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(Presented by Academician P. A. Rebinder on September 1, 1964)

The study of the structure of highly disperse graphite preparations is a very com-
plex problem, requiring for its solution the application of various physicochem-
ical methods. The most widespread methods have been adsorption methods
for surface investigation, analysis of the profile of X-ray diffraction reflections,
and sedimentometric analysis. Measurement of adsorption makes it possible to
determine only one characteristic of the system—its specific surface area; sedi-
mentometric analysis in a number of cases cannot be carried out at all because
of the aggregative instability of colloidal-graphite preparations. Analysis of the
form of the interference lines on the X-ray pattern of highly disperse graphite
samples, while in principle making it possible to obtain the most complete in-
formation on the disperse structure (^1), is in practice limited to a very narrow
range of dispersity (^2). Thus, on the side of large particles this method is
limited by the small broadening of the lines in comparison with a standard, and
at high degrees of dispersity—by the superposition of neighboring lines on one
another, the weakening of their intensity, and the impossibility of unambigu-
ously separating them from the “background.”It should also be borne in mind
that from the profile of diffraction lines one determines the sizes of crystallites,
which at the initial stages of grinding are much smaller than the sizes of the par-
ticles. If to this is added the further fact that the crystallite sizes determined by
X-ray methods often turn out to be larger than the average size corresponding
to the value of the specific surface area, whereas the opposite would have been
expected, then, naturally, the need arises for the application of new methods.

In this respect, analysis of X-ray scattering in the region of small angles, i.e.,
in the immediate vicinity of the primary beam, appears very promising. This
method, taking into account the concepts developed in recent years (3–5), suc-
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Fig. 1

Figure 1: Fig. 1

cessfully combines the capabilities of adsorption and X-ray (at large angles)
methods and makes it possible, by means of a single procedure, to obtain the
principal characteristics of disperse systems—the specific surface area, average
sizes and shape of the particles, and degree of polydispersity.

We investigated samples of natural Taiginsk graphite, ground in a laboratory
vibrational mill for 1, 3, 10, and 26 hours. Weighed portions of the powder
were placed in cuvettes whose windows were sealed with a thin polymer film
(20 𝜇), transparent to X-rays. The weighed portions were selected in such a
way that the mass of powder per unit area was strictly identical in all samples.
Measurement of the intensity of small-angle X-ray scattering was carried out
on an apparatus whose optical scheme included five slits: three collimator slits
and two receiving slits. As the source of X-rays, filtered copper radiation was
used at a tube voltage of 18 kV. The scattered radiation was recorded by the
ionization method. For each sample, two overlapping scattering curves were
measured: one with collimator slit widths of 50 and 20 𝜇, the other with ⋯

slot width of 100 𝜇. This made it possible to cover a range of scattering angles
from 1′ to 5∘. To check the data obtained from small-angle scattering, measure-
ments of the specific surface area by low-temperature nitrogen adsorption were
carried out, and the crystallite sizes were determined by X-ray diffraction at
large angles.

Figure 1 presents the scattering curves for four comminuted samples, plotted
in logarithmic coordinates. From these data it follows that, as the duration
of dispersion increases, the intensity of small-angle scattering increases sharply.
This may serve as experimental proof that the observed effect is caused by
“true”scattering from inhomogeneities, and not by double diffraction reflections,
since in the course of grinding, as a result of amorphization of the substance,
the intensity of interference lines (single reflections) decreases sharply (6,7 ).
This conclusion is also confirmed by Warren’s data (8), which showed that in
powdered graphite-like materials the intensity of double reflections is at least
two orders of magnitude lower than that of “true”scattering.

Fig. 1. Intensity curves of small-angle X-ray scattering of graphite.
1—sample 𝑇1, grinding duration 1 h; 2—𝑇3, 3 h; 3—𝑇10, 10 h; 4—𝑇26, 26 h; the
origin of curve 4 is shifted to the right along the abscissa axis. The dashed lines
indicate straight lines whose slope tangent is equal to 3.

From the nature of the scattering curves one can judge the shape of the scat-
tering particles. At the initial stages of dispersion (within 1 hour), the system
still contains a significant amount of large particles. As the grinding duration
increases, the “head part”of the curves (the region of the smallest angles) be-
comes increasingly gentle. Such a course of the curves indicates a plate-like

sovietrxiv.org/items/ru-196501.69595 Machine Translation

https://sovietrxiv.org/items/ru-196501.69595


Fig. 2

Figure 2: Fig. 2

shape* of the scattering particles (3,4 ). The formation of graphite particles of
plate-like shape during grinding is also confirmed by electron-microscopic data
(6). The “tail part”of all the scattering curves consists of straight lines whose
slope tangent is very close to 3 (Fig. 1). Such a course of the curves makes it
possible to conclude that the scattering intensity per unit mass in this region is
proportional to the specific surface area of the particles (9,10 )

