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Abstract
The small-angle scattering of amorphous and semicrystalline polymers contains an intensity
component related to density fluctuations (Fl ) within the crystalline and amorphous do-
mains. A quantitative study of this parameter results in information on the changes of
thermal motion and disorder as a function of temperature, crystallinity and preferred
orientation.
Amorphous polymers show a change of slope of the Fl -T-curves at Tg. Above Tg the
value of Fl corresponds to the relationship valid for a system in thermodynamic equi-
librium, below Tg the Fl - T-curve tends towards a non-zero value at 0 K with decrea-
sing slope. At very low temperatures the value of Fl can be considered a sum of the
contributions from the "frozen-in" disorder and from phonons of long wave-length.
Semicrystalline polymers show Fl - T-curves similar to those of amorphous polymers.
At a given temperature Fl shows an approximately linear decrease with increasing crystal-
linity.
Preferred orientation produces an anisotropy in the diffuse small-angle scattering related
to the density fluctuations which can be interpreted in terms of an anisotropy of the phonon
velocities. The temperature dependence of this anisotropy can be used to estimate the
phonon velocities involved.

INTRODUCTION

The fact that the scattering intensity extrapolated towards zero angle is proportional to the density
fluctuations has been known for a long time (Ref. 1). For X-ray scattering, considering the electron
density as the basic structural parameter, one obtains

lim 'e.u. = (N2)-N)2 =
Flel (1)

where 'eu.. is the scattering in electron units, N the number of electrons in the irradiated volume
and Flel the fluctuation of the electron density. If the sample is composed of NM identical particles
(molecules) with ZM electrons per particle, the particle density fluctuation F1M is given by

F1M = Fl1
It has been shown in an earlier paper (Ref. 2) that the limit e-'0 in eq. (1) has to be replaced by
the integral

Fl(vB)= dv (2)

if the reference volume vB in which the fluctuation of N is considered has to be taken explicitely into
account. The existence of a limit in the sense of eq. ( 1) is equivalent to the existence of the limit

Fl = lim Fl (vB) . (3
00

It has been shown (Ref 3,4 5) that the paracrystalline disorder model of Hosemann and Bagchi (5)
cannot be used for the interpretation of homogenously disordered structures since the application of
eq. (2) leads to fluctuation values which increase with vB.
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For one-component systems in thermodynamic equilibrium the particle density fluctuation F1M is
given by

M PMkTT (4)

where is the average particle density, k the Boltzmann constant, T the absolute temperature and
'T the isothermal compressibility. Levelut and Guinier (6) have shown that quantitative measure-
ments of the diffuse small-angle scattering of liquids in the sense of eq. (1 ) leads to values corres-
ponding to eq. (4 ). In perfect crystals the thermal' diffuse scattering (TDS) which is distributed
all over the reciprocal space and has maxima near reciprocal lattice points produces a small-angle
scattering which, for single crystals, is direction dependent and related to the group velocities v1 of
long wave-length lngitudinal lattice vibrations. In the harmonic approximation, this anisotropic small-
angle scattering is given by

p kT 11 -, el _____ (5)Lim — I 5)N e.u. P vs-'O m 1

-p
where s is the reciprocal space vector ( s = 2 sin e / X), m the mass density and e the unit vec-
tor defining the direction of . Using eq. ( 2) and eq. (3 ) one can show that the density fluctuations
in a perfect crystal arepkT / \

Fl = e (_i__) (6)el m \v/
where < > stands for the spherical average.

In the case of imperfect crystals or glasses the density fluctuations should be higher than those of the
equilibrium states due to the contribution of structural disorder.

