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SMALL ANGLE X-RAY SCATTERING FROM-

ORLENTED. ELLLPSQIDAL - YOLDS IN PYROLYTIC GRAPHITE

S. Bose and R, H., Bragg
Materials and Molecular Resear;h Divisfon, Lawrence
Berkeley Laboratory, and Department of Materials Science
and Minerals Engineering, University of California, Berkeley, CA 94720
ABSTRACT

Small angtle x-ray scatteriné from oriented voids in pyrolytic
graphite has been studied. The scattering is found equivalent fo that
from a dilute dispefsion of éllipgoids of revolution called "Guinier
Spheres! of radiusAof gyration
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‘where Y is the angle between the common axis of revolution (semi-minor
axis b) and the scattering vector h. Analysis of the dafa using

Hamzeh and Brégg's theorybprovides values of a, b and a/b from the
'Guinier' and the 'Porod' regions independentiy with good agreement.

The theoretically predicted angular dependence of H using hbest fit"
values of § and b is in good agreemént with the experiméntal1y determined

value of H, y varying from 0° to 1800.



I. " INTRODUCTION

Pyrolytic graphite is a carbon material prepared by thermal " *

decomposition of methane on a Qraphite mandrel. Optical microscopy and

(\

wide range x-ray diffraction studies show that it has a strong (002)
texture, i.e., siightly wrinkled but highly oriented gréphite—]ike
layers approximately parallel to the plane of deposition. However, the

3

~density of pyrolytic graphite is typically 2,10 g/cm~ compared to

2.25 g/cm3

for ideal graphite, indicating a porosity of five percent,
An orientation dependent small angle scattering from pyrolytic
graphite was first reported by Bragg, et al]. ‘TheSe authors suggested
an interpretation in terms of a’dfluté monodisperse collection of oblate
ellipsoids of revolution with a common semi-minor axis approximately
normal to the deposition plane.
Hamzeh and Bragg subsequéntly treated the SAXS by oriented ellip-
soids of revolutionz. They showed that the scattering has the form of
Rayleigh scattéring by a "Guinier Sphere'" whose ;adius depends upon the
orientation of the ellipsoid relative to the plane of observatioﬁ. In
.the present work the orientation dependence of the scattering by voids
in pyrolytic graphite is reported.
I1. THEORY | ‘
A theoretical analysis to predict the small angle x-ray séattering L/
(sAXS) from a dilute dispersion.of oriented ellipsoids of revolution

was made by Hamzeh and Braggz. The calculated intensity depends on the

size and orientation of the ellipsoids through the relation
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where
H? = a%sin’y + bPcos?y

b
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axis of revolution of the ellipsoid and is the
semi-minor axis :

[h| = 47SinB/A
28 = angle of scattering
A = wavelength of x-rays
N = number- of el]ipsoias'irradiated
p = electron density of the ellipsoids with respect
to the surrounding matrix
V =.volume of each ellipsoid

I = .intensity scattered by a single electron at
small angles

Y = angle between b and h

For h»0 we have the ''Guinier approximation''

1 (hH) = Nle(oV)zexp [- 1/3h2(3/5H2)A]
h>0

wherefrom. the '"Guinier radius" becomes‘(3/5)]/2H.

For large h, however, we have the "Porod approximation'

p2 9V2
[(hH) = NI
h=>o € F;F

which, in the infinitely long and narrow slit arrangement3 becomes



. constant
l(hH) = h3H .
Thus _ _
31 ()] 1% constant {(a2-b2)siny + b2}
A plot of [h3lJ-}/21vs Sinzy should,.therefore, give a straight line
with the ratid between intercept at y = 0 and the slope eqda] to
b2 /a2-b),
- The foregoing analysis.provideg the basic theory to characterize

‘anisotropic SAXS from materials with oriented inhomogeneities whose

shape'approximatesbellipsoids of revolution.

