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RECENT STUDIES OF LIGHT SCATTERING FROM POLYMER FILMS*

Richard S. Stein®, A. Misra®, T. Yuasa™ & F. Khambatta®

Polymer Research Institute & Department of Chemistry, University of
Massachusetts, Amherst, MA 01002, U.S.A.

Abstract - Experimental procedures for studying the scattering of 1light
from polymer.films are reviewed. The theory for scattering from spheru-
lites is described and procedures for correction for multiple scattering,
truncation, and disorder are described and illustrated for studies on
polyethylene terephthalate films. Means for following crystallization
kinetics from quantitative measurements of scattered intensities are out-
lined.

INTRODUCTION

The use of Tight scattering for the study of the structure of crystalline polymer films is
now approximately twenty years oldl:2. The earlier work3:*, based upon the use of the
Debye-Bueche5 theory for the scattering from materials possessing random density fluctua-
tions, was supplemented by model calculations for representing the scattering by spherulitic
structures!. In these calculations, the scattering from an array of spherulites (Fig. 1)
(composed of spherically symmetrical aggregates of polymer crystals and amorphous chains)
was idealized as an anisotropic sphere of radius R_ having radial and tangential polariza
bilities o_ and oy immersed in an isotropic matrix’with polarizability a_. This leads to
the equatisns s
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v >\0
- 2
x  {(3/0%) (4 sin U - U cos U - 3siU)} 1)
4
_16n (4 3)2 2 3,2
RVV = N 7 (3 ™ RS ) cos"p, (3/07) (2)

{(at - ag) (2sinU - Ucos U - SiU)+ (a, - ag) (SiU - sinU)

2
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where R is the scattering power measured in units of the Rayleigh ratio

R = 10/1 v (3)
where I_ is the scattered intensity measured with a detector at distance r from the sample,
I_is the incident intensity and V is the scattering volume. The subscript V_ designates
v8rt1ca11y polarized incident radiation observed through a vertically oriented analyzer
(Fig. 2) while H, refers to a horizontally oriented analyzer. The wavelength of light in

vacuum is x_ and'V_ is the spherulite volume. The scattering angles, 6 and u, are defined
in Fig. 2. “The anﬁ]es 1 and P, are defined by

cos 6
2

cos p, = (4)
1 (cosze + sin“e coszu)]/2
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Fig. 1 An array of polyethylene spherulites as viewed between crossed
polars in a microscope (from Ref. 24, Fig. 1).
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Fig. 2 The scattering angles and the polarization directions (from Ref.
45, Fig. 17).

cos 6

(5)
2e + sin29 s1’n2u)V2

et (cos

The reduced variable U is defined by

U= 4n(R/2) sin (8/2) (6)

where X is the wdve]ength of light in the medium (X _/n, where n is the refractive index).
The angle © should also be measured in the medium. “The sine integral is defined by

Siu =\qu (sin x/x) dx ‘ (7)

o

The theoretical H scattering pattern is shown in Fig. 3a where it is compared with the ex-
perimental patterx in Fig. 3b for a polyethylene film. Significant features of the
patterns are intensity maxima at odd multiples of the azimuthal angle u = 45" and at a
value of o dependent upon the size of the spherulite. This maximum occurs at a value of
U= 4.1 so that Eq. 6 gives.

4n(R /1) sin (emax/z)'= 4.1 (8).
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Fig. 3 A comparison of (a) theoretical and (b) experimental HV scatter-
ing patterns. d

This provides a convenient means for measuring changes in spherulite size, for example dur-
ing the course of polymer crystallization. The change in spherulite size is evident from
the series of H_, photographs of Fig. 4 obtained dur1ng the isothermal crystallization of
polyethylene te¥ephtha1ate (PET) from the melt at 120°C. Various automatic devices have
been described 6-8 for following these changes and extensive use has been madeS in following
the kinetics of spherulite growth.