EXPERIMENTAL

The dermination of the diffuse small-angle scattering in the limit e -' 0 according to eq. ( 1 ) involves
an extrapolation of the intensity measured at moderately small angles (10 <e <40 for Cu-radiation)
excluding the region at very small angles which contains the contribution of structural inhomogeneities
due to voids or impurities in the case of amorphous samples and to the crystalline-amorphous super-
structure in the case of semi-crystalline structures. It was found that log I - e2plots produced linear
relationships for the liquids used as standard samples as well as for the polymers studied ( see Fig. 1)
so that a reproducable extrapolat ion to e= 0 was possible.
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Fig.1. Semilog plot of the intensity versus (2 e

This procedure represents essentially an extrapolation of the small-angle part of the "amorphous halo"
and the TDS-component of the crystalline interferences towards zero scattering angle. Since the inten-
sity is, in general, very small in this region as compared to the wide-angle scattering in general as
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well as to the small-angle scattering due to the crystalline - amorphous superstructure, the possibility
of contributions from other scattering effects has to be checked very carefully . Itwas found that the
main source of error is a contribution from multiple wide-angle scattering which can be eliminated by
extrapolating thenormalized intensity values measured at various sample thicknesses to zero thickness.

Normalization was achieved by measuring the diffuse small-angle scattering of water, benzene, cyclo-
hexane and glycol, and computing the corresponding intensity in electron units with the help of eq. (1

and eq. ( 4 ) . Figure 2 shows the temperature dependence of Flel for cyclohexane measured from
4°K to 300° K showing the discontinuity at the melting point as well as the phase transition at low tern-
pe rature .
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Fig. 2. Electron density fluctuation of cyclohexane as function of temperature.

AMORPHOUS POLYMERS

The temperature dependence of Flel obtained from the diffuse small-angle X-ray scattering (Ref. 7
and 8) is presented in figures 3 and 4 for atactic PMMA and polystyrene, respectively. Both curves
show a change of the slope at Tg. Above this temperature the curve for PMMA corresponds to theo-
retical values calculated according to eq. (4) using eT values reported by Heliwege, Knappe and
Lehmann (9), for polystyrene the corresponding theoretical values using z T values reported by the
same authors are somewhat lower. In a temperature range from Tg down to about Tg - 500, the
Fl - T -curves are roughly proportional to T. This behaviour has been explained by Wendorff and
Fischer (10) on the basis of a theoretical treatment using non-equilibrium thermodynamics which
results in a modification of eq. (4) in that the value of 'XT is taken as constant and equal to the
value at Tg for temperatures below Tg. At lower temperatures Fl decreases gradually less rapidly
with T and tends towards a non-zero value at 0 K. This value can be considered to represent the
"frozen-in" disorder of the glassy polymer, the increase of Fl with increasing T can, at least at
low temperatures, be explained by the contribution of long wave-length phonons to the thermal motion
in this "frozen-in" disordered structure. The magnitude of this contribution can be assessed, to a
first approximation, by a relationship of the type of eq. (6). In order to check the validity of this
assumption, the longitudinal ultrasonic velocities (10 MHz) at low temperatures reported by
Salinger (11), the longitudinal ultrasonic velocities (6 MHz) at moderate temperatures reported
by Lamberson, Asay and Guenther (12) and the Brillouin scattering data ( 10 GHz) reported by
Dietz and Wiggins (13), by Brody and Lubell (14) and by Friedmann, Ritger and Andrews (15)
have been used to calculate the temperature dependent component of Fl according to eq. (6) and
plotted together with the experimental data in figures 3 and 4. These data show that the assumption