‘I11. EXPERIMENT

Measurements were made on specimens cut as shown fn Fig. 1(a) from
a épecial1y prepared block of PG about 2.5 cms thick (suppfied by
Pfizer Inc.). Both the Bonse-Hart type appératusg aﬁd a cohventionai
x-ray dfffractometer with a modified slit arrangement were used to
collect data using CuKa fadiatfon. The mode of preparation of PG clearly
indicates that it is: isotropic in a plane parallel to the deposftion

surface Fig. 1(b) with the common axis of revolution b normal to it. »

IV. RESULTS | .

The scattering from a specimen of orientation, Fig. 1(b), was found
to be independent of the angle of rotation ¢ of the sample about the
incident beam, as shown in_Fig. 2. A direct measurement of 2a was made

from Guinier plots of data used to obtain Fig. 2. This gave a value
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2a = 214A°. The orientation dependence for a plahe normal to the
deposftion surface, Fig. 1(c), was studied by rotating the specimen about

the direct beam to vary y. -For each value of Y, intensity was measured

as a function of h. From the 'Guinier plots' of Log | vs h2 for eéach

value of 7y, H was determined. Since the number of voids is of the order
of 6 x 10]5/cm3 thefr average separation exceeds SOOAO, much larger than
the void size. Thus, for all practical purpose§ the influeﬁce of the
interparticle interference on the Guinier radius may be neglected. In
Fig. 3 is shown the observed*y'dependence of H along with the calculated
least square fit curvé Qsing 2a = 228A° and‘gg_= ISéAo.

The Porod regioﬁ providesian additional check.. In this asymptotic
region the intensity measured with an effecfively infinite_slit ge&metry
has been found to follow the relation [h3I] = constant, the constant
differing for each value of 7y as shown in Fig. 4. As prédicted by the
theory, the data of Fig. 5 fall 6n a straight line. The ratio of the
intercept to slope is found to be 0.77, in good agreement with
bz/(az-bz) = 0.80 calculated using the values of a and b obtained from

~1/2 Vs Sinzy from a straight

the Guinier plots. A departure of [h3I]
line af large values of Sinzy may be due to the slit smearing of the

anisotropic intensity distribution.

V. DISCUSSION
The isotropic scattering (Fig.i2) obtained for material in the
orientatfon of Fig. 1(b) is consistent with the mode of preparation of
the pyrolytic graphite. - That is, one expects the normal to the deposition
plane to be an axis of rotational symmetry, and thus the average cross

section of the voids parallel to the deposition plane is approximately
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circular. The good aéreement between the data of Fig; 3-st%ong]y support
a model df the void structure as'é.dilute dispersibn df'ofiented ellip-
soids of revolution with the semfminor.axis E_approximately(normal to the
deposftion plane. An additfonél ;onfifmatfon is afforded by the.fact'
that the dimension 2a is obtained‘independently from analysis of the
scattering from orientations, Fig. 1(b) and also Fig. 1(c), for y = 0.
These Qalues glﬂé.and gggﬁ_aré again in reasonable agreement, |
- A striking demonstration of the a$Ymmetry‘of the small angle
scattering is shown in Figs. 6 and 7. THe.data are cémputer printoutsr
of two dimehsioné] SAXS data obtained ffom our pyrolytic graphite samples
by Hendricks and Lin5 using the ORNL 10 meter Shall Angle Scattering
Facility. The connected curves are isointensity contours. While no
‘ T

 attempt was made to analyze the data in detail; the data show clearly
tﬁat in orientation 1(b) the scattering is approximately isofropic, i.e.,
circular acrossisections on thg avefage, and the isointensity contours
ére-approximately el]ipticél for 1(c). |

Despite the féregoing coﬁsistency it cannot be concluded that the
voids are ellipsoidal. It is well known that diffraction pattern of an
asymhetric object<will have a center of symmetry.6 Thus it i$ possible,
even likely, cOnsfdering the growth cone structure of pyrolytic graphite,
the the voids have shapes closer to hemispherical shells than true

ellipsoids.

VI. CONCLUSION

Inhomogeneities that can be represented as ellipsoids of revolution

scatter x-rays in the small angle region as if they were spheres of



radius that depénd on tHe dimension of the ellipsofds asvwéll aé on the
orientafion. Pyrolytic graphite provides a good veHicle,to test the
¢ theory siﬁCe it has oriented voids that may be approximated to ellipsoids
of revolution. However the analysi§ has the general limitation of any

diffraction experiment that it cahnqt detect the absence of a center of

symmétry.
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F1GURE. CAPTIONS

(a) Bloék of pyfolytic grapﬁite

(b) Voids project as circles

(c) Voids project as ellipses

(d) Geometry of voids in Scattering measurements.

Isotropic scattering from specimen cut parallel to the

- deposition surface.

bependence of “Gujnier Sphere!' radius on orientation.
Verification of Porods Law at Iafger values of h,
Linear relationship between (h3!)"]/2 and'Sinzy.‘

Circular symmetry'of scatterfng from specimen cut parallel to
deposition surface.

Elliptical symmetry of scattering from specimen cut hormaf'to

deposition surface,
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