Similar equations have been obtained for two dimensional spherulites®. The effect of tilt-
ing of optic axes with respect to the spherulite radius and rotation of the optic axes
about the radius has been explored, both in two® and three dimensionsl?. The effect of
spherulite deformation in two® and three dimensions!!s12 has been calculated and has been
used as a means for the study of spherulite deformation under both static® and dy-

namic 13>1% conditions.

RECENT PROGRESS

While photographic scattering studies give results that are in qualitative agreement with
theory, more quantitative comparisons of scattered intensities with the predictions indi-
cate the need for theoretical refinement. Quantitative measurements of the variation of
scattered intensity with angle may be made with high resolution photometers!S>16 or else by
using an optical multichannel analyzer8. Such intensity data must be corrected for refrac-
tion at sample interfaces as well as for multiple scattering3. The earlier multiple
scatter1n? corrections3 were shown to be an overestimate and a better theory has been des-
cribed!7s18, These correction factors can be very significant and may often result in a
several hundred percent modification of intensities.
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Fig. 4 The change in the H scattering patterns accompanying the iso-
thegma] crystallization of %o]yethy]ene terephthalate from the melt at
120°C. {from Ref. 24, Fig. 4).

A quantitative comparison of the theoretically calculated intensity with the experimenta]]g
measured leads to two important differences: (1) The theoretical intensity is zero at 6=0
and falls off quite rapidly with increasing e at angles greater than that of the maximum in-
tensity, whereas the experimental intensity is finite at =0 and is much greater than the
theoretical prediction at large o (Fig. 5)19. (2) The theory predicts that the H_, inten-
sity should be zero at u=0" and 90  whereas finite intensities are found experimen%a]]yzo.
The differences are attributed to what has been referred to as external and internal
disorder.

The external disorder is associated with phenomena related to difference in the configura-
tion of the spherulitic boundary from the assumptions of the simple model. Such deviations
arise from (1) incomplete spherulite development, (2) spherulite truncation resulting frgm
1mp1nge@ent and (3) distribution of spherulite sizes. The vanishing of intensity at 6=0
and p=0" and 45" is a consequence of spherical symmetry. Any irregularity of the shape of
the spherulite may result in incomplete cancellation of scattered rays from complementary
parts of the spherulite. Spherulites develop from rod-like nuclei and evolve through a
sheaf-1ike stage. The accompanying evolution of the scattering patterns was gescribed
Picotzé, Misra?2 and Stein and leads to the expected excess scattering at 6=0" and u=0
and 90°.

Ob‘y

Another type of disorder arises from the fact that volume filling spherulites are not
spheres but‘are truncated and meet at boundaries, forming polygonal shaped objects as.seen
in Fig. 1. Two-dimensional calculations of the scattering arising from such truncations,
have been carried out23. _For such systems, since there are no complete spherulites, the
meaning of the spherulite radius becomes lost and this is replaced by a quantity a describ-
ing the average distance from the center of the spherulite to its boundary. The degree of
truncation is described by a truncation parameter defined as

—_— 9
02= (ai—g)z ©

This parameter is zero for a non-truncated spherulite. Its value was estimated from mea-
surements on photomicrographs of spherulites as well as b%_computer calculations, assuming
random placement of nuclei. The latter gave a value of o /aZ = 0.18. It should be noted
that random placement of nuclei leads to a value of o which is smaller than that arising
from regular placement. The value of effective spherulite radius, calculated through Eq. 8
is related to a in a manner dependent upon o2*. The value of scattering intensity corres-
ponding to a particular value of effective spherulite radius calculated using Eq. 1 must
also be modified by a factor dependent upon o2%.

For non-volume filling spherulites, the value of ¢ varies from zero for the volume fraction
of spherulites, ¢_=0, to o as ¢_ approaches unity?25. )

S max S »
A third type of external disorder is related to the distribution of spherulite size which
is a consequence of their mechanism of nucleation and growth. By assuming that spherulites
scatter independently, the scattering from a collection of spherulites was calculated26-27
using
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Fig. 5 A comparison of the experimental Xariation of scattered intensity
from a polyethylene film with 6 at u = 45~ with the theoretical prediction
(from Ref. 19, Fig. 1).