kT
Fl (T) = Fl (0) + el

2 (7)el el vml
appears to be valid for nearly the whole temperature range below Tg.
It is of interest to note that the values calculated from the ultrasound velocity at 6 MHz and the
Brillouin scattering data corresponding to frequencies of about 10 GHz differ by only 2 % which indi-
cates that the frequency dependence is, in this range of temperatures, negligible, and this justifies
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Fig. 3. Electron density fluctuation of atactic PMMA as function of temperature.
Curves [1]- [5] are calculated from: [1] longitudinal ultrasonic velocity data
(Ref. 11 ), [2] Brillouin scattering data (Ref. 15 ), [3] Brillouin scattering
data (Ref. 13 ) or longitudinal ultrasonic velocity data (Ref. 12 ), [4] isother-
mal compressibility (Ref. 9) and transversal ultrasonic velocity data ( Ref. 12 ),
[5] isothermal compressibility (Ref. 9).
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Fig.4.. Electron density fluctuation of atactic polystyrene as function of tempe-
rature. Curves [1]- [4] are calculated from: [1] longitudinal ultrasonic velo-
city data ( Ref. 11 ), [2] longitudinal ultrasonic velocity (Ref. 12 ) or Brillouin
scattering data (Ref. 14), [3] isothermal compressibility data (Ref. 9) and
transversal ultrasonic velocity data (Ref. 12 ), [4] isothermal compressibility
data(Ref. 9).

also the comparison with values derived from X-ray scattering which - although the extrapolation tb

O scattering angle is equivalent to an extrapolation to zero frequency - are nevertheless based on
intensity measurements at scattering angles corresponding to far higher frequencies.
A further comparison can be carried out using the ' T -values of Hellwege, Knappe and Lehmann (9)
below Tg to calculate sound velocity values according to the relationship

1

2 4 (8)
p v 1+— 2Gnl 3

where G is the shear modulus. If the latter is taken from the transversal ultrasonic velocities repor-
ted by Lamberson, A say and Guenther (12 ), a series of Fl -values can be calculated for temperatures
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at and below Tg which should correspond to the contribution of thermal motion to Fl. At lower tempe-
ratures these values are slightly higher than the values calculated from ultrasound velocities probably
due to the fact that 'T has been used instead of required for eq. (8 ). The steep increase of
these values at Tg can be taken as an indication that, at the glass temperature, a density fluctuation
composed of a component due to thermal motion and a component due to "frozen-in" disorder changes
to a density fluctuation entirely due to thermal motion. This change does, however, not involve a
change of the total density fluctuation but only a change in the slope of the Fl-T -curve.
Comparing figures 2, 3 and 4, the difference between glass transition and crystallization can be demon-
strated in the schematic Fl-T-curves shown in figure 5.
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Fig.5. Schematic Fl -T -plots for crystallization (A ) andglass transition (B).

At the melting point, both the total value of Fl and the phonon contribution increase discontinously,
whereas at Tg only the phonon contribution increases discontinously, the total value of Fl does
not change due to a compensating decrease of the contribution due to the "frozen-in" disorder.

SEMICRYSTALLINE POLYMERS

In the case of semicrystalline polymers there exists, in general, a small-angle scattering due to the
superstructure composed of crystalline and amorphous domains with an intensity several orders of
magnitude higher than that due to the density fluctuations within the crystalline and amorphous domains.
The small-angle scattering of the superstructure decreases, however, very rapidly with increasing
angle so that it can be separated easily from the slowly increasing intensity of the scattering due to the
density fluctuations by a proper choice of the angular region in which the intensity is measured (Ref. 7 ).
Figure 6 shows Flel values measured for a series of polyethylene samples as a function of the crystal-
unity for various temperatures including values for O K obtained by extrapolation.
For a given temperature the Fl values decrease linearly with increasing crystallinity which can be
interpreted by a relationship of the type

Fl = x Fl + x Fla a c c
where xa and Xc are the fractions of amorphous and crysthiline matter, respectively. This indicates
that the density fluctuations in the crystalline and amorphous regions can be considered mutually inde-
pendent. Eq. (9 ) permits thus an extrapolation towards Xc = 1 and xa = 1 which results in the deter-
mination of Flc and Fla for various temperatures.
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Fig. 6. Electron density fluctuation as a function of crystallinity and temperature.

Figure 7 shows a series of Flel -T -curves for polyethylene samples with varying crystallinity, in-
cluding the extrapolated values of the Flc T- and Fla T -curves.
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• Fig. 7. Electron density fluctuation in polyethylene as a function of temperature and crystal-
unity.

