variations of scattering patterns with elongation have also been
observed. For example, in Figure 24, changes in the Vy and Hy patterns
accompanying the elongation of Teflon film are present. The orientation
of the Hy and Vv patterns in the unstretched material differs greatly from
that for polyethylene (¢f. Figure 2). With Teflon, the Hy scattering pattern
is most intense along the polarization direction while the Vy pattern has its
maximum at p = 45°. It would appear that this would be characteristic
of a non-spherulitic structure in which the direction of greatest polarizability
was oriented at an angle to the direction of greatest extension of correlated
dipoles.

Summary

The photographic technique for studying light-scattering patterns from polymer films is
reviewed. Calculations are presented for the scattering from spheroidal and disc-like
aggregates of crystals of differing polarizabilities, and comparison is made with experiment.
The use of the optical diffractometer technique for interpreting scattering pictures is
discussed. Companson of information obtained by light-scattering and optical and
electron microscopy is made.
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