R = 2 NR,) Ry(R,) (10)
1 :

where N(R.) is the number of spherulites having radius R, and R,(R.) is the Rayleigh ratio
for a sin&]e spherulite of this radius. By assuming various folms’for N(R.), it was found
that the angular distribution of scattering was broadened by an amount depéndent upon the
width of the distribution. However, this broadening was much smaller than that which was
observed!9 suggesting that other factors to be presently discussed are the more important
contributers to the broadening. For this reason, the determination of spherulite size dis-
tribution from the observed scattering intensity profile cannot be successful. Because of
the much greater scattering power of larger spherulites, the effective spherulite size ob-
tained using Eq. 8 from a distribution of sizes is heavily weighted with respect ‘to the

larger spherulites in the distribution.

Actually, different spherulites in a distribution will scatter coherently leading to inter-
‘spherulitic interference effects. The resulting scattering pattern is obtained from the
scattered amplitude given by28

B2 ) e (®; + 8) | , (n

where (E.). is the single spherulite amplitude for the j-th spherulite, k = 2x/x, R, is the
vector f}oﬁ an origin to the center of this spherulite. s is the scattering vector“s - s,
where s and s. are unit vectors along the incident and scattered rays. For small arfays”
of sphé?u]ite§] this Teads to a modulation of the pattern corresponding to their arrange-

ment, while for a large array of randomly arranged spherulites, the result is like that of
a single spherulite but containing an internal speckle structure of fineness dependent upon

the number of spherulites in the field of view29.

The internal disorder is related to the coarseness of the internal spherulitic structure.
Electron micrographs of spherulites reveal that the lamella of which they are composed are
not precisely aligned along their radius but are branched and fluctuate in their orienta-
tion30. For this reason, the model of constant polarizabilities throughout the spherulite
is an idealization, and it is more realistic to assume that the local polarizabilities and
the direction of their optic axes may fluctuate with position within the spherulite. An
early model for disordered spherulites was proposed by Stein, Wilson and Stidham3! in which
density fluctuations were permitted within an isotropic sphere. These were defined in
terms of the parameters nZ, the mean-squared fluctuation in density, and a correlation dis-
tance, acs for a Debye-Bueche type> exponential correlation function

v (r" = exp(-r/a ) ‘ (12)
where v (r) defined by S
vy ! = <nx)alx+r)> /nZ (13)
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n(x) is the fluctuation of density at position A and n(x + r) and a position r separated
from x. The symbol <> designates an average taken over all values of x for pairs of
scattering elements at a fixed separation of r. Thus a_ is a measure of the coarseness of
the fluctuation. It was shown that the model leads to the grediction of excess scattering
at large angles in an amount dependent upon the values of nZ and a..

Keijzers, van Aartsen and Prins32 attempted to account for the excess scattering by spheru-
lites using a mixture theory in which the scattering was proposed to consist of a component
arising from perfect spherulites and one arising from a medium consisting of anisotropic ob-
Jjects correlated in orientation as described by the theory of Stein and Wilson33.

This theory was not realistic in that the disorder consists of deviations from spherulitic
order rather than being random. An attempt to treat spherulitic disorder was made by Stein
and Chu3* who considered correlated deviations from perfect spherulitic order as described
by correlation functions. Because of mathematical difficulties, only simple cases could be
evaluated. Alternatively, the problem was treated using a computer simulation by Yoon and
Steinl? who represented orientation deviations on a two-dimensional spherulitic lattice.
The disorder was described in terms of a parameter & which measured the angular deviation
in orientation that could occur between two adjacent lattice cells. Typical results for
the variation of the re]agive H scattered intensity with reduced angle w = kR_ sin o are
shown in Fig. 6 at u = 45 for various values of the disorder parameter for a §pherulite
having M = 100 (lattice cells per radius). It is evident that as & increases, the intensity
at the maximum decreases and the decrease in intensity with increasing w becomes more grad-
ual. In fact, as shown in Fig. 7, by taking the ratio of intensity at two values of w (in
this.case w = 4 to w = 15), one may obtain a calibration curve which may be used to deter-
mine &. From this disorder parameter, the intensity decrease arising from the disorder may
be obtained as shown in Fig. 8.