𝐼 = 𝑘𝑆/𝑠3, (1)

where 𝑘 is a proportionality coefficient; 𝑠 = 2𝜋𝜑/𝜆; 𝜆 is the wavelength of
the X-ray radiation, 𝜑 is the scattering angle, and 𝑆 is the specific surface area.
Formula (1) was obtained as applied to slit collimation. Since in our experiments
the intensity of the incident beam was strictly constant and the mass of graphite
per unit area was unchanged, the relative change in intensity on the rectilinear
section corresponds to the change

* A gently sloping section in scattering curves may also arise from scattering
by rod-shaped particles; however, the formation of such particles in graphite,
which has a clearly expressed layered structure, appears unlikely.

of the specific surface area of graphite during dispersion. If the absolute value
of the surface area of at least one specimen is known, then the specific surface
areas of all specimens can be determined. In the present case, specimen T3,
with a specific surface area of 90 m2/g (adsorption data), was chosen as such a
standard. The surface-area values calculated in this way (Fig. 2, curve 1) are
very close to the adsorption data.

It was also of interest to determine the absolute values of the specific surface
area on the basis of small-angle data alone (3,4):

𝑆 = 1
𝜌

4(1 − 𝑤) lim𝑠→∞[𝐼(𝑠)𝑠3]

∫
∞

0
𝐼(𝑠)𝑠 𝑑𝑠

, (2)

where 𝜌 is the density; 𝑤 is the relative volume of the disperse phase; the
remaining notation is the same as in formula (1). It turned out that the surface-
area values calculated from (2), although strictly proportional to the adsorption
measurements, are, in absolute magnitude, approximately a factor of two smaller
(Fig. 2, curve 2).

sovietrxiv.org/items/ru-196501.69595 Machine Translation

https://sovietrxiv.org/items/ru-196501.69595


Fig. 2. Comparison of specific surface areas according to adsorption and small-
angle scattering data: 1 —from intensity ratios; 2 —from absolute measurements

The use of the commonly applied Guinier tangent method for determining par-
ticle size appears unjustified in the present case, owing to the considerable
polydispersity and anisometry of the particles. Apparently, this explains the
almost complete absence of work on the application of the small-angle method
to the study of the particle sizes of finely ground graphite. We attempted to
circumvent these difficulties by applying the method proposed at one time by
Hosemann (5,11), who showed that various kinds of particle-size distributions
can be approximated by means of a generalized Maxwell distribution

𝑀(𝑥) = (𝑥/𝑐)𝑛𝑒−(𝑥/𝑐)2𝐾(𝑛)𝑐, (3)

where 𝑀 is the density of the volume distribution of particles with respect to
their radii 𝑥; 1/𝐾(𝑛) = Γ((𝑛 + 1)/2)/2 is the normalization factor expressed
through the gamma function. This formula includes both the Gaussian distri-
bution (𝑛 = 0) and various types of asymmetric distributions.

Table 1

Particle sizes calculated from X-ray measurements at small and large
angles

Specimen
Small
angles

Small
angles

Small
angles

Large
angles

Large
angles

Large
angles

Specimen 𝜎 𝑅� 2𝑅� 𝐿𝑎 𝐿𝑐 𝑅�
𝑇10 1.04 53 150 150 54 53
𝑇26 0.95 35 98 84 42 32

Using this distribution, one can, by constructing for the small-angle scattering
intensity curve 𝐼(𝜑) the moment function 𝑓(𝜑) = 𝐼(𝜑)𝜑2, directly determine
the mean sizes and the degree of polydispersity.

Table 1 gives, determined from the moment curve, the values of the mean radii
of inertia

𝑅� = [∫
𝑣

𝑟2 𝑑𝑣/ ∫
𝑣

𝑑𝑣]
1/2

(a characteristic of the linear dimensions of a body of arbitrary shape) and,
calculated from them under the assumption that the particles have the shape
of flat disks, the diameters 2𝑅�, as well as the parameter

𝜎 = [(𝑅2
� − 𝑅�

2)/𝑅�
2]

1/2
,
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which characterizes the polydispersity of the system. The table also gives values
obtained from analysis of the profile of diffraction reflections, 𝐿𝑎 = 2𝑅� and 𝐿𝑐
—the crystallite dimensions in the directions of the 𝑎 and 𝑐 axes—as well as the
corresponding values of the radii of inertia 𝑅�.

It follows from the data in the table that the size values calculated from mea-
surements at small and large angles are in good agreement with one another. It
should be borne in mind, however, that the crystal sizes were determined, as
in most other studies, without allowing for the influence of lattice distortions
on the width of the interference lines. If these distortions were taken into ac-
count, the calculated crystal sizes would evidently be larger. In this sense the
small-angle data are in better agreement with the adsorption data than are the
results of measurements at large angles.

The results obtained show that, in the process of dispersing graphite materials,
very fine (𝑅𝑖 = 35–50 Å) flat particles are formed, characterized by a high
degree of polydispersity (𝜎 ≃ 1). At the same time the surface area reaches
several hundred square meters per gram. Thus, the method of small-angle
X-ray scattering makes it possible to reveal a sufficiently complete picture of
the disperse structure of colloidal systems and, in many cases, can provide
information that usually requires the use of at least two methods—adsorption
and X-ray diffraction at large angles.
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