The curves are very similar to the ones obtained for the amorphous polymers except for the rapid in-
crease at temperatures approaching the melting point which are due to the decrease of the crystallinity
in the melting region. All curves show a change of slope around 300°K comparable to that observed
at Tg in the case of the amorphous samples. Making proper corrections for the fact that Fic is not
zero at 0°K, one obtains a linear relationship of these apparent Tg values (called T2 in the following)
with xc as can be seen in figure 8.
Another transition temperature can be defined, although less neatly, at the change of slope marking the
limit between an Fl - T -relationship according to eq. ( 7) and the region in which the approximation

• Fl=
PkT(ZT)Tg

proposed by Wendorff and Fischer (10) is valid for the amorphous regions. This temperature, called
does not change with crystallinity, as can be seen in figure 8, and corresponds rather well to the

"lower Tg't of PE defined by Boyer (17), whereas T2 is about 60° higher than the "upper Tg"
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Fig. 8. Transition temperatures of PE as a function of crystallinity.

To understand the significance of the T1 and T2 values obtained from Fl—T-curves for semicrystalline
polymers, more studies of this kind on other polymers have to be carried out. Preliminary results
obtained for polypropylene (Ref. 8) show that also for this polymer the T2 values obtained from Fl-T-
curves are about 400 higher than the Tg values obtained by other methods, whereas T1 is close to
these Tg values.
Figure 9 shows the Fl-T-curve of polypropylene sample with a cry stallinity of 60 % in which the
change of slope at T1 = 260°K and T2 = 300°K is clearly visible.

Fig. 9. Electron density fluctuation of polypropylene as a function of temperature.

Applying eq. ( 7) to calculate the velocities of long-wave-length phonons in the region below T1 for
the PE samples a series of v1 -values is obtained which are plotted in figure 10 together with the
values obtainedfrom the extrapolated Fl-T-curves for 0 % and 100 % crystallinity and ultrasonic
velocities reported by Waterman ( 16). Even taking into account the error limits indicated in figure
10, there seems to be no reason for assuming a linear relationship between v1 and xc.

Density fluctuations in polymers 911

defined by the same author, although its increase with crystallinity is similar.

TI , T2 from density fluctuation
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Fig. 10. Velocity of long-wave-length phonons at low temperatures in polyethylene
as a function of crystallinity. from small-angle X-ray scattering; - . - . -.
extrapolated from ultrasonic measurements of Waterman (16).

ANISOTROPIC SAMPLES

In the case of anisotropic samples the TDS part of the small-angle scattering should be anisotropic
and the scattering intensity extrapolated towards zero angle should be given by eq. (5). Studies on
an uniaxially stretched PE film with a czystallinity of 56 % and an orientation parameter f = 0.540
for the chain, axes in the amorphous regions and f =0.936 for the crystalline c-axes show that such
an anisotropy is actually observed (Ref. 8). The results are presented in figure 11 as a function of
the angle cp between the principal axis and the direction of the intensity measurement in reciprocal
space for various temperatures.
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Fig.11. Anisotropy of the diffuse small-angle scattering extrapolated to zero angle as
a function of cp for various temperatures (PE film).



Density fluctuations in polymers 913

One observes a decrease of the average value as well as of the anisotropy of this intensity with decrea-
sing temperature. The values extrapolated to O°K indicate that ianisotropy is present in the scattering
due to the "frozen-in" disorder although both the crystalline and the amorphous domains show a marked
preferred orientation. This can only mean that the disorder in these domains is isotropic.
Subtraction of the intensity extrapolated to O°K from the intensity as a function of cp measured at
higher temperatures results in the determination of the direction dependent v1 values for long-wave-
length phonons which are plotted in figure 12.
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Fig.12. Direction dependence of phonon velocities in a PE film.

Unfortunately, no ultrasonic or Brillouin scattering measurements are, at present, available to com-
pair these results. One can expect however that such measurements will be of particular interest in
the case of high modulus samples.
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