In this manner, by applying both disorder and truncation corrections, it is possible to sat-
isfactorily fit experimental data as shown in Fig. 9. It should be noted that the fit
should be viewed with reservation in that it is a two-dimensional theory applied to three-
dimensional data. While the extension of the theory to three dimensions is demanding on
computer capability, some success in this direction has been reported3>.

As previously indicated, the effect of considering interspherulitic interference for a
collection of spherulites is to modulate the intensity in a manner dependent upon their dis-
tribution. The effect of this modulation on the average intensity for a random distribution
of spherulites was considered by Yoon and Stein3€ using a correlation function approach.

- This Ted to the result for Hv scattering that

5
RHV = g—ii'j o COSsz (ar - mt)2 RS3 [cosz(e/Z)/cos e]2
(o]
x sin 2u {(3/U%) (4 sin U - U cos U - 3 si u)} 2
x [k(8su) F(o,u)]" (12)

where «(8,u) is the correction factor for multiple scattering and F(e,u) is that for dis-
order and truncation. It is noted that the scattered intensity varies linearly with ¢_, the
volume fraction of spherulites. In addition the intensity depends upon the spherulite’rad-
ius and the anisotropy, (a_ - o) of the spherulite. This equation provides the means by
which the absolute value of scattered intensity may be followed.

The anisotropy of a spherulite is a consequence of the orientation of its crystalline and
amorphous components and may be given by k

(@, = ap) = ¢ (og - alcfe,s ¥ (1= 0gg) (og - %) anfc,am * (@ = a)e (15)
where 9c is the volume fraction crystallinity of the spherulite, (o; - o )c and (a, - “2)am
are the®Intrinsic anisotropies of the crystalline and amorphous regiLns aad f an& fam s
are the orientation functions for the optic axes of these regions with respec%’éo the "7
spherulite radius. The form anisotropy is (“r --at)f. The value of 9cs is related to the
crystallinity of the sample by

e R R O (16)
where Sem is the volume fraction crystallinity of the medium (outside the spherulites).

The value of (ur - a.) may be calculated from the crystalline birefringence using the diff-
erential Lorenz-LoreﬁtQ equation



Light scattering from polymer films

$=0 M= 100

w

Fig. 6 The variation of relative H,6 scattered intensity with w for var-
ious values of the disorder parametgr (from Ref. 19, Fig. 6).
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Fig. 7 The variation of the intensity ratio at two values of w with the

disorder parametero' Two values of the optic axis twist angle w are taken.

One is where w = 0 (optic axis in plane of spherulite) and the other is
for ran?om twisting of the optic axis about the radius (from Ref. 19,
Fig. 11).
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Fig. 8 The ratao of the H_ intensity for a perfect spherulite (&8 = 0) at
w=4.0, u =45 to that of a disordered spherulite as a function of the
disorder parameter. Curves for the same two cases of optic axis twist
angle described in Fig. 7 are plotted (from Ref. 19, Fig. 13).
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Fig. 9 A comparison of 3he experimental variation of the relative H in-
tensity with w at u = 45~ for a slowly cooled low density po]yethy]eXe
sample with that theoretically predicted using disorder theory alone by
applying a gombination of disorder and truncation corrections (from Ref.
19, Fig. 14).

2 . 2
_ 2 (n C+ 2) . '
" 9 n (ag - ap)e (7)

where n_ is the average refractive index of the crystals. For polyethylene, for example,

A = 0.B58 from microscope measurements on isomorphic n-paraffin crystals37. While it is
often assumed that the amorphous orientation in spherulites is negligible, recent calcula-
tions38 suggest that it may make an appreciable contribution. The effect of form birefrin-
gence may be accessed by swelling the polymer with solvents of differing refractive index.
While newer measurements are desirable, earlier work3® has indicated that the effect of
swelling on the intensity of scattering from unstretched polyethylene is not karge.

It is usually assumed that all crystallization occurs within the spherulite so that ¢c = 0.
This may not be generally so. The intensity of Vv scattering, as may be seen from Eq.’TZ)
is dependent upon o_, the polarizability of the slrroundings which is given byl?®

otr+ 2at>
s = ¢S ———3 + (] - ¢S)am R (]8)

Ta
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The polarizability of the medium, e is given by

a.t 20 ait 2a .
%n T 4c,m ( : 3 2) + - b.m) < ] 3 ‘ ) (19)

c : am

Thus o_ and hence the intensity of the V_ scattering depend upon ¢ _ . ff is hoped that
quanti%ative studies of this variation, ﬁerhaps following the photﬁgWaphic studies by
Samuels*? will clarify this situation.

If one assumes that fam,s =0, be,m’ 0 and (a] - az)f = 0 then Egs. (15) and (16) give

(o = ap) = ¢ lag = ap), fe, /% (20)
For a perfect spherulite f s = 1 (or - 1/2). Deviations from these values are a conse-
quence of imperfections, thaSeffect of which is included in the factor F(e,u) of Eq. (14) so
that its inclusion in this term is redundant.

It is evident that substitution of Eq. (20) into Eq. (14) permits a calculation of the abso-

lute value of RH in terms of Rs’ 9 and 9 For volume filling spherulites, ¢ = 1 1in

which case 1ightvscattering permits the calculation of the degree of crystallinity.

Similar but more complicated equations have been obtained for V_ scattering which account
for the observation that the intensity passes through a maximum'in the course of crystalliza-
tion, and that the form of the patterns depends upon ¢_19. Thus there is the possibility
that the simultaneous observation of RH and Rv durin§ the course of crystallization will

permit a thorough characterization of the crystX]]ization process. This is facilitated by
the use of real-time devices such as the OMA.

EXPERIMENTAL APPLICATIONS

The use of these principles for the analysis of 1light scattering have so far been made in
two studies: the crystallization of polyethylene terephthalate (PET) initiated by

A. Misra22-%1 and continued by T. Yuasa“? and the crystallization of blends of poly-e-capro-
lactone (PCL) and polyvinyl chloride (PVC) by F. Khambatta%3.

Samples of PET were heated between aluminum foil 30 above their melting point and then rap-
idly cooled to a crystallizing temperature of 110 C. for varying periods of time, after
which they were quenched to room temperature where crystallization stopped. H_ Tight
scattering photographs were obtained as shown in Fig. 4. chns of the variatidn of the rel-
ative scattered intensity with scattering angle, 6 at u = 45° are shown in Fig. 10. These
were obtained using the dynamic 1ight scattering apparatus which has been described pre-
viously**. The shift of the scattering maximum toward lTower angles was used to obtain the
variation of spherulite radius with crystallization time as shown in Fig. 11. As has been
previously observed®, the radius increases linearly with time until it asymptotically
approaches a 1imiting value when the spherulites become volume filling. This behavior is
consistent with that predicted by model calculations23.

The intensity at the H maximum increases greatly with crystallization time as shown in Fig.
12. The reason for thYs is three fold, as described by Eqs. 1 or 14: There is an increase
in (a) the radius of the spherulites, (b) their number or (c) their anisotropy. Quantita-
tive comparison of the results of Figs. 11 and 12 demonstrates that the increase in R_ is
insufficient to account for the intensity increase. If one assumes that the spheru]i%e an-
isotropy remains constant with time during crystallization (¢ s constant or no secondary
crystallization), then Eqs. 14 and 20 may be used to calculat®’ dee If ¢ . is deter-
mined by an independent measurement such as density, giving the r&sults shown®in Fig. 13,
then ¢S may be obtained even if ¢CS changes.

This has been done for this sample of PET using H, data corrected for multiple scattering
and disorder (using the two-dimensional disorder ¥heory) and leads to the results shown in
Fig. 14. It is evident that there is an expected increase of volume fraction crysta]}inity
with time. This may be related to the change in Ns’ the number of spherulites per cm” since

. 3
b = Ng (4/3 7 RS (21)

Solving this for N_ leads to the unexpected result that N_ decreases with time. This is not
likely in view of feasonable crystallization mechanisms afd it is thought that the result
may be an artifact arising from the inadequacy of the two-dimensional disorder theory or
perhaps from failure of the assumptions regarding the neglect of ¢ . Further examination
is in order, pending extension of the theory and analysis of VV data.

For the analysis of PCL/PVC blends, samples were prepared by casting films from a mutual sol-
vent, tetrahydrofuran, after which they were heated to above the melting point of the PCl
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Fig. 10 The varistion in the relative H Tlight scattering intensity with
45

angle 6 at u = for samples of PET cr¥sta1lized at 110°C. for varying
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Fig. 11 The variatjon of spherulite radius with time for samples of PET
crystallized at 110°C. (from Ref. 42, Fig. 10).

and isothermally crystallized at 30°c. Samples containing more than 50% PCL were observed
microscopically to be composed of volume filling spherulites. This was confirmed by the ob-
servation that the linear crystallinity as measured by small-angle x-ray scattering agreed
with the bulk crystallinity as measured by density or DSC*3,%5 as shown in Fig. 15. ’

The variation of the spherulite size with composition was determined from the angular posi-
tion of the H scattering maximum and is shown in Fig. 16 where it is seen to pags through a
maximum. The'variation of relative H intensity with scattering angle at p = 45~ was mea-
sured with the photometric apparatus for the various blends and is plotted in Fig. 17. It
is observed that there is an appreciable decrease in intensity of scattering with decreasing

concentration of PCL. This is attributed to the decreasing anisotropy of the spherulite
accompanying the decreasing sample crystallinity.

The only significant crystallinity is that of the PCL. Assuming that spherulites are volume
filling and that the contribution of amorphous orientation and form anisotropy to the spher-
ulite anisotropy are negligible, Eqs. (15) and (16) become

(@ = ap) = o (ag - ay) feos (22)
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Fig. 12 The variation in the relative intensgty at the H scattering max-

imum with crystallization time for PET at 110°C. (from Re¥. 42, Fig. 15).
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Fig. 13 The variation of the degree of crystalljnity as determined from

density with crystallization time for PET at 110°C. (from Ref. 42, Fig. 21).
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Fig. 14 The variation of cg]cu]ated volume fraction of spherulites with
crystallization time at 120°C. (from Ref. 42, Fig. 21).
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Fig. 15 The variation of the degree of crystallinity with composition of
PCL/PVC blends as measured by density, DSC and small angle x-ray scatter-
ing (from Ref. 45, Fig. 1).
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Fig. 16 The variation of spherulite size with composition of a PCL/PVC
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Thus by using measured degrees of crystallinity, evaluating F(e,u) from the two-dimensional

theory and realizing that it accounts for the effect of f

, the variation of the relative

H intensity with composition may be calculated and compa?éa with the experimental result,

a

shown in Fig. 18.
where the films are very turbid so that the multiple scattering correction becomes suspect.

The comparison is reasonable except for high concentration of PCL
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Fig. 18 A comparison of the calculated and measured variation of the rela-
tive intensity of the H_  scattering maximum with composition of a PCL/PVC

blend (from Ref. 45, Fi¥. 20).
CONCLUSIONS

The photometric 1light scattering technique has been developed to the state where quantitative
comparisons of measured scattered intensities with theoretically calculated values are useful

for providing information about the crystallization process.

The extension of the theory to

three-dimensions, to the quantization of V_ data and to the further experimental examination
of these and other systems are in order.
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